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Isothermal and Non-isothermal Crystallization
Kinetics of Mold Fluxes used in Continuous Casting
of Steel: A Review

RAHUL SARKAR and ZUSHU LI

Casting powders or mold fluxes, as they are more commonly known, are used in the continuous
casting of steel to prevent the steel shell from sticking to the copper mold. The powders first melt
and create a pool of liquid flux above the liquid steel in the mold, and then the liquid mold fluxes
penetrate into the gap between water-cooled copper mold and steel shell, where crystallization
of solid phases takes place as the temperatures gradually drop. It is important to understand the
crystallization behavior of these mold fluxes used in the continuous casting of steel because the
crystalline phase fraction in the slag films plays a crucial role in determining the horizontal heat
flux during the casting process. In this work, the existing literature on the crystallization kinetics
of conventional and fluoride-free mold fluxes used in the continuous casting of steel has been
reviewed. The review has been divided into two main sections viz. the isothermal crystallization
kinetics and non-isothermal crystallization kinetics. Under each of these sections, three of the
most widely used techniques for studying the crystallization kinetics have been included viz.
thermoanalytical techniques such as differential scanning calorimetry/differential thermal
analysis (DSC/DTA), the single and double hot thermocouple technique (SHTT and DHTT),
and the confocal scanning laser microscopy (CSLM). For each of these techniques, the available
literature related to the crystallization kinetics of mold fluxes has been summarized thereby
encompassing a wide range of investigations comprising of both conventional and fluoride-free
fluxes. Summaries have been included after each section with critical comments and insights by
the authors. Finally, the relative merits and demerits of these methods vis-à-vis their application
in studying the crystallization kinetics of mold fluxes have been discussed.
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I. INTRODUCTION

IN the continuous casting process of steel, molten
steel is poured from the ladle through a submerged entry
nozzle (SEN) into the tundish, which maintains a
constant head for molten steel to flow into the contin-
uous casting mold.[1] As the molten steel passes through
the mold, it freezes against the cold walls of the mold
and forms a shell of solidified steel. The steel shell will
have a tendency to stick to the mold unless measures are
taken to prevent it. One of the most important measures
that are taken to prevent the sticking of the shell to the
mold is the use of casting powders.[1–4] These powders
are fed at the top of the mold where they are gradually
heated up and create a pool of liquid flux. A significant

amount of this molten flux enters the gap between the
mold and the steel shell and freezes against the cold to
form a solid slag thereby leaving behind a thin liquid
film against the shell. The liquid film maintains the
lubrication of the shell and while the solid slag film is
responsible for maintaining the horizontal heat flux
(qhor).

[5] A schematic representation of the various
phases and their location in the mold is shown in
Figure 1.[1]

The initial slag film formed is primarily glassy because
of the high cooling rates at which it is quenched against
the cold mold wall but over time, the fraction of
crystallized phases in the slag film increases until a
steady-state value is reached. Therefore, after sufficiently
long times, the slag film consists of a combination of a
glassy phase and crystalline phases. The crystalline
phases reflect and scatter radiant energy that leaves the
steel shell and therefore qhor decreases with increasing
amount of crystalline phases in the slag film. Also,
crystalline phases inherently have higher densities as
compared to the glassy phase and therefore the forma-
tion of crystalline phases is associated with a shrinkage
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which results in the formation of porosity in the slag film
and also an interfacial thermal resistance (RCu=sl) asso-
ciated with ‘‘air or gas gap.’’[6–10]

As already mentioned, since this slag film is primarily
responsible for maintaining the horizontal heat transfer
between the mold and the steel shell, the horizontal heat
flux can then be expressed as

qhor ¼
DT
Reff

; ½1�

where qhor is the horizontal heat flux, DT is the tem-
perature difference, and Reff is the effective heat trans-
fer resistance given by

Reff ¼ RCu=sl þ Rgl þ Rcrys þ Rliq: ½2�

It is evident from Eqs. [1] and [2] and also from the
preceding discussion that the crystalline phase fraction
(fcrys) has an important role in the horizontal heat

transfer and therefore it is important to determine fcrys
of slag films. There are several methods to determine
fcrys of slag films using conventional techniques such as

optical microscopy (OM), X-ray diffraction (XRD), and
thermoanalytical techniques such as DSC.[11–13] Using
these techniques, the fcrys in slag films can be determined

as a function of the chemical composition of the mold
fluxes and also as a function of position in the
continuous casting mold. The fcrys values obtained from

these techniques, however, are all steady-state values
and information about how the fcrys evolves as a

function of time cannot be obtained from these tech-
niques. But as discussed, the fcrys in the slag film is a

function of both temperature and time and it is of
fundamental interest how the fcrys changes as functions

of these two parameters.
The crystallization kinetics of mold slags used in

continuous casting of steel is essentially related to how
the crystalline phase fraction (fcrys) changes as a function

of both time and temperature and plays a critical role in
the optimization of heat transfer and lubrication in the
continuous casting mold. Therefore, the crystallization
kinetics of mold fluxes of different compositions has
been extensively studied in the literature using a variety
of techniques. In addition, there are several studies on
the thermophysical properties such as viscosity, liquidus
and glass transition temperature, surface and interfacial
tension, thermal conductivity, density, and heat capacity
since these properties also play an important role in the
crystallization phenomena.[14–19] In the recent past, a
special emphasis has been laid on the design of mold
fluxes for casting innovative grades such as high-Al
TRIP and TWIP steels.[1] In these steel grades, the Al in
the steel tends to react with SiO2 in the mold slag to
produce Al2O3. As a result, the Al2O3 content in the slag
increases and consequently the break temperature and
fcrys increase significantly. This often results in an erratic

melting behavior, fluctuations in the mold temperatures,
and false alarms on the sticker detection systems. In
addition, it has been contended that for steel containing
>1 wt pct Al, the presence of high Al2O3 in the mold

slag promotes crystallization at the expense of the glassy
phase thus resulting in a loss in lubrication. Therefore,
significant efforts have been made in the past few years
to modify the conventional CaO-SiO2-based mold fluxes
and to develop new fluxes based on the CaO-Al2O3

system (with considerably lower amounts of SiO2) for
casting high-Al steel. The use of these new fluxes
minimizes the amount of Al2O3 formed as a result of
the reaction between Al in steel and SiO2 in the mold
slag.[1] However, with the use of these new CaO-Al2O3-
based fluxes, there is a significant change in the
composition of the crystalline phases and in a recent
study, Zhou et al.[20] reported that the precipitated
phases change from cuspidine (Ca4Si2O7F2) to nepheline
(NaAlSiO4) and CaF2, and then into gehlenite
(Ca2Al2SiO7) as the alumina content increases from ~
7 to 40 wt pct. The impact of these newer crystalline
phases on the overall crystallization process is not fully
understood and is an area of active research. Similar
approaches have also been followed for other challeng-
ing grades such as the Ti-stabilized peritectic stainless
steel wherein SiO2 in the mold flux is replaced by TiO2

(for up to 10 wt. pct TiO2).
[1] Another interesting topic

that has come up in the recent years is the development
of F-free and F-reduced powders. For F-free fluxes, the
main problem lies in the replacement of cuspidine
(Ca4Si2O7F2) which is the primary crystalline phase in
conventional mold fluxes containing fluorine. Two
principal candidates that have been suggested are
perovskite (CaTiO3) and melilite ((Ca, Na)2(Al, Mg,
Fe2+)[(Al, Si)SiO7]). However, further investigations
need to be done on the suitability of these phases as
replacements for cuspidine since the presence of these
phases is reported to create problems such as sticker
breaker-out in the continuous casting process.[1] Thus,
crystallization behavior of mold slags remains, until
date, an active area of research in the continuous casting
community. As will be discussed later, there are some
reviews available in the literature on the individual

Fig. 1—Schematic representation of the various phases and their
locations in the mold used for continuous casting of steel
(reproduced with permission from Ref. [1]).
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techniques used for studying crystallization kinetics of
mold fluxes but to the best of the authors’ knowledge, a
comprehensive review encompassing all the different
techniques is not available. This article presents an
extensive overview of the existing literature on the
crystallization kinetics of mold fluxes using all the major
techniques and will serve as a useful reference for all
future investigations on this and related topics.

As with any reaction or transformation, the kinetics
of crystallization in mold fluxes can be studied using
isothermal and non-isothermal methods. For the sake of
brevity, the general principles involved in the analyses of
isothermal and non-isothermal reaction kinetics are not
discussed here and interested readers are referred to
some of the relevant articles on these topics.[21–26] This
article only focusses on the studies relevant to mold flux
crystallization and is broadly divided into two sec-
tions—viz. the isothermal crystallization kinetics and
non-isothermal crystallization kinetics.

II. ISOTHERMAL CRYSTALLIZATION KINET-
ICS OF MOLD FLUXES

Isothermal kinetics, as the name suggests, involve the
study of the fraction transformed in a reaction as a
function of time at a particular temperature. The
investigations on isothermal crystallization kinetics of
mold fluxes, therefore, involve rapid cooling of the
molten flux to a temperature below the melting point
and holding it isothermally at that temperature. The
crystallization kinetics are then observed in terms of the
fraction transformed as a function of time and the
time–temperature–transformation (TTT) diagrams are
often constructed. Figure 2 shows a schematic repre-
sentation of the thermal cycle that is used in the
experiments related to isothermal crystallization kinetics
of mold fluxes.

Several researchers have studied the isothermal crys-
tallization kinetics using different techniques. These
techniques be classified into three categories viz. ther-
moanalytical techniques such as differential scanning
calorimetry/differential thermal analysis (DSC/DTA),
the single and double hot thermocouple technique

(SHTT and DHTT), and the confocal scanning laser
microscopy (CSLM). In the following sections, the
available studies on isothermal crystallization kinetics
based on these three different techniques have been
summarized.

