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Non-isothermal crystallization of the newly developed lime-alumina-based mold fluxes was
investigated using differential scanning calorimetry. The crystallization kinetic parameters were
determined by Ozawa equation, the combined Avrami–Ozawa equation, and the differential iso-
conversional method of Friedman. It was found that Ozawa method failed to describe the non-
isothermal crystallization behavior of the mold fluxes. The Avrami exponent determined by the
combined Avrami–Ozawa equation indicates that the crystallization of cuspidine occurs
through bulk nucleation and reaction-controlled three-dimensional growth, and then trans-
forms to reaction-controlled two-dimensional growth at the crystallization later stage in lime-
alumina-based mold fluxes with higher B2O3 content. For the mold fluxes with lower B2O3

content (10.8 mass pct), the crystallization of cuspidine is bulk nucleation and reaction-con-
trolled two-dimensional growth at the crystallization primary stage followed by a diffusion-
controlled two-dimensional growth process. The crystallization of CaF2 in mold flux originates
from bulk nucleation and diffusion-controlled three-dimensional growth, which then transforms
to two-dimensional growth. FE-SEM observations support these kinetic analysis results. The
effective activation energy for cuspidine crystallization in the mold flux with higher B2O3 and
Na2O contents increases as the crystallization progresses, and then decreases at the relative
degree of crystallinity greater than 60 pct. The transition point of this trend approximately
corresponds to the relative degree of crystallinity at which the crystallization mode of cuspidine
transforms. For the mold fluxes with lower B2O3 and Na2O contents, the effective activation
energy for cuspidine formation varies monotonically with the increase in the relative degree of
crystallinity.
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I. INTRODUCTION

CONTROLLING appropriate horizontal heat trans-
fer and providing adequate lubrication during continu-
ous casting process are the most important functions of
mold flux.[1,2] Inappropriate horizontal heat transfer and
lubrication performance of mold flux generally bring
about serious operational problems in casting process
(such as sticker breakout[1]) and various quality defects
on cast slab, including severe oscillation marks, depres-

sions, longitudinal cracks,[3–5] and so on. Many efforts
have been made to study the heat transfer and lubrica-
tion performance of mold flux.[6–10] It has been generally
accepted that the horizontal heat transfer between
solidifying steel shell and mold is strongly depen-
dent on the crystallization characteristics of mold
flux.[1,7,11,12] Therefore, it is necessary to ascertain the
crystallization behaviors of mold flux in the design of
mold flux for meeting the requirement of both heat
transfer and lubrication performance in continuous
casting process.[2] The crystallization kinetic analysis is
believed to be an effective method to reveal the mold
flux crystallization mechanism and the differences in the
crystallization ability of various mold flux systems.
Therefore, a crystallization kinetic analysis would pro-
vide a guide for designing mold fluxes and optimizing
the crystallization of mold fluxes.
Although the crystallization behaviors of various

mold flux systems have been extensively studied in the
past few decades,[13–17] only a few investigations regard-
ing the crystallization kinetics and/or mechanism of
mold fluxes have been conducted so far.[18–21] Watanabe
et al.[18] studied the non-isothermal crystallization kinet-
ics of lime-silica-based mold fluxes, and their findings
showed that the addition of alkali oxides (Li2O, Na2O
or K2O) lowered the activation energy for the mold
flux crystallization. Zhou et al.[19] reported that the
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activation energy for the isothermal crystallization of
lime-silica-based mold fluxes decreased with increasing
the basicity (mass pctCaO/mass pctSiO2). Li et al.[20]

examined the effect of Na2O addition on the isothermal
crystallization kinetics of lime-silica-based mold fluxes
based on in situ observation technique and revealed that
the crystallization activation energy of the studied mold
fluxes decreased with increasing Na2O content. Wang
et al.[21] investigated the kinetics of non-isothermal
crystallization of lime-silica-based mold fluxes with
various TiO2 contents that occurred on heating and
found that TiO2 substitution of SiO2 in the mold fluxes
retarded the crystallization of cuspidine by increasing
the activation energy for crystal growth. However, to
the best of the authors’ knowledge, no investigations
have been carried out to reveal the non-isothermal
crystallization kinetics of lime-alumina-based mold
fluxes.