A. Thermoanalytical Techniques

DSC and DTA are the two most common thermoan-
alytical techniques used in the analyses of reaction
kinetics. In DSC, the sample and the reference material
are maintained at the same temperature throughout the
controlled temperature program. Any energy difference
in the independent supplies to the sample and the
reference is then recorded as a function of temperature.
On the other hand, in the DTA, the difference in
temperature between the sample and the reference is
recorded while both are subjected to the same heating
program. Both DSC and DTA have almost the same
applications in usage and analysis, but DTA is suited
more for the determination of characteristic tempera-
tures, while DSC is better suited for the determination of
calorific values such as enthalpy of fusion or crystal-
lization. In addition, traditionally, DTA is more of a
qualitative method although, if properly calibrated,
DTA can also be used for quite accurate quantitative
measurements. Generally, the case sensitivity of DTA
strongly depends on experimental conditions and there-
fore calibration for the DTA should be done under the
conditions that are as close as possible to ones for the
actual experiments.
Both DSC and DTA have been extensively used in the

study of isothermal and non-isothermal crystallization
kinetics of mold fluxes. In this section, the available
studies on isothermal crystallization kinetics using the
DSC/DTA are reviewed and the studies under
non-isothermal conditions have been reviewed in a
subsequent section.
SeO et al.[27] studied the isothermal melt crystalliza-

tion in CaO-SiO2-CaF2-based mold fluxes using DSC.
The mold fluxes studied by these authors had a
basicity in the range 0.94 to 1.34 and a fluorine
content of 7 to 7.6 pct. Their experimental technique
involved melting of the mold flux by heating it to a
temperature above 1300 �C and then cooling the slag
at 20�C min�1 to the isothermal temperature followed
by holding at that temperature for ~120 minutes. The
isothermal holding temperature was varied from 1140
�C to 1160 �C. They reported that cuspidine (3CaOÆ2-
SiO2ÆCaF2) was the only phase to have crystallized in
these mold fluxes and this corresponded to an
exothermic peak in the DSC curves. The crystallized
phase fraction of cuspidine was calculated based on
the assumption that the rate of heat release is
proportional to the rate of crystallization, as shown
in Figure 3. Therefore, the fraction crystallized (X)
was calculated using the formula

X ¼ DHt

DHtot
¼
R t
0ðdHc=dtÞdtR1
0 ðdHc=dtÞdt

: ½3�
Fig. 2—Schematic of a typical thermal cycle used for isothermal
crystallization experiments.
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They applied the well-known John-
son–Mehl–Avrami–Kolmogorov (JMAK) equation to
study the isothermal kinetics of melt crystallization,
which can be expressed as[27]

X ¼ 1� exp � Ktð Þn½ �: ½4�
Seo et al.[27] obtained values of the Avrami exponent

in the range ~3 to 3.4. Thereafter, they concluded that
crystallization of cuspidine is controlled by 3-dimen-
sional growth and instantaneous nucleation in the case
of large undercooling while for small undercooling, the
growth is still 3-dimensional but the nucleation mode is
continuous. Another important result from their inves-
tigation was the fact that for each of the two mold fluxes
studied, the determined effective activation energy for
the crystallization process was found to be negative. The
authors explained this result by contending that melt
crystallization rate was controlled by the free energy
change associated with the degree of undercooling.
Their explanation, however, was based on a classical
theory for homogenous nucleation but in the actual
scenario, nucleation can take place heterogeneously at
preferential sites such as the mold walls. Therefore, the
assumptions inherent to the homogenous nucleation
theory may not hold true in reality.

Maldonado et al.[28] also used the DSC technique to
study the isothermal crystallization kinetics of CaO-
SiO2-CaF2-based mold fluxes and calculated the TTT
diagrams using a novel approach. Two different mold
fluxes were used in their study having different basicities
and CaF2 concentrations. The approach followed by
these authors is briefly described as follows:

For isothermal kinetics, the rate of crystallization can
be expressed as a function of the fraction crystallized X,
as[21]

dX

dt
¼ k � f Xð Þ; ½5�

where k is the reaction rate constant.
Several algebraic equations are available for f Xð Þ but

the one proposed by Kissinger[29] is commonly used for
crystallization and this is given by[29]

f Xð Þ ¼ ð1� XÞr: ½6�
Using Eq. [6] and assuming an Arrhenius behavior for

the rate constant k, Eq. [5] can be integrated within
limits for an isothermal process as[28]

Z X

0

dX

ð1� XÞr ¼ Ae�E=RT �
Z t

ti

dt: ½7�

The integration in Eq. [7] gives

t ¼ ti þ
1� 1� Xð Þr

Ae�
E
RT

� �

� 1

1� r

� �

: ½8�

Equation [8] gives the time required to achieve a
certain degree of crystallization X, at any time t.
However, this requires calculation of the parameters ti,
A, E , and r. Maldonado et al.[28] calculated these
parameters, however, by the non-isothermal

crystallization data obtained at various heating and
cooling rates. First, the Induction Period method
proposed by Šimon[30] was used to determine ti as a
function of temperature by using the equation

ti ¼ A
0
e
0B=T0 : ½9�

The other constants in Eq. [8] were then obtained by
using the Kissinger plots,[29] which is given by the
following equation:

ln
b

T2
p

¼ ln
ARr

E
� ð1� XpÞr�1

� �

� E

RTp
; ½10�

where Tp is the crystallization peak temperature and
Xp is the fraction crystallized at Tp. Therefore, in a
novel approach, Maldonado et al.[28] used the data
obtained from non-isothermal crystallization kinetics
to construct the TTT curves, which provide

Fig. 4—TTT diagram of a CaO-SiO2-CaF2-based mold flux
determined using DSC by Maldonando et al.[28]: P1 is Cuspidine
(Cu4Si2O7F2) denoted by solid triangles and P2 is Combeite
(Na2Ca2Si3O9) denoted by closed triangles (reproduced with
permission from Maldonado et al.[28]).

Fig. 3—Schematic representation of the method commonly used for
determining fraction transformed (X) as a function of time (t) from
DSC traces[27] (reproduced with permission from Ref. [27]).
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information about the isothermal crystallization kinet-
ics. Figure 4 shows an example of the TTT diagram
obtained by Maldonado et al.[28] using this novel
method.

To validate this new DSC-based technique for TTT
diagrams, Maldonado et al.[28] conducted isothermal
experiments in which mold slag samples were quenched
to the isothermal temperature and then held at that
temperature for specified periods of time followed by
quenching to room temperatures. Good agreement
between these two confirmed the reliability of this
method, which can suitably be applied to investigations
related to other mold fluxes as well. In a later study,
Barraza et al.,[31] used the same method to construct the
TTT diagrams for mold fluxes used in the high-speed
continuous casting of medium carbon steel billets and
they too reported that the crystalline phase fractions
calculated from the TTT diagrams agreed well with
those obtained using the quantitative X-ray phase
diffraction analysis (QXRPDA).

Although the thermoanalytical techniques are more
commonly used in the study of non-isothermal crystalliza-
tion kinetics, there are some studies available in the
literature on the isothermal crystallization kinetics ofmold
fluxes using DSC/DTA. In the preceding section, these
investigations have been reviewed. Generally speaking,
such studies provide important information on the crys-
tallization phenomena taking place at small degrees of
undercooling, i.e., at temperatures just below the melting
temperature because in such cases it can be appropriately
assumed that during the cooling of the mold fluxes from a
temperature above the melting temperature to the isother-
mal holding temperature, little or no crystallization takes
place. The well-known JMAK equation can then be
applied to the crystallization processes, which occur as a
result of isothermal holding at the temperature of interest.
As discussed, SeO et al.[27] have used this approach for
studying isothermal melt crystallization of cuspidine
(3CaOÆ2SiO2ÆCaF2) inCaO-SiO2-CaF2-basedmold fluxes.
Evidently, this approach of studying isothermal crystal-
lization kinetics using DSC–DTA cannot be applied for
large degrees of undercooling and hence the crystallization
of phases, which occur at lower temperatures, cannot be
studied using this approach. To overcome this limitation,
Maldonado et al.[28] used a novel approach to extract
information on isothermal kinetics from their non-isother-
malDSC experiments, as already discussed. The validity of
their approachwas tested by comparing the TTTdiagrams
with the results of quantitative X-ray phase diffraction
analysis (QXRPDA). However, further validation of this
approach from other independent investigations may be
necessary to prove its suitability in the study of isothermal
crystallization kinetics of mold fluxes.

B. Single and Double Hot Thermocouple Techniques
(SHTT, DHTT)

The hot thermocouple driver is a unique driver in
which the temperature can be simultaneously monitored
while a thermocouple is heated. In this method, the slag
can be directly melted on the tip of a thermocouple or
between two similarly configured thermocouples. There

are two different modes of operation for the hot
thermocouple technique viz. the SHTT and the DHTT.
The SHTT has been in use in metallurgical applications
for quite some time. Ordway[32] first used this technique
in the year 1952 to study the growth of single crystals of
refractory compounds precipitating out from a melt at
temperatures up to 1600 �C. Ohta et al.[33] used this
technique for determining the liquidus temperatures of
slags and for elucidating the mechanism of slag-metal
reactions. Asayama et al.[34] also used the SHTT for
experiments with slags to study glass formation in
silicate systems. In one of the first studies of its kind,
Kashiwaya et al.[35] applied the SHTT technique for
studying the isothermal crystallization kinetics of
CaO-SiO2-Al2O3-Na2O-based mold fluxes. Also, the
DHTT which was developed by Kuranaga et al.,[36]

Murayam et al.,[37] and Uhlman[38] for an earlier study
on microgravity experiments, was used in this work by
Kashiwaya et al.[35] to study isothermal crystallization
kinetics. Schematic representations of the SHTT and
DHTT are given in Figure 5.
Kashiyama et al.[35] observed the crystallization phe-

nomenon using a video equipment. They recorded the
onset of crystallization and measured the growth rate of
the solidification front as a function of the cooling rate.
For their isothermal experiments, they melted the
decarburized mold flux samples on the thermocouples
at temperatures practically experienced in the continu-
ous casting mold when the liquid slag is in contact with
the liquid steel (~1500 �C). At the melting temperature,
the slag was homogenized and then cooled to a given
temperature with a high cooling rate (~80 �C s�1) and
then held for 30 to 60 minutes until crystallization was
complete. They reported that the crystallization initiated
within 10 to 400 seconds of the isothermal holding and
the crystals grew for up to 45 minutes after the start of
crystallization. With their data, Kashiyama et al.[35]

constructed the time–temperature–transformation
(TTT) diagrams for the relevant systems and determined
the effects of Na2O additions in CaO-SiO2-Al2O3-based

Fig. 5—Schematic representations of the SHTT and DHTT
(reproduced with permission from Kashiwaya et al.[35]).
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mold fluxes. They reported that Na2O had a major effect
on the isothermal crystallization kinetics with both the
nose temperature and the incubation time for crystal-
lization decreasing with increasing Na2O content, as
shown in Figure 6.[35]

Following the work by Kashiyama et al.,[35] several
other researchers have used the SHTT and DHTT in the
study of crystallization kinetics of conventional mold
slags.[8, 39–44] Orrling et al.[39] studied the isothermal
crystallization kinetics of a CaO-SiO2-Al2O3-Na2O-
CaF2 mold slag using the DHTT. They also constructed
the TTT diagram for the onset of crystallization in the
mold slag over a wide range of temperature ranging
from 800 to 1300 �C. Their observations further
confirmed that the incubation period decreases with
increasing Na2O content in the slag. Furthermore, they
also reported that the addition of CaF2 promotes
crystallization in the slag. Depending on the degree of
undercooling, they reported different morphologies of
the precipitated crystals. They were classified into four
different types: (a) equiaxed crystals at low degree of
undercooling, (b) columnar crystals that grew from the
thermocouples towards the center of the sample, (c)
dendritic crystals with a faceted shape that occurred
across the whole sample, and (d) very fine crystals that
only appeared in samples with a large degree of
undercooling.

Wen et al.[40] also studied the isothermal crystalliza-
tion kinetics of four CaO-SiO2-Na2O-CaF2-based indus-
trial mold fluxes using the SHTT. As predicted by the
classical nucleation theory, they observed that the onset
time for crystallization first decreased and then
increased thereby giving rise to a ‘‘C-curve.’’ Another
important result from their study is that the entire
crystallization phenomenon was divided into two
C-curves which intersected at ~1100 �C, as shown in
Figure 7. This meant that two separate nucleation events
were taking place and that different phases were
crystallized at different temperatures. From the XRD
studies performed by the authors, the two crystalline
phases were identified as cuspidine (Ca4Si2O7F2) at
temperatures above 1100 �C and calcium silicon oxide
fluoride (Ca2SiO2F2) at temperatures below 1100 �C.