It has been demonstrated in the authors’ most recent
studies[22,23] that (I) the newly developed lime-alumina-
based mold fluxes are promising substitutes for conven-
tional lime-silica-based systems for continuous casting
of high-Al steels, in terms of the heat transfer and
lubrication in practical high-Al steels casting as well as
the cast slabs quality, (II) the primary crystalline phase
in these mold fluxes is cuspidine (3CaOÆ2SiO2ÆCaF2). In
conventional lime-silica-based mold fluxes, cuspidine is
also the primary crystalline phase precipitated in mold
flux film during continuous casting process.[1,18] It is
cuspidine as the primary crystalline phase in conven-
tional lime-silica-based mold fluxes that plays a key role
in controlling the horizontal heat transfer between
solidifying steel shell and mold in continuous cast-
ing.[18,24]

In consideration of the great practical significance, the
present investigation was undertaken to extend the
previous studies[22,23] on the development of lime-alu-
mina-based mold fluxes to reveal the crystallization
kinetics and mechanism of the primary crystalline
phases in the newly developed mold fluxes. The kinetic
parameters (i.e., Avrami exponent and effective activa-
tion energy) of lime-alumina-based mold fluxes during
non-isothermal crystallization were determined on the
basis of differential scanning calorimetry (DSC) results.
Furthermore, the crystallization mechanism of the
developed mold fluxes was identified based on the
obtained kinetic parameters.

II. EXPERIMENTAL

The non-isothermal DSC (Netzsch STA 449C; Net-
zsch Instrument Inc., Germany) measurements were
performed to study the crystallization kinetics of the
newly developed lime-alumina-based mold fluxes New2,
New3, New4, New5, and New6. The chemical compo-
sitions of the studied mold fluxes are listed in Table I.
For each DSC experiment, approximately 60 mg of
sample powders was heated at a constant heating rate of
20 K/min from room temperature to 1573 K (1300 �C)
in a platinum crucible with a diameter of 5 mm and a
height of 5 mm, and then held for 3 minutes to eliminate

bubbles and homogenize its chemical composition.
Subsequently, the liquid sample was cooled at a con-
stant cooling rate to room temperature. The non-
isothermal DSC measurements at the continuous cool-
ing rates of 5, 10, 15, and 20 K/min have been carried
out for these mold fluxes in the authors’ previous
study.[23] To obtain thermal analysis data of the DSC
measurements for determining reliable crystallization
kinetic parameters of mold flux, supplementary DSC
measurements at the continuous cooling rates of 12.5
and/or 17.5 K/min were performed for the studied mold
fluxes in the current work.

III. RESULTS AND DISCUSSION

Among the newly developed lime-alumina-based mold
fluxes, mold fluxes New4, New5, and New6 show com-
paratively improved in-mold performance and slab sur-
face quality in casting trials of high-Al transformation-
induced plasticity (TRIP) steel.[22,23] The primary crys-
talline phase in these mold fluxes was confirmed by DSC,
XRD, and FE-SEM/EDS determination to be cuspidine
(3CaOÆ2SiO2ÆCaF2).

[23] In the lime-alumina-based mold
flux with lower B2O3 content (5.4 mass pct) and a CaO/
Al2O3 ratio of 1.2, the primary crystalline phase is CaF2.
In the B2O3-free lime-alumina-based mold flux, it is not
possible to distinguish the primary crystalline phase
between CaF2 and 3CaOÆ2SiO2. The detailed discussion
has been given elsewhere.[23] The crystallization kinetics
of the primary crystalline phases in the lime-alumina-
based mold fluxes was studied and compared with that in
the conventional lime-silica-based mold fluxes.
As a kinetic parameter for characterizing the nucle-

ation mode and dimensionality of crystal growth,
Avrami exponent for non-isothermal mold flux crystal-
lization was determined by Ozawa equation as well as
the combined Avrami–Ozawa method. Moreover, the
FE-SEM observations for the studied mold fluxes were
employed to verify the crystallization kinetic analysis
results. The effective activation energy for non-isother-
mal crystallization of the newly developed lime-alumina-
based mold fluxes was determined as a function of the
relative degree of crystallinity using the differential iso-
conversional method of Friedman.

A. Ozawa Analysis of Mold Flux Non-isothermal
Crystallization

The isothermal crystallization kinetics is usually
described in terms of Avrami equation[25–27]

a ¼ 1� exp � ktð ÞnA½ �; ½1�

where a is the relative degree of crystallinity at a given
time t, nA is the Avrami exponent that is associated with
the crystallization mechanism, and k is the effective
overall rate constant.
Taking twice the logarithm of Eq. [1] gives the

following expression:

ln � ln 1� að Þ½ � ¼ nA ln tþ nA ln k: ½2�
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The relative degree of crystallinity a at any time t can
be calculated using the following equation

a ¼
R ti
t0

dHc=dtð Þdt
R tf
t0

dHc=dtð Þdt
; ½3�

where dHc is the measured enthalpy of crystallization
during an infinitesimal time interval dt in DSC mea-
surement, ti is the elapsed time during crystallization, t0
is the time at which the crystallization just begins, and tf
is the time at which the crystallization is completed.

Avrami exponent is generally used as an effective
kinetic parameter to characterize the nucleation mode
and dimensionality of crystal growth for crystallization.
To identify the mechanism of non-isothermal crystalli-
zation quantitatively, Ozawa[28] extended Avrami equa-
tion from isothermal crystallization to non-isothermal
crystallization and derived the following equation for
determining Avrami exponent for non-isothermal crys-
tallization based on the mathematical derivation of
Evans[29]

ln � ln 1� xð Þ½ � ¼ lnK Tð Þ � nO ln b; ½4�

where x is the relative degree of crystallinity at a given
temperature T, b is the cooling rate, K(T) is a function
related to the overall crystallization rate, and nO is the
Avrami exponent involved in Ozawa equation for
describing non-isothermal crystallization. When Ozawa
equation can adequately describe the non-isothermal
crystallization behavior, a plot of ln � ln 1� xð Þ½ � vs ln b
at a given temperature should give a straight line and its
slope yields the value of nO. The Ozawa equation Eq. [4]
has been extensively employed to determine the Avrami
exponent for non-isothermal crystallization.[30–33]

The relative degree of crystallinity x at a given
temperature T can be calculated from DSC curve with
respect to temperature using the following equation

x ¼
R Ti

T0
dHc=dTð ÞdT

R Tf

T0
dHc=dTð ÞdT

; ½5�

where dHc is the measured enthalpy of crystallization
during an infinitesimal temperature interval dT in DSC
measurement, Ti is the crystallization temperature at
certain time t, T0 is the temperature at which the
crystallization just begins, and Tf is the temperature at
which the crystallization is completed.

According to Ozawa method, the double logarithm of
relative degree of crystallinity x obtained for various

cooling rates at the same crystallization temperature in
the temperature intersection range of various cooling
rates is plotted against the logarithm of cooling rates to
determine the value of Avrami exponent. Figure 1
shows the plots of ln � ln 1� xð Þ½ � vs ln b at specific
temperatures for the primary crystalline phase forma-
tion in mold fluxes New3, New4, New5, and New6.
Since there is no temperature intersection range between
the cooling rate of 5 K/min for mold fluxes New4,
New5, and New6, 20 K/min for New6 and other cooling
rates, the values of relative crystallinity degree x
corresponding to these cooling rates at the same
crystallization temperatures are unavailable. It is clear
from Figure 1 that the Ozawa plots show significant
deviation from linearity. Instead, large curvature can be
observed in these plots. These results indicate the failure
of Ozawa equation in describing the non-isothermal
crystallization behavior of the lime-alumina-based mold
fluxes.
Figure 2 presents the variation of the relative degree

of crystallinity x as a function of cooling rate at the
given crystallization temperatures in the temperature
intersection range of various cooling rates, which have
been used to determine the Avrami exponent as shown
in Figure 1. It was observed from Figure 2 that the
relative degree of crystallinity x varied in a large range
with cooling rate at the same crystallization temperature
for the studied crystalline phase in mold fluxes. The
results shown in Figure 2 indicate that, under the
condition of a given crystallization temperature but
different cooling rates, the lower cooling rate corre-
sponds to the point of the crystallization later stage
(even the final stage), on the contrary, it is just at the
crystallization primary stage (even the initial stage) for
the higher cooling rate.
Crystallization consists of both nucleation and crystal

growth processes. These processes are strongly depen-
dent on temperature. The nucleation rate and crystal
growth rate as a function of temperature are schemat-
ically shown in Figure 3. When crystallization com-
mences from a high temperature, the nucleation rate
initially increases and then decreases with the decrease in
temperature. The nucleation rate reaches maximum at a
certain temperature. The crystal growth rate proceeds in
a similar way. At the later stage of crystallization, both
nucleation and crystal growth are retarded since they
take place in a constrained environment.[34] In the
overall crystallization process, under the condition of
coupled effects of nucleation rate and crystal growth rate,

Table I. Chemical Compositions of the Studied Mold Fluxes in the Present Work

Sample No.