Zhou et al.[41] studied the effect of basicity on the
crystallization of CaO-SiO2-Al2O3-CaF2-based fluxes
using the SHTT and they, too, constructed the TTT
diagrams for these fluxes. They reported that an increase
in basicity enhanced crystallization with both the
incubation time and the effective activation energy for
crystallization becoming smaller for higher basicity
fluxes. For slags with basicity in the range from 1.0 to
1.2, CaSiO3 was seen to precipitate in the upper part of
the TTT diagram while cuspidine (Ca4Si2O7F2) was
formed in the lower part. However, when the basicity
was 0.8, only cuspidine was seen to crystallize. The
crystallization mechanism of cuspidine was reported to
change from one-dimensional growth to three-dimen-
sional growth with a constant nuclei when the basicity
was increased from 0.8 to 1.2.[41]

Petajajarvi et al.[42] used the SHTT to study the
crystallization behavior of four different industrial mold
fluxes used in Outokumpu Tornio Works and con-
structed the respective TTT diagrams. In addition, these
authors compared the results obtained from SHTT
experiments to the measured heat flux values from the
two continuous casting machines. As pointed out by the
authors, some discrepancy between the TTT results and
the behavior in the continuous casting machines was
observed because, contrary to expectations, the mold
flux with the highest tendency to crystallize did not have
the lowest thermal conductivity. The authors did not
present a suitable explanation for this discrepancy
although an attempt was made to explain this behavior
in terms of the differences in viscosities and break
temperatures of the mold fluxes studied.[42]

Fig. 7—TTT diagram of a CaO-SiO2-Na2O-CaF2-based industrial
mold flux obtained by Wen et al.[40] (reproduced with permission
from Wen et al.[40]).

Fig. 6—Effect of Na2O addition on the isothermal crystallization
kinetics of CaO-SiO2-Al2O3-based mold fluxes as observed by
Kashiwaya et al.[35] (reproduced with permission from Kashiwaya
et al.[35]).
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With the recent developments in the field of advanced
high-strength steels (AHSS), certain amounts of Al are
often added into these steels and this results in a
significant amount of interaction between the SiO2 in the
mold slag and Al in the molten metal, as already
discussed. Therefore, sincere efforts have been made by
researchers in recent years to find an alternative flux for
casting these steel grades and often a CaO-Al2O3-based
mold flux system is proposed. In a recent review article,
Wang et al.[43] have summarized the latest developments
for this new mold flux system. Yan et al.[44] studied the
crystallization behavior of mold fluxes based on a
CaO-Al2O3 system, which is used in the casting of
high-Al non-magnetic steels containing 1.5 to 2.5 wt pct
Al. The mold fluxes studied by these authors were much
richer in Al2O3 and, therefore, much leaner in CaO and
SiO2 as compared to conventional mold fluxes. Their
TTT results indicated that an increase in Al2O3/SiO2

enhanced the crystallization phenomena by increasing
the initial crystallization temperature and nose temper-
ature, and shortening the incubation time. On the other
hand, when CaO was substituted with BaO in the mold
fluxes, crystallization was suppressed as manifested by
the decrease in the initial crystallization temperature and
nose temperature, and an increase in the incubation
time.[44]

Also, conventionally, mold fluxes used in continuous
casting of steel consists of oxides and fluorides. The
fluorine is usually present in the form of CaF2. Oxy-flu-
oride systems are usually unstable since they react to
form gaseous fluorides.[1] These gaseous fluorides often
react with any moisture present to form HF gas that
cause a severe health and safety problem and is
responsible for corrosion of plant equipment. Moreover,
the secondary cooling water leaches the fluoride out of
the spent slag film at the mold exit and the water
gradually becomes acidic. Consequently, the cooling
water has to be treated with alkaline agents to restore its
normal pH level. For these reasons, in the recent past,
there has been a search for mold powders containing
zero, or reduced, levels of CaF2 . However, as already
discussed, the challenge is to replace cuspidine which is
the predominant crystalline phase in conventional
F-containing fluxes with a suitable crystalline phase
that would meet the required thermal resistance which is
dependent upon both fcrys and RCu=sl. Nakada and

Nagata[8] proposed a CaO-SiO2-TiO2-based mold flux
as a substitute for CaO-SiO2-CaF2-based fluxes and
reported that rapid crystallization of CaSiTiO5 takes
place in this system with incubation time less than that
of cuspidine. Wen et al.[45] also used a CaO-SiO2-TiO2-
based system starting from a Ti-bearing blast furnace
(BF) slag to substitute the conventional fluorine con-
taining mold fluxes for casting peritectic steels. They
observed the crystallization of perovskite (CaTiO3) as
the dominant crystalline phase instead of cuspidine and
plant trials indicated that heat transfer in the mold was
well controlled using this new flux. One problem
associated inherently with the use of CaO-SiO2-TiO2-
based fluxes is the increase in sticker breakouts. Wang
et al.[46] contended that one of the possible reasons for

this phenomenon is the formation of TiN and Ti(C, N)
and these authors have used thermodynamic calcula-
tions and laboratory trials to validate this claim. Zhou
et al.[47] were among the first researchers to propose the
use of higher amounts of Na2O, Li2O, and B2O3 in the
mold flux as substitutes for CaF2 in the conventional
fluorine-containing fluxes. They studied the crystalliza-
tion kinetics of these fluxes using the SHTT/DHTT and
reported that the crystallization temperatures of these
F-free mold fluxes increased with the increasing basicity
and Na2O/Li2O contents. The main crystalline phase
formed in the designed F-free mold fluxes was found to
be calcium borosilicate (Ca11Si4B2O22) and the authors
concluded that a F-free mold flux with basicity ~ 1.15,
Na2O ~ 8 wt pct, Li2O ~ 2.0 wt pct, and B2O3 ~ 6.0 wt
pct would have similar performance to that of conven-
tional mold flux having a basicity of ~1.25 and a fluorine
content of ~ 7.25 wt pct.[47]

Yang et al.[48] studied the effects of MgO on the
isothermal crystallization kinetics of F-free mold fluxes
using the SHTT/DHTT technique and reported that the
crystallization tendency increased with increasing MgO
additions in the flux. The main crystalline phase was
observed to change from CaSiO3 to CaSiO3/Ca2Mg-
Si2O7/Ca11Si4B2O22, and finally Ca2MgSi2O7 as the
MgO content was increased. The heat flux across the
mold fluxes, however, was found to decrease with an
increase in MgO content. Chen et al.[49] studied the
effects of Al2O3 and MgO additions on the isothermal
crystallization kinetics of CaO-SiO2-B2O3-based fluo-
rine-free mold fluxes containing significant amounts of
Na2O and Li2O using the SHTT. Their results suggest
that crystallization was first inhibited and then enhanced
with Al2O3 addition while MgO was seen to monoton-
ically promote crystallization when added in the range
of 2-10 wt. pct. These authors further used Fourier
transform infrared (FTIR) spectroscopy and Raman
spectroscopy to relate the structure of the mold slag with
the composition. They observed that consistent with the
crystallization behavior of the mold fluxes, Al2O3 served
as a network former when added in the range 4 to 8 wt
pct while it served as a network breaker when the Al2O3

content was further increased to 8 to 12 wt pct MgO. On
the other hand, when added in the range 2 to 6 wt pct
MgO provided Mg2+ cation in the melt which had the
charge-compensation effect and also led to a slight
increase in the Al-O-Al and B-O-B structural units in the
slag. For higher contents of MgO, in the range 6 to 10
wt pct, the continuous addition of O2� was found to
further depolymerize the melt and cause faster
crystallization.[49]

Other investigations on the use of SHTT and DHTT
for studying the isothermal crystallization behavior of
mold fluxes in continuous casting can be found in the
studies by Klug et al.[50] and Jiang et al.[51] For the sake
of brevity, discussions on these papers are not included
here. In a recent review article, Kölbl et al.[52] have
summarized the findings from these investigations.
Interested readers are referred to the original publica-
tions[50, 51] and the review paper by Kölbl et al.[52] for
more information.
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In this section, the studies available in the literature
on the isothermal crystallization kinetics of mold fluxes
using the SHTT and DHTT have been summarized.
Because of the high cooling rates that can be achieved
using the hot thermocouple technique, this technique
can be suitably used for studying the crystallization
behavior for large degrees of undercooling. Also, using
this technique, the crystallization phenomena of mold
fluxes can be observed in situ which was a unique feature
at a time when the CSLM was still relatively unknown in
metallurgical applications. Kashiwaya et al.[35] have
been the pioneers in the application of this technique to
the study of mold slag crystallization following which
several other researchers have used this technique for the
same application. The studies by Kashiwaya et al.[35]

and Orrling et al.[39] elucidated the roles of alkali oxide
additions and both of them found that the kinetics of
crystallization are enhanced because of alkali oxide
additions. Orrling et al.[39] also constructed a map for
the morphology of the precipitated crystals as a function
of the degree of undercooling while Wen et al.[40]

successfully observed multiple crystallization phenom-
ena in CaO-SiO2-Na2O-CaF2-based mold fluxes using
the SHTT. Zhou et al.[41] observed that an increase in
basicity enhances the isothermal crystallization kinetics
of conventional CaO-SiO2-Al2O3-CaF2-based mold
fluxes. Yan et al.[44] observed that with increasing
Al2O3/SiO2 ratio, crystallization was enhanced in high
Al2O3-containing mold fluxes while BaO substitution
was seen to suppress crystallization. In addition, there
are several studies available in the literature on the
crystallization kinetics of relatively newer fluorine-free
fluxes as already discussed in the preceding para-
graphs.[47–49] Therefore, several important information
on the effects of individual components present in the
mold flux on the crystallization kinetics and the crystal
morphology can be obtained from these studies for both
conventional and high Al2O3 as well as fluorine-free
mold fluxes, as discussed.