Chemical Composition (mass pct)
Viscosity (PaÆs)
[1573 K (1300 �C)]

Mass pctCaO/
mass pctAl2O3CaO SiO2 Al2O3 Na2O F B2O3 Li2O

New2 30.7 2.2 25.1 12.3 15.1 5.4 3.1 0.075 1.2
New3 32.0 2.3 26.2 7.4 13.9 – 6.4 0.077 1.2
New4 37.9 9.0 11.4 9.0 8.9 16.0 4.9 0.055 3.3
New5 42.6 11.9 13.0 4.8 9.3 10.8 4.9 0.084 3.3
New6 37.8 8.9 11.5 1.0 8.1 15.0 6.2 0.038 3.3
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the crystallization rate is not a constant. As shown in
Figure 2, it is just at the initial stage of crystallization at
the cooling rates of 20 K/min at these temperatures and
15 K/min at the higher temperatures.On the contrary, the
crystallization at the cooling rate of 5 K/min forNew3, 10
and 12.5 K/min for New4, New5, and New6 is at the
nearly final stage of crystallization at various tempera-
tures. The relative degree of crystallinity x chosen at a
given crystallization temperature includes both the values
corresponding to the initial stage and the values from the
final stage of crystallization due to the variation of the
cooling rates. Consequently, the obtained values of the
relative degree of crystallinity x with a considerable
difference for various cooling rates were employed to
construct the Ozawa plot of ln � ln 1� xð Þ½ � vs ln b for
non-isothermal crystallization.

However, compared with the primary stage of crys-
tallization, the later stage could be associated with the
variation in the chemistry of remaining liquid matrix as
successive foregoing crystal formation, the saturation of
nucleation sites, and/or mutual contact of crystals.
Nevertheless, these factors were not taken into account
in the Ozawa method. These should be responsible for
the failure of Ozawa method in determining reliable
Avrami exponent for the non-isothermal crystallization
of mold fluxes New3, New4, New5, and New6, as shown

in Figure 1. The present finding demonstrated that the
Ozawa method was inapplicable in describing the non-
isothermal crystallization mode for the case where there
was a significant difference in the relative degree of
crystallinity at specific temperatures for various cooling
rates, considering the change in crystallization mecha-
nism during successive crystallization. The further
discussion will be given later. The failure of Ozawa
method in determining Avrami exponent for non-
isothermal crystallization was also reported by other
researchers.[35–38]

B. Combined Ozawa–Avrami Analysis of Mold Flux
Non-isothermal Crystallization

Considering that the non-isothermal crystallization of
the studied system was not fitted to the Ozawa equation
probably due to the inaccurate assumption in the Ozawa
theory such as secondary crystallization, dependence of
lamellar thickness on crystallization temperature, and
the constant cooling function in the overall crystalliza-
tion process, Mo[38] derived the following equation to
describe non-isothermal crystallization by combining
the Avrami equation and Ozawa equation.

ln b ¼ lnF Tð Þ � b ln t; ½6�
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Fig. 1—Plots of ln � ln 1� xð Þ½ � vs ln b for non-isothermal crystallization of mold fluxes: (a) New3, (b) New4, (c) New5, and (d) New6.
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where b is the ratio of Avrami exponent nA to Avrami
exponent nO, F Tð Þ ¼ K Tð Þ=k½ �1=nO refers to the value of
cooling rate that must be selected within a unit of
crystallization time when the measured systems reach a
certain degree of crystallinity. Herein, the non-isother-
mal crystallization kinetic parameter nO holds an
identical physical meaning with Avrami exponent nA

for isothermal crystallization.[38,39] According to Eq.
[6], at a given relative degree of crystallinity, a plot of
ln b vs ln t should yield a straight line. The kinetic
parameter b can be determined from the slope of the
fitted straight line. Based on the determined kinetic
parameter b and Avrami exponent estimated by Av-
rami equation for non-isothermal crystallization (taken
as apparent Avrami exponent) as well as the relation-
ship b ¼ nA=nO, the Avrami exponent nO with definite
physical meaning for non-isothermal crystallization can
be obtained.[38,39]

In consideration of the failure of Ozawa method in
determining Avrami exponent for describing the non-
isothermal crystallization mode of mold fluxes, the
combined Avrami–Ozawa method was employed in the
current study. Figure 4 shows the plots of ln b vs ln t at
various relative degrees of crystallinity. It is clear from
Figure 4 that all plots show good linear relationship
between ln b and ln t, verifying the applicability of the
combined Avrami and Ozawa equation in describing the
non-isothermal crystallization of mold fluxes. The esti-
mated values of kinetic parameter b from the slopes of
linear-fitted lines are summarized in Table II. It is noted
that the values of b at different relative degrees of
crystallinity are almost constant for each mold flux.
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Fig. 2—Relative degree of crystallinity x as a function of continuous cooling rate at specified crystallization temperatures: (a) New3, (b) New4,
(c) New5, and (d) New6.
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Fig. 3—Schematic diagram of temperature dependence of nucleation
rate (I), crystal growth rate (U), and overall crystallization rate (V).
Tl denotes liquidus temperature.
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According to Avrami equation, the Avrami plots of
ln � ln 1� xð Þ½ � vs ln t for non-isothermal crystallization
of mold fluxes at various cooling rates are presented in
Figure 5. It can be seen that the plots can be divided into
two linear sections along with ln t, which are designated
as the primary stage and the secondary stage of
crystallization, respectively, except a single linearity for
mold flux New3. The primary stage of crystallization
shows good linear relationship. At the secondary stage
(i.e., the upper part of the plot), the plots tend to deviate

from the linearity of the crystallization primary stage,
and exhibit another linear relationship. The deviation of
the Avrami plot at the later stage of non-isothermal
crystallization was also observed in other studies.[37–39]

The deviation of the Avrami plot at the later stage is
attributed to the fact that the non-isothermal crystalli-
zation at this stage could be associated with the
variation in the chemistry of remaining liquid matrix
as successive foregoing crystal formation, the saturation
of nucleation sites, and/or mutual contact of crystals, as
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Fig. 4—Plots of ln b vs ln t for non-isothermal crystallization of mold fluxes at various relative degrees of crystallinity x: (a) New2, (b) New3, (c)
New4, (d) New5, and (e) New6.
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discussed in Section III–A. The present results suggest a
change in the crystallization mechanism of CaF2 in mold
flux New2, cuspidine in mold fluxes New4, New5, and
New6 between the primary stage and the secondary
stage of crystallization.

It should be noted that the Avrami exponent nA for
non-isothermal crystallization does not have the same
physical significance as that in isothermal crystallization
because the temperature changes constantly during non-
isothermal crystallization. For non-isothermal crystalli-
zation, nA is designated as the apparent Avrami expo-
nent.[38,39] The values of apparent Avrami exponent nA
can be estimated from the slopes of linear fitted straight
lines, respectively, for the primary stage and the
secondary stage of crystallization shown in Figure 5.
As shown in Figure 5, the linearity of fitted straight lines
are relatively parallel for different cooling rates at the
same crystallization stage (i.e., primary stage or second-
ary stage), indicating that the apparent Avrami expo-
nent for mold flux non-isothermal crystallization does
not change significantly with the cooling rate, except for
only a few cases. The values of apparent Avrami
exponent nA for the primary stage and the secondary
stage of crystallization of the studied mold fluxes are
summarized in Table III.

To describe the non-isothermal crystallization mode
of mold fluxes, the Avrami exponent for non-isothermal
crystallization nO was estimated from the obtained
values of b and apparent Avrami exponent nA, accord-
ing to the combined Avrami–Ozawa method, as well as
the relationship b ¼ nA=nO. The calculated values of
Avrami exponent nO corresponding to various relative
degrees of crystallinity are listed in Table IV.

The Avrami exponent nO for non-isothermal crys-
tallization of CaF2 in mold flux New2 was determined
to be close to 2.5 at the crystallization primary stage
(the relative degree of crystallinity smaller than 60 pct),
and approach to 2.0 at the later stage, as shown in
Table IV. Considering the present case where the non-
isothermal mold flux melt crystallization did not occur
with a constant number of nuclei, the estimated values
of Avrami exponent suggested that the crystallization
of CaF2 occurred through bulk nucleation and diffu-
sion-controlled three-dimensional growth, and then
transformed to diffusion-controlled two-dimensional
growth at the crystallization later stage. The micro-

structure observation of mold flux New2 by FE-SEM
provided further evidence for the current finding (see
Figure 7 in Reference 23). It is found that the Avrami
exponent for the first crystalline phase formation in
mold flux New3 is close to 3.0 in the overall crystal-
lization process, which is an indication of a bulk
nucleation and reaction-controlled two-dimensional
growth.
For the crystallization of cuspidine in mold flux

New4, the values of Avrami exponent were determined
to be close to 4.0 at the crystallization primary stage,
and approach to 3.0 at the later stage. This result
indicates that at the primary stage of cuspidine crystal-
lization, bulk nucleation and reaction-controlled three-
dimensional growth take place, and then the crystalli-
zation transforms to reaction-controlled two-dimen-
sional growth at the later stage. The same
crystallization mode was observed for the non-isother-
mal crystallization of cuspidine in mold flux New6 based
on the obtained Avrami exponent values shown in
Table IV. The FE-SEM observations show that the
morphology of individual cuspidine in mold fluxes
New4 and New6 is faceted (see Figures 9 and 11 in
Reference 23), which supports the current finding of
kinetic analysis.
For the lime-alumina-based mold flux with lower

B2O3 content (10.8 mass pct), the values of Avrami
exponent for the non-isothermal crystallization of cu-
spidine were determined as 2.85 to 3.50 for the primary
stage (the relative degree of crystallinity smaller than
70 pct) and 2.02 to 2.08 for the later stage. It suggests
that the crystallization of cuspidine occurs through bulk
nucleation and reaction-controlled two-dimensional
growth followed by reaction-controlled one-dimensional
growth at the crystallization later stage, or bulk nucle-
ation and reaction-controlled two-dimensional growth
followed by diffusion-controlled two-dimensional
growth at the crystallization later stage. However,
combining the observed morphology of cuspidine in
mold flux New5 by FE-SEM (see Figure 10 in Reference
23) with the obtained Avrami exponent values, it can be
deduced that the crystallization of cuspidine in mold flux
New5 is bulk nucleation and reaction-controlled two-
dimensional growth at the crystallization primary stage,
which then transforms to diffusion-controlled two-
dimensional growth.