C. Confocal Scanning Laser Microscopy (CSLM)

The high-temperature CSLM is an in situ direct
observation device used for studying crystallization in
undercooled melts. The CSLM uses a halogen infrared
(IR) heating lamp, which is focused on a small crucible
placed on a holding plate to which a thermocouple is
attached, as shown in Figure 8. The image of the
specimen can be detected using the difference in contrast
obtained from the scanning laser, which is typically in
the red, blue or violet wavelength range.[53] Emi
et al.[54–56] initially used this equipment to study the
solidification behavior and high-temperature solid-state
phase transformation in steels. Over the last two
decades, better resolution has been realized in the
CSLM leading to higher quality images and higher
cooling rates have been achieved. In view of its
extra-ordinary capability to make in situ observations,
the CSLM is now being used as a tool to study the
solidification phenomena related to the continuous
casting of steel. Because of its versatility, it can be used

to study crystallization kinetics under both isothermal
and non-isothermal conditions. In this section, the
available literature on the isothermal crystallization
kinetics of mold fluxes used for continuous casting of
steel has been reviewed. In a subsequent section, the
relevant literature on non-isothermal crystallization
kinetics will be reviewed.
Zhang et al.[57] investigated the isothermal crystal-

lization kinetics of CaO-SiO2-Al2O3-CaF2-based mold
fluxes used in the continuous casting of transformation
induced plasticity (TRIP) steels under isothermal con-
ditions using a CSLM. Their objective was to study the
effect of Al2O3/SiO2 ratio on the crystallization behav-
ior. Using the CSLM observations, they constructed the
TTT diagrams for the start of crystallization for mold
fluxes of different Al2O3/SiO2 ratios and reported that
the crystallization start temperature increased while
incubation time decreased sharply with increasing
Al2O3/SiO2 ratios. Two of these TTT diagrams, as
reported by Zhang et al.,[57] are shown in Figure 9. The
crystal morphology was also reported to change with the
chemical composition and the isothermal holding tem-
perature. The crystallization path, as reported by these
authors, was found to be complex with CaF2 precipi-
tating first followed by a second phase whose compo-
sition changed from cuspidine to gehlenite as the Al2O3/
SiO2 ratio increased above 0.65. Finally, for mold fluxes
with Al2O3/SiO2 ratios greater than 1.42 a third Al2O3

phase was found to precipitate. The authors also
measured the growth rate of crystals using successive
CSLM images and reported that it increased exponen-
tially with increasing isothermal holding temperature.
Ryu et al.[58] also investigated the effects of basicity

and alumina content on the crystallization behavior of
mold fluxes used in TRIP steels using a CSLM. Their
objective was to elucidate the difference in crystalliza-
tion behavior for model mold slags of different compo-
sitions and correlate this to changes in the horizontal
heat flux during the casting process. Three different
levels of alumina content were chosen for their study to
investigate this difference viz. 3, 15, and 20 wt pct Al2O3

and the TTT diagrams were constructed for all the mold
flux systems. Similar to the observations of Zhang
et al.,[57] they too reported that the crystallization
temperature increased and the incubation time
decreased with increasing basicity and alumina content.
They also reported that the increase in alumina content
induced the precipitation of CaF2 during cooling and
hence the primary crystalline phase changed from
Ca4Si2O7F2 in low Al2O3 mold fluxes to Ca2Al2SiO7 in
high Al2O3 fluxes.
Zhang et al.[58] constructed the time–tempera-

ture–transformation (TTT) diagrams for F-free mold
fluxes based out of a CaO-SiO2-Al2O3-Na2O-B2O3

system using a CSLM and similarly reported that the
tendency of crystallization increased with increasing
basicity. They also studied the effects of zirconia and
titania additions in the mold flux and observed that
zirconia addition enhanced the crystallization tendency
due to its limited solubility in the mold slag and thereby
acting as nucleation sites. In low basicity mold fluxes,
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pseudo-wollastonite was found to be the main crys-
talline phase, whereas in high basicity mold fluxes, the
crystalline phases were kilchoanite and larnite.

In the foregoing section, the studies on the isothermal
crystallization kinetics of mold fluxes using the CSLM
have been reviewed. The CSLM, because of its versa-
tility, offers some distinct advantages over other tech-
niques that are used for studying mold slag
crystallization. Both Zhang et al.[57] and Ryu et al.[58]

reported using their CSLM observations that with

increasing Al2O3 content, crystallization in mold fluxes,
which are used for casting of TRIP steels, gets signif-
icantly enhanced. It is also known from these two
studies that the primary crystalline phase in the mold
slags changed from Ca4Si2O7F2 in low Al2O3 mold
fluxes to Ca2Al2SiO7 in high Al2O3 fluxes. From the
study by Zhang et al.[59] for an F-free mold flux, it is
known that the crystallization tendency of mold fluxes
increases with increasing basicity. Also, their study
showed that zirconia addition, too, enhanced

Fig. 8—Schematic representation of a confocal scanning laser microscopy (CSLM)—(a) gold-coated equipment chamber and (b) isolated
observation chamber[53] (reproduced with permission from Sohn et al.[53]).

Fig. 9—TTT diagrams of two CaO-SiO2-Al2O3-CaF2-based mold fluxes with varying Al2O3/SiO2 ratios as determined by Zhang et al.[57] using
CSLM—(a) Al2O3/SiO2 = 0.65 and (b) Al2O3/SiO2 = 1.55 (reproduced with permission from Zhang et al.[57]).
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crystallization because they acted as nucleation sites for
the precipitating phase. Therefore, it can be concluded
that the isothermal crystallization studies in CSLM have
played a significant part in understanding the crystal-
lization behavior of non-conventional mold fluxes.
Continued efforts in this direction is expected to play
an important role in the development of new and
alternative (F-free) mold fluxes.

III. NON-ISOTHERMAL CRYSTALLIZATION
KINETICS OF MOLD FLUXES

Non-isothermal kinetics, as opposed to isothermal
kinetics, involve the study of the fraction transformed
as function of time as the temperature continually
changes. The studies on non-isothermal crystallization
kinetics of mold fluxes, therefore, involve cooling of
the molten flux continuously at specific cooling rates
to a temperature much below the melting temperature.
The crystallization kinetics are then calculated by
determining the fraction transformed and the contin-
uous cooling transformation (CCT) diagrams are then
constructed. Figure 10 shows a schematic representa-
tion of the thermal cycle used in the experiments
related to non-isothermal crystallization kinetics of
mold fluxes.

As in the case of isothermal crystallization, crystal-
lization kinetics under non-isothermal conditions are
also studied using three main techniques viz. thermoan-
alytical techniques such as DSC/DTA, the SHTT and
DHTT, and the CSLM. In the following sections, the
available literature on non-isothermal crystallization
kinetics based on these three different techniques has
been reviewed.

A. Thermoanalytical Techniques

Thermoanalytical techniques such as DSC and DTA
are widely used in the study of non-isothermal crystal-
lization kinetics for glass-forming liquids. Therefore,
these techniques are also very widely used in the
investigation of non-isothermal crystallization kinetics
of mold fluxes used for continuous casting of steel. In
this section, the different methods used in the analyses of
non-isothermal crystallization data are first discussed.
Next, the individual studies on isothermal crystallization
kinetics of mold fluxes using these methods are
reviewed.

1. Common Methods Used in the Analysis
of Non-isothermal Crystallization Kinetics Using DSC/
DTA

a. Kissinger method One of the methods that is used
very often in the analyses of non-isothermal crystalliza-
tion kinetics is the Kissinger method.[29, 60] The details of
derivation for this method are not included here since
they are already present in the original papers by
Kissinger[29, 60] and only the final form of the so-called
Kissinger equation is mentioned as follows[29, 60]:

ln
b

T2
p

 !

¼ ln
AR

E

� �

� E

RTp
: ½11�

Equation [11] is only strictly valid for first-order
reactions. Likewise, for a reaction of order r, Eq. [10]
can be obtained.[29, 60] Also, although Kissinger in his
original work used a reaction order model for expressing
the rate of the reaction, the general treatment is also
applicable for all the different functional forms used to
describe the rate of crystallization, i.e., dX

dt .
Kissinger[31,60] also suggested a simple method for

calculating the order of the reaction from the DSC
profiles. This was done first by proposing a ‘‘shape
index,’’ S, which is the absolute value of the ratio of the
slope of the tangents at the inflection points. Analyti-
cally, this can be expressed as[60]

S ¼
d2X
dt2

� �

1

d2X
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� �

2

�
�
�
�
�
�

�
�
�
�
�
�
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In the above Eq. [12], subscripts 1 and 2 refer to the
values of these quantities at the inflection points, i.e.,
where

d3X

dt3

� �

¼ 0: ½13�

Using a series of mathematical arguments and the
approximation used by Murray and White,[24] they

calculated the value of S1=2 which when plotted versus r
fell roughly on a straight line represented by the
equation[60]

r ¼ 1:26S1=2: ½14�
Therefore, Kissinger not only proposed an easy

method for calculating the activation energy for the
reaction but also proposed a very simple approach to
calculate the reaction order from the shape of the DSC
(or DTA) curve. Figure 11 shows a schematic represen-
tation of the methodology proposed by Kissinger[31,60]

to calculate the reaction order (r) from a typical DSC
curve.

Fig. 10—Schematic of a typical thermal cycle used for
non-isothermal crystallization experiments.
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It must, however, be noted here that the original work
by Kissinger[29,60] was developed for the case when the
transformations occur during heating. Crystallization in
mold fluxes, on the other hand, take place as the mold
slag is cooled at a particular cooling rate. On cooling,
the temperature decreases with time giving rise to
negative values of b. It is evident from Eqs. [8] and [9]
that it does not permit the substitution of a negative
value for the heating rate, b. This problem is sometimes
bypassed by dropping the negative sign for the heating
rate for continuous cooling experiments and using an
absolute value for b. However, Vyazovkin[61,62] critically
assessed the validity of using the Kissinger equation for
studying the transformation that takes place during
cooling and concluded that, from a strictly mathemat-
ical viewpoint, dropping the negative sign of b in order
to make the Kissinger equation applicable for cooling
experiments is an invalid exercise and might lead to
unrealistic values of the activation energy. He suggested
the use of isoconversional methods[62] as an alternative
to the Kissinger method for studying the non-isothermal
kinetics of reactions that occurred during cooling.
Nonetheless, the Kissinger method[29,60] is still widely
used for studying the non-isothermal crystallization
kinetics of mold fluxes.

b. Method of Matushita and Sakka Matushita
et al.[63–67] contended that the Kissinger equation,
although simple and easy, is only strictly valid when
the growth of the crystals takes place on a fixed number
of nuclei and leads to an incorrect activation energy
when the number of nuclei present is a function of the
heating rate. They suggested a modification of the
Kissinger which is briefly described as follows:

The crystal growth (U) of nuclei of radius q was
expressed as[63]

U ¼ dq
dt

¼ b
dq
dT

¼ U0 � e�
E
RT � 1� e�

DG
RT

� �
: ½15�

Using Eq. [13] and a series of mathematical argu-
ments which are skipped here, they derived a generalized
expression for the growth rate of the crystallized nuclei
as[63]

dX

dt
¼ Ab�ðv�1Þ � e�mE=RT � ð1� XÞr; ½16�

where v, m , and r are all numerical constants whose
values depend on the mechanism of nucleation as sum-
marized in Table I.[66]

Matushita and Sakka[63] then applied the same
approach as followed by Kissinger[29,60] and obtained
the following equation[63]

ln
bv

T2
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¼ ln
ARr

mE
� ð1� XÞr�1

� �

� mE

RTp
: ½17�

Using Eq. [17], the activation energy can be calculated
using a plot similar to that of Kissinger. However, this
requires that the value of v and m are first known.
In a later study, Matushita et al.,[67] improved the

numerical accuracy of the approximation used in
deriving Eq. [17] and modified it to the following
equation[67]:

ln �ln 1� Xð Þ½ � ¼ �v � lnb� 1:052
mE

RT
þ const: ½18�

Because the crystallized fraction at the peak temper-
atures is almost constant irrespective of the cooling rate,
Eq. [16] is applicable at the peak temperature. The
activation energy can then be calculated from the slope
if the numerical factors are known. However, Shi
et al.[68] pointed out that similar to the Kissinger
method[29,60], the equations proposed by Matushita
and Sakka[63–67] are also strictly valid for studying
crystallization during heating and may give rise to
erroneous values of activation energy if they are used for
studying crystallization during cooling (which is the
phenomenon taking place in mold fluxes).

c. Method of Ozawa Equations [17] and [18] require
the determination of the numerical factors v (and m) to
be known for calculating the activation energy for
crystal growth. This is often done using the well-known
Ozawa equation[69] which is obtained by simply express-
ing the time variable t as a function of temperature T
and heating rate b as[69]

t ¼ T� T0

b
: ½19�

Fig. 11—Schematic representation of a DSC trace and Kissinger’s
method for calculating the reaction order from the shape index[31]

(reproduced with permission from Ref. [31]).