Table II. Values of Kinetic Parameter b at Various Relative Degrees of Crystallinity x Determined Using the Combined

Avrami–Ozawa Equation

Sample
No.

Crystalline
Phase

Kinetic Parameter b

x = 10
pct

x = 20
pct

x = 30
pct

x = 40
pct

x = 50
pct

x = 60
pct

x = 70
pct

x = 80
pct

x = 90
pct

New2 CaF2 1.12 1.18 1.22 1.25 1.27 1.29 1.29 1.27 1.20
New3 —* 1.17 1.18 1.21 1.21 1.20 1.18 1.16 1.14 1.10
New4 3CaOÆ2SiO2ÆCaF2 1.10 1.17 1.21 1.24 1.27 1.30 1.33 1.34 1.31
New5 3CaOÆ2SiO2ÆCaF2 1.33 1.20 1.15 1.20 1.10 1.08 1.06 1.03 1.03
New6 3CaOÆ2SiO2ÆCaF2 1.02 0.99 0.99 0.99 1.00 1.01 1.03 1.06 1.11

*No distinguishable crystalline phase between CaF2 and 3CaOÆ2SiO2 can be confirmed as the first and the second crystalline phase in mold flux
New3. The detailed discussion has been given in Reference 23.
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The difference in the crystallization mode of cuspidine
in mold fluxes New4, New6, and New5 is expected to be
due to the fact that the viscosity of mold flux New5 is
higher than that of New4 and New6, resulting in a
higher diffusion resistance for mold flux components.
Consequently, the growth of cuspidine in mold flux
New5 (mass pctCaO/mass pctSiO2 = 3.58) is con-
trolled by diffusion at the crystallization later stage as
a result of the further decrease of SiO2 content after
successive formation of cuspidine in the mold flux.

The present findings regarding the crystallization
mode of cuspidine in the lime-alumina-based mold
fluxes are different from that for lime-silica-based mold
fluxes reported by Zhou et al.,[19] based on single hot
thermocouple technique (SHTT) isothermal crystalliza-
tion observation and Johnson–Mehl–Avrami (JMA)
model, showing that the crystallization of cuspidine in
the mold fluxes changed from one-dimensional growth
to three-dimensional growth with a constant number of
nuclei when the basicity of mold fluxes increased from
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0.8 to 1.2, as well as the results reported by Wang
et al.[21] who noted the surface crystallization of cuspi-
dine during lime-silica-based mold fluxes with varying
TiO2 content (0, 5, and 10 mass pct) crystallization from
glassy state. Since only a few studies on the non-
isothermal crystallization mode of cuspidine in mold
fluxes have been reported, this fact makes it extremely
limited to further compare the present results with other
findings.

C. Effective Activation Energies for Non-isothermal
Crystallization of Mold Fluxes

Since the crystallization of mold flux in practical
continuous casting process occurs from melt in a cooling
process, the kinetics of non-isothermal mold flux crys-
tallization from the melt during cooling process was
investigated in the current work. For non-isothermal
crystallization kinetic analysis, various models have
been developed to estimate the activation energy asso-
ciated with crystallization from thermal analysis data
over the past 60 years, including Kissinger equation,[40]

Ozawa equation,[41] modified Ozawa–Chen equation,[42]

and Matusita equation.[43,44] Among these models,
Kissinger equation[40] and Matusita equation[43] are the
most widely used approaches to determine the activation
energy for the crystallization that occurs on heat-

ing,[30,31,45,46] moreover, they are frequently applied
for the non-isothermal crystallization of polymer
melts[36–38,47,48] and mold flux[49] that occurs on cooling.
However, it should be stressed that the above-men-

tioned equations are theoretically only valid to estimate
the activation energy associated with the non-isothermal
crystallization that occurs on heating, but inapplicable
for the melt crystallization that occurs on cooling. To
this concern, the differential iso-conversional method
developed by Friedman[50] was employed to determine
the effective activation energy for mold flux melt
crystallization in the present work. Friedman equa-
tion[50] has been widely used to evaluate the effective
activation energy for non-isothermal melt crystallization
that occurs on cooling.[51–53]

The Friedman equation is expressed as

ln
dx

dt

� �

x; i

¼ � Ex

RTx; i
þ constant; ½7�

where dx
dt

is the instantaneous crystallization rate as a
function of time at a given relative degree of crystallin-
ity x, R is the gas constant, Tx;i is the set of absolute
temperatures related to a given relative degree of crys-
tallinity at different cooling rates, Ex is the effective
activation energy for crystallization at a given relative
degree of crystallinity, and the subscript i is the ordinal
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number of individual cooling rate. The instantaneous
crystallization rate dx

dt
can be determined from DSC

data using the following equation

dx

dt
¼ dHc=dtR tf

t0
dHc=dtð Þdt

: ½8�

The effective activation energy Ex at different relative
degrees of crystallinity x can be calculated from the
slope of the linear fitted plot of ln dx=dtð Þ vs 1=Tx from
DSC experimental data.

The dependence of the effective activation energy on
the relative degree of crystallinity is presented in
Figure 6. As shown in Figure 6(c), the effective activa-
tion energy for the cuspidine crystallization in mold flux
New4 increases with the increase in the relative degree of
crystallinity, and then decreases at the relative degree of
crystallinity greater than 60 pct. For the crystallization

of CaF2 in mold flux New2, the curve exhibits a similar
trend with a transition point at the relative degree of
crystallinity x greater than 50 pct, as shown in
Figure 6(a). These results reveal that the crystallization
of cuspidine in mold flux New4 and CaF2 in mold flux
New2 becomes more difficult, and then gets easier at the
relative degree of crystallinity x greater than 60 and
50 pct, respectively. The monotonous decrease in the
effective activation energy for the first crystalline phase
formation with the increase in the relative degree of
crystallinity was observed for mold flux New3, except
for x = 10 pct, as shown in Figure 6(b), suggesting that
the crystallization got easier as the crystallization
progressed.
It was noted that the transition point of these trends

approximately corresponded to the relative degree of
crystallinity at which the crystallization mode of cuspi-
dine in mold flux New4 and CaF2 in mold flux New2

Table III. Apparent Avrami Exponent nA for Non-isothermal Crystallization Determined Using Avrami Method

Sample No. Crystalline Phase
Cooling Rate
(K/min)

Apparent Avrami Exponent (nA)

Crystallization
Primary Stage

Crystallization
Secondary Stage

New2 CaF2 5 3.54 2.32
10 3.48 2.11
15 2.61 2.66
20 2.81 3.05

New3 —* 5 2.84 –
10 4.29 –
15 2.89 –
20 3.28 –

New4 3CaOÆ2SiO2ÆCaF2 10 5.31 3.62
12.5 4.45 4.10
15 4.60 3.72
20 4.17 3.64

New5 3CaOÆ2SiO2ÆCaF2 10 3.51 2.08
12.5 3.94 2.12
15 3.41 2.16
20 4.31 2.21

New6 3CaOÆ2SiO2ÆCaF2 10 4.12 3.65
12.5 3.42 3.35
15 3.57 3.22
17.5 4.14 3.03

*Same annotation as detailed in Table II.

Table IV. Values of Avrami Exponent nO for Non-isothermal Mold Flux Crystallization at Various Relative Degrees
of Crystallinity x Determined Using the Combined Avrami–Ozawa Equation

Sample
No.

Crystalline
Phase

Avrami Exponent nO at Various Relative Degrees of Crystallinity x

x = 10
pct

x = 20
pct

x = 30
pct

x = 40
pct

x = 50
pct

x = 60
pct

x = 70
pct

x = 80
pct

x = 90
pct

New2 CaF2 2.78 2.63 2.55 2.48 2.43 1.96 1.96 1.99 2.11
New3 —* 2.85 2.80 2.75 2.75 2.77 2.81 2.86 2.93 3.03
New4 3CaOÆ2SiO2ÆCaF2 4.23 3.96 3.82 3.72 3.64 2.90 2.85 2.82 2.88
New5 3CaOÆ2SiO2ÆCaF2 2.85 3.16 3.29 3.38 3.45 3.50 2.02 2.07 2.08
New6 3CaOÆ2SiO2ÆCaF2 3.73 3.86 3.86 3.85 3.81 3.27 3.21 3.12 2.99

*Same annotation as detailed in Table II.
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transformed. However, a similar trend of the depen-
dence of effective activation energy on the relative
degree of crystallinity was not observed for the crystal-
lization of cuspidine in mold fluxes New5 and New6,
even the crystallization mode of cuspidine changed in
these mold fluxes during the overall crystallization
process.