Table I. Variation in the Values of v, m , and r for the
Different Mechanisms of Crystallization

v m r

Bulk Nucleation
3D Growth 4 3 1
2D Growth 3 2 1
1D Growth 2 1 1
Surface Nucleation 1 1 2/3
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Substituting Eq. [17] in the JMAK equation (Eq. [4])
gives after some manipulation[69]

ln �ln 1� Xð Þð Þ ¼ n � ln K T� T0ð Þ½ � � n � lnb: ½20�
From Eq. [20] we get

d ln �ln 1� Xð Þð Þf g
dlnb

�
�
�
�
T

¼ �n: ½21�

It is evident from Eq. [21] that the plot of
ln �ln 1� Xð Þð Þ at the same temperature for a variety
of heating rates should yield the value of n. This is
known as the Ozawa equation after Ozawa.[69]

d. Method of Freeman and Carroll The method pro-
posed by Freeman and Carroll[70] assumes the rate of
reaction to be expressed as[70]

dX

dt
¼ �k � Xa: ½22�

Assuming a linear variation between time and tem-
perature, they derived an equation of the following
form:[70]

�E
R � D 1

T

� �

DlnX
¼

Dln � dX
dt

� �

DlnX
� a: ½23�

It is, therefore, evident from Eq. [23] that a plot of
D 1

Tð Þ
DlnX

vs. � Dln �dX
dtð Þ

DlnX will yield the activation energy (E).
However, this treatment is only strictly valid for
reactions, which obey the rate law mentioned in
Eq. [22]. In addition, it has been assumed in the treatment
that the order of reactions does not vary during the
transformation, which may not always hold true. In fact,
Dooren and Muller[71] have shown that for cases where
the reaction order changes during the transition, the
activation energy cannot be obtained from the Freeman
and Carroll method using a linear model. In a later study,
Jerez[72] proposed a modified version of the Freeman and
Carroll method for calculating the activation energy.
However, his method was only related to improving the
mathematical accuracy of the original model and did not
address the fundamental question as to how this method
can be applied to reactions not following the rate law
mentioned in Eq. [22].

e. Method of Borchardt and Piloyan The method of
Borchardt[73] and Piloyan et al.[74] involves the differen-
tiation of the JMAK equation (Eq. [4]) which gives[73,74]

_X ¼ 1� Xð Þ � nKn � tn�1 � 1þ ctð Þ; ½24�

where

c ¼ Eb

RT2
¼ E

RT2
� ðT� T0Þ

t
: ½25�

Based on the assumption that the starting tempera-
ture T0 is much smaller than the temperature T (i.e.,
T � T0), and further assuming that ct (i.e. E/RT as per
Eq. [25]) is much smaller than 1, Eq. [24] becomes

_X ¼ 1� Xð Þ � nKn � tn�1: ½26�
In the method of Borchardt and Piloyan, the crystal-

lization rate _X is assumed proportional to the temper-
ature difference measured in DTA, DT as[73,74]

_X ¼ B � DT; ½27�

where B is the proportionality constant.
Combining Eq. [26] with Eq. [27] and performing

some mathematical operations, we get[73,74]

lnDT ¼ ln uðXÞ½ � þ lnK0n�
�E

RT
þ const; ½28�

where

u Xð Þ ¼ 1� Xð Þ � ½�ln 1� Xð ÞÞ�ðn�1Þ=n: ½29�
Borchardt[73] and Piloyan et al.[74] further pointed out

that the function in Eq. [29] is a constant in the range
0:25<X<0:5 even for values of n greater than one. It
follows, therefore, that by plotting lnðDTÞ versus 1=T ,
the activation energy ðEÞ can be obtained. However, as
pointed out by Yinnon and Uhlmann[75], the assumption
that ct ¼ E

RT � 1 is not valid in most crystallization
events and therefore this method suffers from an
inherent limitation. Nevertheless, the method of Bor-
chardt[73] and Piloyan et al.[74] is often used for
calculating the activation energy in many crystallization
processes.

f. Friedman isoconversional method The isoconver-
sional method of Friedman is given as[76]

ln
dX

dt

� �

X

¼ �EX

RT
þ const; ½30�

where EX is the effective activation energy for a partic-
ular value of the fraction crystallized, X.
Using Eq. [28], the activation energy of any crystal-

lization event corresponding to a particular value of
fraction crystallized can be calculated and it can be
verified whether the activation energy is independent of
X.

g. Augis–Bennett method Another method that has
been commonly used for the calculation of the Avrami
exponent is the Augis–Bennett method.[77] This
method deals with the double differentiation of the
JMAK equation (Eq. [4]) twice with respect to t which
gives[77]

€X ¼ €uu� _u2 nun � nþ 1ð Þ
	 


nun�2 1� Xð Þ; ½31�

where

u ¼ Kt ¼ K0 � exp � E

RT

� �

t: ½32�

Further details for this method are skipped here and
only the final form of the equation is mentioned as
follows:[77]
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logK0 �
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It is evident from Eq. [33] that a plot of log b
Tp�T0

� �
vs.

1
Tp

will yield activation energy (E). Further, using a

Taylor series expansion of the first derivative of the
fraction transformed around T ¼ Tp, Augis and Ben-
nett[77] proposed the following equation for the calcu-
lation of the Avrami exponent (n) as[77]

n ¼ 2:5

DTp
�
T2
p

E
R

� � ; ½34�

where DTp is the full width at half maximum of the
DSC/DTA peak. Equation [34] is the well-known
Augis–Bennett equation and using this equation, the
Avrami parameter (n) can be calculated. Figure 12 is a
schematic representation of the Augis–Bennett
method[77] used for calculating the Avrami parameter
(n) from a DSC/DTA curve.

2. Studies on Non-isothermal Crystallization Kinetics
of Mold Fluxes Using Thermoanalytical Techniques

In the preceding section, the different methods of
analyzing the data on non-isothermal crystallization
kinetics have been discussed. In this section, a review of
the work done on non-isothermal crystallization kinetics
of mold fluxes will be presented.

Seo et al.[78] studied the non-isothermal crystallization
kinetics of cuspidine formation in CaO-SiO2-CaF2-
based mold fluxes using DSC. They first applied the
well-known Ozawa equation[69] to determine the Avrami
parameter (n). However, the plot of ln �ln 1� Xð Þð Þ
versus the heating rate (b) at a constant temperature
deviated significantly from linearity and this led them to
the conclusion that the Ozawa analysis was not valid to
the analysis of non-isothermal melt crystallization in the
system of interest. Thereafter, they applied the isocon-
version method developed by Friedman[76] and deter-
mined the effective activation energy of cuspidine
formation for the mold fluxes studied in the range
�241 to � 652 kJ mol�1, respectively. This effective
activation energy was found to remain constant over the
range X= 0.1 to 0.4, whereas it increased as X exceeded
0.4. Also, as already discussed, the negative effective
activation energy indicated an anti-Arrhenius behavior,
which meant that, for the mold fluxes studied, crystal-
lization was determined by the thermodynamic driving
force for nucleation related to the degree of undercool-
ing. This postulation was further supported by the
morphology of cuspidine as observed using the SEM,
which also hinted towards an anti-Arrhenius behavior
during non-isothermal melt crystallization.

Shi et al.[79] studied the non-isothermal crystallization
kinetics of CaO-Al2O3-CaF2-(SiO2)-based mold fluxes
consisting of varying amounts of SiO2 using a DSC.
Their experimental work consisted of heating the mold
flux above its melting point followed by continuous
cooling to near the room temperature at cooling rates of
5, 10, 15, and 20 �C min�1. The continuous cooling

transformation (CCT) curves were constructed for each
crystallizing phase and two main phases were observed
to precipitate during cooling viz. 11CaOÆ7Al2O3ÆCaF2

and CaF2. The 11CaOÆ7Al2O3CaF2 phase was found to
precipitate first from the mold slag followed by precip-
itation of CaF2 at a lower temperature. Insofar the CCT
diagrams are concerned, the authors reported that the
crystallization start temperature for 11CaOÆ7Al2O3Æ
CaF2 decreased with increasing amount of SiO2 in the
slag and contended that the reduction in CaO activity in
the slag due to SiO2 addition may be a possible reason
for this phenomenon. They also reported that the
crystallization of CaF2 starts at a higher temperature
in SiO2-free slag and this observation was explained
from the viewpoint of depolymerization tendency of the
melt. The presence of SiO2 in the slag was found to
decrease the depolymerization tendency of the melt as
evident from the increase in NBO/T values calculated by
the authors using their slag compositions. In other
words, the presence of SiO2 was found to increase the
diffusion resistance of slag components and the energy
barrier for crystallization and therefore higher temper-
atures were required for crystallization to take place.
However, no information was provided by these authors
in terms of the modes of nucleation and growth for the
individual crystallization events. In addition, the con-
struction of CCT diagrams using DSC suffers from the
limitation that only a limited range of cooling rates can
be used. Therefore, while this study by Shi et al.[79]

provides useful information on the crystallization kinet-
ics in CaO-Al2O3-CaF2-(SiO2)-based mold fluxes, its
applicability to industrial casting processes may be
limited because of the much higher cooling rates
experienced in such processes.
Wang et al.[80] studied the crystallization kinetics of

CaO-SiO2-CaF2-Al2O3-based mold fluxes using the
Matushita and Sakka method[63–67] together with the
Ozawa equation.[69] They also studied the effects of
substitution of SiO2 in the mold flux by TiO2. They
observed that cuspidine was the only phase to crystallize
in TiO2-free mold fluxes while in mold fluxes containing
greater than 5 pct TiO2, the crystalline phases were

Fig. 12—The Augis–Bennett method for determining the reaction
order from a DSC/DTA curve[77] (reproduced with permission from
Ref. [77]).
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cuspidine and CaTiO3. For both of these crystallization
events, the calculated values of n and m were all found
close to unity, thereby suggesting that for both phases,
the crystallization was controlled by surface crystalliza-
tion. They also reported that in TiO2-containing mold
fluxes, the effective activation energy for cuspidine
formation was significantly increased. Since the activa-
tion energy represented the kinetic barrier for crystal-
lization, a larger activation energy meant that
crystallization became more difficult when SiO2 in the
slag was substituted by an equivalent amount of TiO2.
Therefore, this study contended the fact that the
presence of TiO2 in the slag has a negative effect on
the growth of crystal and led to a slower crystallization
process.