For the crystallization of cuspidine in mold flux
New5, the effective activation energy decreases mono-
tonically from �88.81 kJ/mol at x = 10 pct to
�141.19 kJ/mol at x = 90 pct. It indicates that the
crystallization of cuspidine in mold flux New5 gets easier
as the crystallization progresses. It was observed from
Figure 6(c) that the effective activation energy for
cuspidine crystallization in mold flux New6 increased
linearly with the increase in the relative degree of
crystallinity, suggesting that it was more difficult for
cuspidine to crystallize as the crystallization proceeded.
The effective activation energy for cuspidine formation
in the mold flux New5 during the whole crystallization
process is higher than that for cuspidine formation in
mold fluxes New4 and New6 as shown in Figure 6(c).
This could be due to the fact that the viscosity of mold
flux New5 is much higher than that of mold fluxes New4
and New6 as listed in Table I, which results in the higher
transfer resistance of ion clusters in mold flux New5.

The monotonous variation in effective activation
energy for mold fluxes New5 and New6 is attributed
to the increase in B2O3 and Na2O contents in remaining
liquid matrix as successive foregoing crystallization of
cuspidine (3CaOÆ2SiO2ÆCaF2) proceeds in mold fluxes
New5 and New6. B2O3 could act as a network former
and enhance glass-formation ability of mold flux,
resulting in suppression of cuspidine crystallization
ability in the mold flux. On the contrary, Na2O plays
a role as a network modifier in dividing the silicate flow
unit in mold fluxes and lowering the melting tempera-
ture of mold fluxes,[18] as well as lowering the transfer
resistance of ion clusters and energy barrier for crystal-
lization by decreasing viscosity of mold flux,[20] which
would enhance mold flux crystallization. Under the
condition of coupled effects of continuously increasing
B2O3 and Na2O contents in remaining liquid matrix as
successive foregoing cuspidine crystallization in the
mold flux with lower B2O3 (10.8 mass pct) and higher
Na2O contents (4.8 mass pct), the monotonous decrease
in effective activation energy for cuspidine crystalliza-
tion is attributed to the fact that the enhancement of
cuspidine crystallization induced by Na2O exceeds
the suppression of the crystallization ability by
B2O3. Since the mold flux New6 contains higher
B2O3 (15.0 mass pct) and lower Na2O contents
(1.0 mass pct), the reason for the increase in effective
activation energy for cuspidine crystallization in the
mold flux is just the opposite, compared with mold flux
New5.

IV. CONCLUSIONS

The non-isothermal crystallization kinetics of the
newly developed lime-alumina-based mold fluxes was

investigated by DSC in terms of the Avrami exponent
and effective activation energy for crystallization. The
conclusions are summarized as follows:

1. Ozawa method fails to describe the non-isothermal
crystallization mode of mold fluxes for the case where
there is a considerable difference in the relative degree
of crystallinity at specific temperatures for various
cooling rates, whereas the combined Avrami–Ozawa
equation can successfully describe the non-isothermal
crystallization mode of the mold fluxes.

2. The crystallization of cuspidine in lime-alumina-
based mold fluxes with higher B2O3 content occurs
through bulk nucleation and reaction-controlled
three-dimensional growth, and then transforms to
reaction-controlled two-dimensional growth at the
crystallization later stage; whereas in the mold fluxes
with lower B2O3 content (10.8 mass pct), the crys-
tallization of cuspidine is a bulk nucleation and
reaction-controlled two-dimensional growth at the
crystallization primary stage followed by diffusion-
controlled two-dimensional growth process. The
crystallization of CaF2 in mold flux originates from
bulk nucleation and diffusion-controlled three-
dimensional growth, which then transforms to two-
dimensional growth. These kinetic analysis results
were confirmed by FE-SEM observations.

3. The effective activation energy for cuspidine crystal-
lization in the mold flux with 16.0 mass pct B2O3 and
9.0 mass pct Na2O increases as the crystallization
progresses, and then decreases at the relative degree
of crystallinity greater than 60 pct. The transition
point of this trend approximately corresponds to the
relative degree of crystallinity at which the crystalli-
zation mode of cuspidine transforms. For the mold
flux with lower B2O3 content (15.0 mass pct) and
1.0 mass pct Na2O, the effective activation energy for
cuspidine formation increases linearly with the in-
crease in the relative degree of crystallinity. The
effective activation energy for cuspidine formation
in the mold flux with lower B2O3 content
(10.8 mass pct) and 4.8 mass pct Na2O decreases
monotonically as the crystallization proceeds, which
is higher than that for cuspidine formation in mold
fluxes New4 and New6.
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