Watanabe et al.[81] studied the effects of alkali oxide
addition on the kinetics of cuspidine formation in
CaO-SiO2-CaF2-based mold fluxes using DTA. They
used the Kissinger plot[29, 60] to determine the activation
energy for crystallization and observed that alkali oxides
such as Li2O, K2O, and Na2O enhanced the crystalliza-
tion of cuspidine from the mold slag by both lowering
the crystallization temperature and also by reducing the
degree of polymerization of the melt. Activation energy
for cuspidine crystallization was observed to decrease
significantly due to the addition of alkali oxides in the
mold flux, as shown in Figure 13. Also, based on the
values of n and m calculated from their analyses, they
reported that initially surface crystallization occurred in
the CaO–SiO2–CaF2 system, which later changed to
bulk crystallization due to the alkali oxide addition.
Among the three alkali oxides added, Li2O was most
effective in enhancing the crystallization of cuspidine.
However, as expected, excessive addition of any single
alkali oxide in the mold flux was found to hinder the
cuspidine formation because of the substitution of CaF2

by the alkali oxide.
Choi et al.[82] examined the non-isothermal crystal-

lization behavior of F-free mold flux in the system
CaO-SiO2-Al2O3-Na2O-B2O3 using DTA. In a mold flux
of basicity CaO/SiO2 =1.7, they observed the formation
of CaB2SiO7 and CaAl4B2 [SiO4]8 as the only crystalline
phases in the mold slag. The order of the crystallization
reaction was analyzed using the Ozawa method[69] and
the activation energy for crystallization was calculated
using the Kissinger method[29, 60] and the Matushita and
Sakka method.[63–67] Using these two methods, the
calculated activation energies for crystallization were
found to be significantly different. This difference, as
discussed by the authors, was because of the fact that the
crystallization degree was greater than one and bulk
nucleation with diffusion controlled one-dimensional
crystal growth was found to take place. Evidently, in
such a case, the Kissinger plot[29, 60] would result in
incorrect values of activation energy as already dis-
cussed and the method of Matushita and Sakka[63–67]

should be preferred. It is, however, not clear why the
Kissinger method[29, 60] was at all used to calculate the
activation energy, even for the sake of comparing the
values with those obtained from the Matushita and
Sakka method[63–67] because it is well known that in its

original form, the Kissinger method[29, 60] would be not
applicable in this case of mold flux crystallization during
cooling.
Shu et al.[83] also studied the non-isothermal crystal-

lization kinetics of fluorine-free mold slags based on the
CaO-Al2O3-B2O3 using DSC. The primary crystalliza-
tion phases were Ca3Al2O6, LiAl2O4 and Ca3B2O6 and
the first phase to crystallize was Ca3Al2O6 . Using a
modified Avrami analysis, they reported that the
Avrami parameter n is close to 4 for mold fluxes having
CaO/Al2O3 in the range 1 to 1.2 indicating continuous
bulk nucleation and 3D crystal growth were the dom-
inant mechanisms. For CaO/Al2O3 ratio lower than one,
the Avrami parameter n was found to be close to three,
indicating instantaneous bulk nucleation and 3D crystal
growth. Furthermore, using the Friedman isoconversion
method,[76] they calculated the effective activation
energies for crystallization of Ca3Al2O6 in all the mold
fluxes studied and reported negative values of activation
energy, which agreed well with the observations of Seo
et al.[78] in earlier investigation with conventional
CaO-SiO2-CaF2-based mold fluxes.
In a later study, Shu et al.[84] studied the non-isother-

mal crystallization kinetics of F-free mold fluxes based
on the CaO-Al2O3-B2O3-Na2O-Li2O system using DSC.
In this system, however, Ca12Al14O33 was found to be
the first phase to precipitate followed by CaO. For
Ca12Al14O33, which precipitated as a plate-like 2D
crystal, the use of the model proposed by Matushita
and Sakka model[63–67] was found to be satisfactory. For
CaO, the growth was either 2D or 3D depending on the
CaO/Al2O3 ratio and in this case, too, the use of
Matushita and Sakka method[63–67] was found reason-
able. According to the authors, the most important
crystallization event was the precipitation of
Ca12Al14O33 and the effective activation energy for
crystallization was found to decrease with increasing
CaO/Al2O3 ratio. Based on this observation, the authors
contended that crystallization in mold fluxes during
heating is enhanced with increasing CaO/Al2O3 ratio for
the same amounts of B2O3, Na2O, and Li2O.[84]

Fig. 13—Effects of alkali oxide additions on the non-isothermal
crystallization kinetics of a CaO-SiO2-CaF2-based mold flux as
reported by Watanabe et al.[81] (reproduced with permission from
Watanabe et al.[81]).
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In the preceding section, an overview of the investi-
gations available in the literature on non-isothermal
crystallization behavior using DSC/DTA has been
presented. First, the different methods, which are used
in the analyses of non-isothermal crystallization of glass
systems, in general, have been discussed. It has been
argued that the well-known Kissinger equation[29, 60]

and Matushita and Sakka equations[63–67] should be
avoided for studying crystallization behavior in mold
fluxes because in the case of mold fluxes, the crystal-
lization occurs during cooling while these equations are
derived for the case of crystallization during heating.
The use of Ozawa equation[69] in studying the
non-isothermal crystallization behavior of CaO-SiO2-
CaF2-based mold fluxes has also been found to be
unsatisfactory, as reported by Seo et al.[78] Among the
other well-known methods, the Freeman and Carroll[70]

method assumes a particular functional form for the
rate of crystallization. The method of Borchardt and
Piloyan,[73,74] on the other hand, suffers from an
inherent limitation because of the incorrect assumption
that the kinetic parameter, ct (=E/RT), is independent
of temperature which, as already discussed, is not valid
for most crystallization events. Therefore, neither of
these methods should be used for studying the
non-isothermal crystallization behavior of mold fluxes
using DSC/DTA. The most satisfactory methods for
studying the crystallization kinetics of mold fluxes under
non-isothermal conditions are therefore the isocon-
verisonal method of Friedman[76] and the Augis–Bennett
method.[77] Both of these methods are suitable for
studying crystallization that occur during cooling and
are based on sound mathematical bases without the use
of any unwarranted assumptions.

Insofar, the individual studies on non-isothermal
crystallization in mold fluxes are concerned, Seo
et al.[78] determined the effective activation energy of
cuspidine formation using the isoconverisonal method
of Friedman[76] and obtained a negative activation
energy, which indicated that the crystallization phe-
nomenon was controlled by the thermodynamic driving
force for nucleation. Shi et al.[79] studied the
non-isothermal crystallization kinetics of CaO-Al2O3-
CaF2-(SiO2) and constructed CCT diagrams using DSC
for cooling rates in the range 5 to 20�C min�1. Such
CCT diagrams, however, have little relevance to the
actual casting process where cooling rates in the mold
are expected to be much higher. Wang et al.[80] applied
the Matushita and Sakka[63–67] equation together with
the Ozawa equation[69] and reported several important
results on the effects of SiO2 substitution in the mold
fluxes by TiO2. However, their quantitative analyses
related to the calculation of activation energy and the
Avrami exponent (n) may have entailed some errors
because of the use of Matushita and Sakka[63–67]

equation which, as discussed, should not be ideally used
for studying mold flux crystallization. Watanabe et al.[81]

studied the effects of alkali oxide addition on the kinetics
of crystallization in CaO-SiO2-CaF2-based mold fluxes
using DTA and reported that alkali oxides such as Li2O,
K2O, and Na2O enhanced cuspidine crystallization.
Choi et al.[82] and Shu et al.[83,84] examined the

non-isothermal crystallization behavior of F-free mold
fluxes using thermoanalytical methods. While Choi
et al.[82] used the Matushita and Sakka[63–67] equation,
Shu et al.[83,84] used the Friedman method[76] and
therefore the numerical accuracy of the results reported
by Shu et al.[83,84] may be higher for reasons already
discussed. In F-free fluxes, these authors reported that
calcium aluminate phases such as Ca12Al14O33 precip-
itated first followed by precipitation of CaO and the
effective activation energy for crystallization decreased
with increasing CaO/Al2O3 ratio. Therefore, they
argued that crystallization in mold fluxes is enhanced
with increasing CaO/Al2O3 ratio for the same amounts
of B2O3, Na2O, and Li2O.[84] Yang et al.[85] investigated
the non-isothermal crystallization behavior of a CaO-
Al2O3-based mold flux used for casting high-Al steel
using a DSC. They also studied the effect of Li2O on the
crystallization kinetics of these mold fluxes and reported
that the addition of Li2O decreased the rate of crystal-
lization in these fluxes for fixed amount of Na2O. They
used the Ozawa model[69] to analyze their data on
non-isothermal crystallization and their values of
Avrami exponent (n) indicated that volume nucleation
with either a two-dimensional or three-dimensional
growth is the main mechanism of nucleation and
growth. More importantly, they reported even without
Na2O, these fluxes would have the required crystalliza-
tion ability if sufficient amount of Li2O (~ 6.5 wt pct) is
present in these fluxes. Thus, in summary, it can be
concluded that several useful information is available
from the non-isothermal crystallization studies using
DSC/DTA for conventional, F-free, and the newly
proposed CaO-Al2O3-based mold fluxes.

B. Single and double hot thermocouple technique (SHTT
and DHTT)

In a previous section, the articles on the isothermal
crystallization kinetics of mold fluxes using SHTT and
DHTT have been reviewed. The SHTT and DHTT can
also be used for studying the non-isothermal crystal-
lization for mold fluxes. The basic principle remains the
same but in this case, the mold slag around one
thermocouple or between two thermocouples is contin-
uously cooled at specified cooling rates, the crystalliza-
tion is observed and the CCT diagrams are constructed.
Orrling et al.[39,86] studied the non-isothermal crystal-

lization kinetics of CaO-SiO2-Al2O3-Na2O-CaF2-based
industrial mold fluxes using the DHTT technique. They
constructed the CCT diagrams for the onset of crystal-
lization for the mold fluxes and compared them with the
TTT diagrams obtained from the isothermal crystalliza-
tion studies. As expected, they reported that the time
and temperature for the beginning of crystallization
decreased with increasing cooling rates and for cooling
rates greater than 20 �C s�1, no crystallization was
observed indicating that the critical cooling rate for
these mold slags was reached. In addition, they observed
that the onset of crystallization occurred at a longer time
for the continuous cooling experiments as compared to
their isothermal holding experiments. This is because
during continuous cooling, when the cooling curve
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reached the TTT curve, the rate of nucleation is low and
therefore further time and cooling were required before
the first crystal could be observed.

Kölbl et al.[87] used the SHTT to construct the CCT
diagram for an industrial mold flux based on the
CaO-SiO2-Na2O-Al2O3-CaF2 system, as shown in Fig-
ure 14. Similar to Orrling et al.,[39,86] they also compared
the CCT diagram with the TTT diagram for the same
mold slag system and observed a higher degree of
crystallinity in continuous cooling experiments. As
explained by the authors, this was because of the fact
that at least for moderate cooling rates, crystallization
took place at higher temperatures mainly in the vicinity
where the growth rate is maximum after nucleation
occurred at the interface. Hence, the conditions for total
crystallization were more favorable for continuous
cooling experiments. In addition, during all continuous
cooling experiments, only the crystallization of dendrites
were observed by Kölbl et al.[87] and these dendrites
were finer in the case of lower cooling rates.

Zhou et al.[88] investigated the non-isothermal crys-
tallization kinetics of CaO-SiO2- and CaO-Al2O3-based
mold fluxes for casting high-Al steels using the SHTT.
Their results showed that the crystallization ability of a
CaO-SiO2-based mold flux (with a basicity of ~ 0.62 and
Al2O3 content ~ 2 wt pct) is weaker than that of a
CaO-Al2O3-based flux (with a basicity of ~ 4.1 and
Al2O3 content of ~32 wt pct) because of its higher initial
crystallization temperature. The crystallization kinetics
of the CaO-SiO2-based flux was found to be surface
nucleation and growth with interface reaction control
while for the CaO-Al2O3-based flux, it was constant
nucleation rate, one-dimensional growth, and diffusion
control in the initial stages of crystallization, which then
transformed into a constant nucleation rate, three-di-
mensional growth, and interface reaction control in the
later stages. As discussed by the authors, this variation
in the crystallization kinetics for the CaO-Al2O3-based
flux was due to the difference in the composition of the
crystals precipitating in the primary and secondary
crystallization stages.[88]

Lu et al.[89] also studied the non-isothermal crystal-
lization kinetics of CaO-Al2O3 mold fluxes using the
SHTT and DHTT with an emphasis on the effects of
Li2O and Na2O additions on the crystallization behavior
of these mold fluxes. Their results showed that the
behavior of Li2O and Na2O in these newer mold flux
systems is different to that in the conventional CaO-SiO2

based fluxes. In the CaO-Al2O3 mold flux system, the
presence of either of these components below a certain
critical value inhibited crystallization by lowering the
initial crystallization temperature and increasing incu-
bation time particularly in the high-temperature region.
However, when the amounts of these components
exceeded the critical values, the crystallization kinetics
at lower temperature were significantly enhanced by the
formation of new phases such as LiAlO2 and
NaxAlySizO4.
In a recent study, Zhou et al.[90] constructed the

continuous heating transformation (CHT) diagram
using the SHTT. This work was motivated by some
earlier modeling studies by the same authors[91,92] in
which they observed dynamic evolution of mold flux
crystallization by using DHTT under a simulated
temperature field. In these modeling studies[91,92], the
authors followed a partial molar approach to calculate
the surface tension of the mold slag[93] and performed a
force balance on the slag film to show that the
deformation of the mold slag sample due to gravity
could be neglected for all practical purposes. They
observed that crystals were initially formed in the middle
of slag film and grew towards both the low- and
high-temperature sides. Under such a situation, the
crystalline layer of slag film in the gap between the shell
and mold is expected to develop from both liquid and
glassy layers. In the liquid mold flux, the crystals tend to
precipitate during cooling. However, in the glassy layer,
the precipitation of crystals occurs due to the increase in
interface thermal resistance resulting from the shrinkage
of the solidified shell. Therefore, Zhou et al.[90] studied
the crystallization behavior in the glassy layer under
non-isothermal conditions by studying the transforma-
tions that occur under continuous heating and hence
constructed a CHT diagram. Two different mold fluxes
were used in their study viz. a conventional low basicity
CaO-SiO2-based mold flux and a newly developed
CaO-Al2O3-based mold flux containing ~ 32 wt pct
Al2O3. They reported from the CHT diagrams for both
fluxes that the crystallization start temperature increased
with increase in heating rate and attributed this to the
fact that the driving force for crystallization reduces
faster when the heating rate increased. In addition, they
also reported that at the same heating rate the
CaO-SiO2-based mold flux had a lower crystallization
start temperature as compared to the CaO-Al2O3-based
flux. This observation was explained by the authors in
terms of the slag structure and they argued that the
structural unit in the CaO-SiO2 mold flux consisted only
of [SiO4]

4� tetrahedra while in the case of CaO-Al2O3, it
consisted of a mixture of [SiO4]

4� and [AlO4]
5� tetra-

hedra along with the [AlO6]
9� octahedra. Therefore, the

structural unit of CaO-SiO2 mold flux was simpler which
made agglomeration and formation of clusters easier,

Fig. 14—CCT diagram of a CaO-SiO2-Na2O-Al2O3-CaF2-based
mold flux as obtained by Kölbl et al.[87] using the SHTT
(reproduced with permission from Kölbl et al.[87]).
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thereby facilitating nucleation at lower temperature.
Figure 15 shows the two CHT diagrams, as reported by
Zhou et al.[90]—one for the conventional low basicity
CaO-SiO2-based mold flux and the other for the newly
developed CaO-Al2O3-based mold flux.

As already discussed, the DHTT has the unique
advantage in that a temperature gradient can be applied
between the two thermocouples and therefore it is
possible to generate different thermal gradients as
encountered in the actual continuous casting process.
Thus, apart from the usual non-isothermal cooling
experiments, the DHTT is also used to simulate the
near-service conditions as encountered in an actual
continuous casting process. The molten slag is stretched
between two thermocouples, and one side is quenched at
a temperature representing the mold side, while the
other is either held or cooled at a particular cooling rate
simulating the cooling of the steel side. Some investiga-
tors[94,95] studied the effect of water vapor on crystal-
lization behavior of mold slags using the DHTT
method. Another recent application of the DHTT has
been to study the effect of bubble formation during the
crystallization in mold slags. Gu et al.[96] studied the
effect of bubble formation on the non-isothermal
crystallization behavior of CaO-SiO2-based mold fluxes.
They observed that crystallization tendency of mold
fluxes was enhanced by adding bubbles because it
shortened the incubation time of crystallization and
increased the critical cooling rate. As a result, the
fraction of the crystalline phase in the slag film increased
but the nature of the crystalline phase was not effected
by bubble formation. Cuspidine remained as the pri-
mary crystalline phase in the slag film both with and
without bubble formation. Furthermore, they also
reported that with an increase in bubble content, the
growth mechanism of the cuspidine changed from a low
dimension to a high dimension and the activation energy
for crystallization decreased.[96]

In the foregoing section, a summary of the investiga-
tions on non-isothermal crystallization kinetics using the
SHTT and DHTT has been presented. As in the case of
isothermal crystallization kinetics, the SHTT and the

DHTT can also be used in the study of non-isothermal
crystallization kinetics. Orrling et al.[39,86] studied the
non-isothermal crystallization kinetics of CaO-SiO2-A-
l2O3-Na2O-CaF2 mold fluxes using DHTT technique
and noticed that the crystallization started at a longer
time in continuous cooling experiments as compared to
isothermal experiments. Similarly, Kölbl et al.[87] con-
structed the CCT diagrams for an industrial mold flux
using SHTT. They observed a higher degree of crys-
tallinity in continuous cooling experiments and thus
concluded that the conditions for total crystallization
were more favorable in continuous cooling experiments.
In a very recent and novel study, Zhou et al.[90] used the
SHTT to construct what they referred to as the
continuous heating transformation (CHT) diagram in
order to simulate the conditions of growth of the
crystals in the glassy layer of the mold slag. They
observed from their CHT diagrams that the crystalliza-
tion start temperature increased with increase in heating
rate and reported that in CaO-SiO2-based mold fluxes
started to crystallize at a lower temperature as compared
to CaO-Al2O3-based fluxes. It is, therefore, evident that
several aspects of crystallization kinetics in CaO-SiO2-
based and CaO-Al2O3-based fluxes are available from
the reported studied on non-isothermal crystallization
kinetics using the SHTT and DHTT. In addition, the
DHTT has been recently used to simulate near-service
conditions as seen in an actual continuous casting
process, as already mentioned. Out of these studies, the
investigation of Gu et al.[96] on the use of DHTT to
study the effect of bubble formation on the crystalliza-
tion phenomena in of CaO-SiO2-CaF2-based mold
fluxes deserves special mention.

C. Confocal scanning laser microscopy (CSLM)

In an earlier section, the studies on isothermal
crystallization kinetics of mold fluxes using CSLM have
been reviewed. In this section, a review on the
non-isothermal crystallization kinetics using CSLM will
be presented.

Fig. 15—CHT diagrams for two mold fluxes as reported by Zhou et al.[90] using the SHTT—(a) a conventional CaO-SiO2-based mold flux and
(b) a newly developed CaO-Al2O3-based mold flux containing 32 wt pct Al2O3 (reproduced with permission from Zhou et al. [90]).
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Park et al.[97] studied the crystallization behavior of
highly volatile CaO-SiO2-Al2O3-Na2O-CaF2-NaF-based
mold fluxes using a CSLM. They used an isolated
observation chamber using a quartz cover for their
in situ observation because of which slightly blurred
images of cuspidine crystals were observed. Neverthe-
less, the phase could be identified using SEM and XRD
analyses. They constructed the CCT curves for all the
four different mold fluxes studied in their work by using
cooling rates in the range 25 to 800 �C min�1, as shown
in Figure 16. These CCT diagrams clearly indicated that
higher basicity in the mold flux enhanced the crystal-
lization of cuspidine. This can be attributed to the
presence of excess O2, i.e., free oxygen in higher basicity
slags which resulted in depolymerization of the silica
melt and a decrease in the viscosity, which in turn
improved the rate of diffusion of the ionic species
necessary for the crystallization process. In addition,
they also reported that CaF2 and NaF might have
similar effects of depolymerizing the slag network thus
improving the kinetics of crystallization. This improved
kinetics would further enhance the formation of cus-
pidine during cooling.

Hanao[98] studied the crystallization kinetics in a
CaO-SiO2-CaF2-NaF mold flux using a CSLM. He also
constructed the CCT diagram from the observed images
and compared the CCT diagrams for two different mold
fluxes studied with varying compositions. Hanao[98] also
observed that the crystallization rate of cuspidine
increased with the basicity of the mold flux. However,
the dependency of crystallization on the cooling rate was
different for mold fluxes of different basicity. This
difference, as explained by the author, could be due to
the difference in the viscosity of mold fluxes at the
crystallization temperature. Therefore, Hanao[98] con-
tended that crystallization rate is also related to the
viscosity of the mold slag at the crystallization temper-
ature because it controls the diffusion of the ions
required for the formation of the crystalline phase, i.e.,
cuspidine. Cho and Shibata[99] also studied the

crystallization behavior of mold fluxes with varying
basicity using CSLM and likewise observed that the rate
of crystallization of cuspidine is higher in mold fluxes of
higher basicity.
Li et al.[100] studied the effects of cooling rate on the

crystallization behavior of a new type of CaO-Al2O3-
B2O3-CaF2-based mold flux, which is used for casting
high-Al steel grades using CSLM. The two main
crystalline phases in this mold slag were Ca3B2O6 and
Ca12Al14O33. The morphology of the Ca12Al14O33 was
observed to gradually change from an irregular massive
block shape to a faceted shape with an increase in
cooling rate. Similarly, the morphology of Ca3B2O6 was
also seen to change from a large dendritic shape to a
small faceted shape with increasing cooling rate. The
primary crystalline phase was Ca12Al14O33 and it
showed four different morphologies at cooling rates
ranging from 1 to 800 �C min�1 viz. faceted shape,
block-shape with fine stripes, large sheet with cloudy
dendrites, and dendrites. The crystallization tempera-
ture of Ca12Al14O33, as reported by the authors,
decreased from 1177 �C to 894 �C as the cooling rate
increased from 30 to 500 �C min�1 and the crystalliza-
tion mechanism of Ca12Al14O33 was deduced to be
surface crystallization.
Jung et al.[101] studied the effect of Al2O3 on the

crystallization and viscosity of CaO-SiO2-CaF2-based
mold fluxes. They reported that Al2O3 additions lowered
the crystallization temperature and in high Al2O3-con-
taining fluxes, fewer crystalline phases were formed. At
low cooling rates, dendrites were seen to have formed
within the crystalline phases whereas at faster cooling
rates the dendrites did not form and a spherical
morphology was observed. Furthermore, they con-
tended that the substitution of SiO2 with Al2O3 in the
mold flux modified the dominant silicate network into
complex alumino-silicates, which was confirmed using
FTIR and Raman spectroscopy analyses.
In this section, the available investigations on the

non-isothermal crystallization behavior of mold fluxes
using CSLM have been reviewed. In the CSLM, often
the crystallization phenomena of mold fluxes is observed
in an isolated chamber as done by Park et al.[97] They
constructed CCT curves for cooling rates of practical
importance to continuous casting and reported that high
basicity mold fluxes show enhanced crystallization, as
expected. Hanao[98] and Cho and Shibata[99] also made
similar observations. In recent works, Li et al.[100] and
Jung et al.[101] studied crystallization behavior of
Al2O3-containing mold fluxes using the CSLM. Li
et al.[100] reported that the major crystalline phases in
a CaO-Al2O3-B2O3-CaF2-based mold flux were
Ca3B2O6 and Ca12Al14O33 and the morphology of both
of these phases were reported to change with cooling
rate. Jung et al.[101], on the other hand, observed that
Al2O3 additions lowered the crystallization temperature
while in high Al2O3 fluxes fewer crystalline phases were
formed. They also observed that at low cooling rates,
dendrites formed whereas at faster cooling rates, a
spherical morphology was seen. Therefore, because of
its capability of achieving very high cooling rates, the
CSLM has been widely used to study non-isothermal

Fig. 16—CCT curves of two CaO-SiO2-Al2O3-Na2O-CaF2-NaF-
based mold fluxes with varying CaF2 concentrations as obtained by
Parl et al.[97] using a CSLM (reproduced with permission from Park
et al.[97]).
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crystallization over a very high range of cooling rates
and the effects of cooling rate on crystal morphology
have been studied in these investigations. Also, the
CSLM has been used in the crystallization study of
non-conventional mold fluxes such as Al2O3-containing
fluxes used in casting of TRIP steels. There is, however,
little or no information available on the crystallization
of F-free mold fluxes using a CSLM under non-isother-
mal conditions and this can be an important area of
research in the imminent future.

IV. CONCLUDING REMARKS

In the previous sections, a review of the existing
literature on the crystallization kinetics of mold fluxes
using the three most commonly used techniques viz.
thermal analyses, SHTT and DHTT, and confocal
scanning laser microscopy (CSLM) has been presented.
In this section, as a concluding remark, the relative
merits and demerits of these methods have been
summarized.

The thermoanalytical techniques such as DSC/DTA
are themost commonly usedmethods used in the study of
crystallization kinetics in glass-forming liquids. They are,
therefore, also used extensively in the crystallization
studies of mold fluxes. Under isothermal conditions, the
transformation kinetics can be simply expressed in terms
of the well-known JMAK equation. However, under
non-isothermal conditions, the data need to be treated in
such away so that the temperature dependence of the rate
constant for crystallization is accounted for. Several
methods are available in the literature for this treatment
some of which have been discussed in this publication. It
must, however, be noted that the variety of analytical
methods is more a measure of the complexity of the
physical problem than the mathematical problem. In
other words, while choosing the appropriate method for
analyzing the non-isothermal crystallization kinetics, it is
important not to lose sight of the physics of the problem.
In general, the most well-known among these methods is
the Kissinger equation.[29,60] However, the applicability
of this method, in the case of crystallization in mold
fluxes, which occur during cooling, is questionable.
Similarly, the use of other well-known methods such as
the ones proposed by Maushita and Sakka[63–67], Free-
man and Carroll[70] and Borchardt and Piloyan[73,74]

should be avoided for reasons already discussed. It is
suggested that either the isoconversional method of
Friedman [76] or the Augis–Bennett [77] method be applied
in the analyses of non-isothermal crystallization data for
mold fluxes because these are the only twomethods which
would yield dependable values of the activation energy
and the Avrami exponent. In addition, the method of
Ozawa [69] can be applied with proper precautions as this
method is based on much fewer assumptions than some
other methods discussed in this work.

An important limitation of the thermoanalytical
techniques is that high cooling rates as encountered in
an actual continuous casting process cannot be applied
in these techniques. Often times, the maximum cooling

rate that can be applied to DSC/DTA experiments are
of the order of 50 �C min�1, which is significantly lower
than those are relevant to the actual casting process.
This limitation is particularly a problem for studying
isothermal crystallization kinetics using DSC/DTA and
isothermal crystallization phenomena occurring at tem-
peratures close to the melting point can only be
appropriately studied using the DSC/DTA. In case of
non-isothermal crystallization, this is a lesser problem.
However, in such cases, too, the crystalline phase
fraction will depend on the cooling rate and therefore
proper care must be taken while applying the results
obtained from non-isothermal DSC/DTA experiments
in the determination of crystallization behavior of mold
fluxes under industrial casting conditions.
The hot thermocouple technique (SHTT and DHTT)

is also an important technique used in the study of
crystallization kinetics of mold fluxes. This technique
has the unique advantage that the slag can be directly
melted on the tip of a thermocouple or between two
similarly configured thermocouples and it can therefore
be used to observe the crystallization phenomena in situ.
In addition, very high cooling rates as encountered in an
industrial casting process can be realized with this
technique. Thus, this technique offers several advantages
over the more conventional thermoanalytical tech-
niques. The DHTT also has another important applica-
tion in that it can be used for studying crystallization
under near-service conditions and in such applications,
the DHTT gives the most detailed information including
not only the crystallization temperature but also the
morphology. However, this technique also suffers from
some disadvantages. First, the application SHTT/
DHTT is restricted to slag systems containing low
amounts of evaporating components. Moreover, the
time required for data analysis is much longer than that
required for thermoanalytical methods. In addition, the
experimental set-up required for SHTT/DHTT is much
more complicated as compared to the more conven-
tional techniques such as the DSC/DTA. In addition,
although the experiment apparatus used for the SHTT
and DHTT has improved since its inception in the
1950s, some deficiencies still remain. In the way this
technique is set-up, it is expected that the temperature
gradient will be minimum at the cold wire. However,
thermal calculations done by some authors [52] had
shown that the minimum in temperature gradient is
located somewhere in the middle owing to the heat loss
from the surface of the sample to the surroundings.[52]

Moreover, it has been reported that in the original
U-shaped design of the thermocouples, the detection of
crystals within a slag containing coloring oxides such as
Fe2O3 is difficult. In recent investigations, Kölbl et al.[52]

have attempted to overcome these shortcomings by
changing the design of the original experimental set-up
for the SHTT/DHTT. Instead of two U-shaped ther-
mocouples, these authors have used one H-shaped
heating wire and a U-shaped stretching device. Using
this device, they were successful in observing the
crystallization of slags containing small amounts of
coloring oxides such as Fe2O3. Moreover, using this
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device, they were also able to shift the position of the
minimum temperature to the cold wire.[52]

The other most important technique used to study
crystallization kinetics of mold fluxes is the CSLM. It is
a state-of-the-art facility, which has been used in
crystallization studies, only very recently. The CSLM
has an extra-ordinary capability to make in situ obser-
vations and similar to SHTT/DHTT, very high cooling
rates can be obtained using this technique. However,
this technique suffers from the disadvantage that only a
small sample size can be used and the field of view for
this technique is limited. The basic principle behind the
confocal microscope is that it uses a spatial filtering to
generate a focussed spot of illumination. Therefore,
crystallization taking place from the focussed spot can
only be visualized and if the crystallization occurs
anywhere outside the point of focus, it will not be
observed using the CSLM. In addition, the CSLM is an
expensive and delicate piece of instrument and it
requires some expertise to extract reliable information
from the videos recorded using this technique. Some
investigators have also reported that the observation of
crystallization phenomena for conventional F-contain-
ing fluxes using a CSLM can be difficult because of the
evaporation of F from the mold fluxes and have hence
used an isolated quartz chamber for observing crystal-
lization.[97] Also, the Ar flow inside the CSLM may have
some effect on the kinetics and degree of crystallization.
However, as reported by Barraza et al.,[31] such effect is
negligible even for significantly high values of the Ar
flow rate. Despite these disadvantages, the CSLM is the
most versatile and state-of-the-art technique that can be
used for studying crystallization in mold fluxes.
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LIST OF SYMBOLS

a An exponent used in the method of Freeman
and Carroll for determining the activation
energy of crystallization as defined in Eq. [22]
(–)

c A variable equal to Eb
RT2 as defined in Eq. [25]

(s�1)
f crys Fraction of crystalline phases in the slag film (–)
f ðXÞ A function of crystallized volume fraction (X)

used to express the differential rate law for
crystallization as per Eq. [5] (–)

k Rate constant for the crystallization process
(s�1)

m A constant used in the Matushita and Sakka
method for calculating the activation energy (E)
of crystallization as defined in Eq.[16] (–)

n Avrami exponent as defined Eq. [4] (–)
qhor Horizontal heat flux (W m�2)
r Reaction order for the crystallization process as

defined in Eq. [6]
t Time (s)
u A variable that equals Kt as defined in Eq. [32]

(–)
v Exponent for the heating rate used in the

Matushita and Sakka method for calculating
the activation energy (E) of crystallization as
defined in Eq. [16] (–)

A Pre-exponential factor for k (s�1)
B Proportionality constant between the rate of

crystallization ( _X) and the temperature
difference (DT) as measured in a DTA (K�1 s�1)

E Activation energy for crystallization (kJ mol�1)
DG Gibbs’ free energy associated with the

nucleation of a crystallite from the liquid slag (J
mol�1)

DHt The change in enthalpy at any time t during the
crystallization process (J mol�1)

DHtot The change in enthalpy associated with the
entire crystallization process (J mol�1)

K Rate constant in the JMAK equation as defined
in Eq. [6] (s�1)

K0 Pre-exponential factor for K (s�1)
R Universal gas constant (J mol�1 K�1)
Reff Overall thermal resistance between the steel

shell and the copper mold (K W�1)
Ri Thermal resistance for component i in the

copper mold (K W�1)
S Shape index for the DSC normalized heat flow

curve as defined in Eq. [12] (–)
T Temperature (K)
T0 Temperature at the beginning of the heating

cycle for non-isothermal crystallization
experiments (K)

Tp Crystallization peak temperature (K)
U Growth rate of the crystallized nuclei at any

time t (m s�1)
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Uo Initial growth rate of the crystallized nuclei (m
s�1)

X Crystallized volume fraction (–)
Xp Crystallized volume fraction at the

crystallization peak temperature (–)
_X dX

dt , i.e., The first derivative of crystallized
volume fraction with respect to time, it also
denotes the rate of crystallization (s�1)

€X d2X
dt2

, i.e., The second derivative of crystallized
volume fraction with respect to time (s�2)

b Heating rate (K s�1)
uðXÞ A function of the crystallized volume fraction

(X) as defined in Eq. [29]
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