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It is necessary to study crystallization from glass (devitrification) for non-reactive F-free
CaO-Al2O3 based mold fluxes; this is especially important for the development of mold fluxes
for continuous casting of high aluminum steels. To the knowledge of the authors, there is no
report in the literature regarding devitrification of F-free mold fluxes based on the
CaO-Al2O3-B2O3-Na2O-Li2O system. Therefore, crystallization kinetics for particular
compositions in this system, with different w(CaO)/w(Al2O3) ratios, was investigated by
Differential Scanning Calorimeter, Field-Emission Environmental Scanning Electron
Microscopy / Energy Dispersive Spectroscopy, and X-ray Diffraction techniques. The first
crystal, which precipitates during heating from glass, is Ca12Al14O33, followed by CaO. For the
first crystal, which precipitates as plate-like (2-dimensional), it was found that, when using the
Matusita–Sakka model, agreement between the calculated Avrami parameters and the
micrographs obtained from electron microscope was reached. In the same way, agreement
was found for the second event—CaO precipitation—which grows 2-dimensionally or
3-dimensionally, depending on the w(CaO)/w(Al2O3) ratio. The most important event (in
terms of energy liberated and amount of crystals) is Ca12Al14O33 precipitation. For this event,
the effective activation energy for crystallization, EG, decreases with the increase of w(CaO)/
w(Al2O3) ratio. The activation energy for crystallization reflects the energy barrier for
crystallization. Thus, it can be concluded that mold fluxes crystallization during heating is
enhanced when increasing the w(CaO)/w(Al2O3) ratio, for constant contents of B2O3, Na2O,
and Li2O.
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I. INTRODUCTION

CONSIDERING the development of non-reactive
F-free mold fluxes for the continuous casting of high
aluminum steels, it is imperative to understand their
crystallization behavior in the mold, since control of
horizontal heat transfer is related to crystallization
tendency. An inappropriate control of heat transfer in

continuous casting process can result in breakout if heat
transfer rate is too low, or longitudinal cracks if heat
transfer rate is too high.
Mold fluxes play a crucial role in the continuous

casting of defect-free steel products, providing appro-
priate heat transfer control, lubrication, thermal insula-
tion, inclusion absorption, and oxidation prevention.[1]

It is well accepted that horizontal heat transfer rate can
be controlled when controlling mold slag
crystallization.[2,3]

Transformation-induced plasticity (TRIP) steel has
become a new representative of advanced high-strength
steel for lightweight automotive applications. During
continuous casting of high aluminum steels using
traditional CaO-SiO2-CaF2 based mold fluxes, opera-
tional issues and quality problems arise due to the steel/
slag interfacial reaction: Al+ (SiO2) = Si+ (Al2O3).
This reaction is fast and leads to increase of Al2O3

content in the mold slag, causing problems such as
massive formation of slag rim, poor lubrication, and
uneven horizontal heat transfer. To deal with this
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question, a possibility is to remove SiO2 from mold flux,
which would result in ‘‘non-reactive’’ mold fluxes, i.e.,
the reaction could not happen.[4–6]

Another industry demand related to mold fluxes is the
need for eliminating fluorine from their composition.
Volatile and water-soluble fluorine compounds are
formed when using traditional CaO-SiO2-CaF2-based
mold fluxes, causing corrosion of casting facilities and
environmental pollution.[7–10] Any potential substi-
tute—B2O3, Na2O, Li2O, TiO2—or a combination of
them should play the same role as fluorine regarding the
technological parameters viscosity, crystallization
behavior, and characteristic temperatures got from
heating microscope.[5]

In order to deal with these demands, in a previous
study, several recipes of F-free CaO-Al2O3-based mold
fluxes were proposed and evaluated. In this study,[5] it
was reported that, for some compositions in the
CaO-Al2O3-B2O3-Na2O-Li2O system, the viscosity and
melting temperature were close to traditional CaO-
SiO2-CaF2 mold fluxes. Besides, crystallization from
mold slag was analyzed. The first crystal, which precip-
itates during continuous cooling, is Ca3Al2O6, followed
by LiAlO2 and Ca3B2O6. It was found that crystalliza-
tion temperatures got from differential thermal analysis
(DTA) decreases when increasing B2O3 and Na2O

contents. This work concluded that some recipes in the
CaO-Al2O3-B2O3-Na2O-Li2O system are potential sub-
stitutes for traditional mold powders. Due to their
non-reactive behavior (no SiO2), these new fluorine-free
mold fluxes could be applied for casting of high Al
steels.
Regarding crystallization behavior for traditional

fluorine-bearing mold powders, the crystallization of
cuspidine from mold slag is thought to be the most
effective way of exerting heat-transfer control. Although
the mechanism of heat-transfer control via the crystal-
lization of cuspidine has not yet been determined, two
ideas have been proposed. An idea is that radiation heat
flux decreases by scattering at the boundary between the
crystalline and the liquid layers during crystallization
from slag. Another idea is that the total heat flux
decreases by the large thermal resistance of the air gap
formed as a result of the solidification shrinkage of the
solidified slag layer (which occurs due to crystallization
from glass). In any case, the crystallization of cuspidine
from mold slag has a great effect on heat-transfer
control.[11] Besides crystallization from liquid slag,
crystallization from glass is also relevant during contin-
uous casting of steel. For the aforementioned work,[5]

crystallization from glass was not studied.
Crystallization from glass occurs during continuous

casting of steel. The molten flux, which infiltrates
between the water-cooled copper mold and the steel
shell, solidifies and forms a solid layer, composed by a
glassy part and a crystalline part. With time, the glassy
fraction will inevitably absorb heat and then crystalliza-
tion occurs, affecting the thickness of the solid layer and
its surface roughness, exerting in this way strong
influence on horizontal heat transfer and lubrication.[1–3]

Thus, it is necessary to study this phenomenon to get a
better understanding on mold fluxes crystallization
behavior.
Several techniques have been developed to study the

crystallization behavior of mold fluxes, such as
DTA.[12,13] Differential Scanning Calorimetry
(DSC),[14–16] Single Hot Thermocouple Technique
(SHTT),[17–19] Double Hot Thermocouple Technique
(DHTT),[17,20] laser confocal microscopy,[21] and
others.[22] However, most of these studies were per-
formed above mold flux liquidus temperature and
therefore mainly dealt with crystallization from molten
slag. Few papers are found for mold flux devitrifica-
tion.[12,13,23] The present authors investigated traditional

Fig. 1—X-ray diffraction pattern for Sample 1, 2, and 3.

Table I. Elemental Chemical Composition for the Three Glassy Samples Produced in the Present Work

Sample w(CaO)/w(Al2O3)

Composition (Wt Pct)

CaO Al2O3 B2O3 Na2O Li2O

1 0.9 nominal 36.0 40.0 8.0 8.0 8.0
analyzed 36.0 38.1 9.2 8.3 8.0

2 1.0 nominal 38.0 38.0 8.0 8.0 8.0
analyzed 36.9 35.4 8.8 7.5 8.0

3 1.1 nominal 40.0 36.0 8.0 8.0 8.0
analyzed 40.1 33.2 7.7 7.6 8.0
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glassy mold fluxes[13,24] and glassy fluoride-free mold
fluxes based on CaO-SiO2-TiO2-B2O3 system using
DTA.[25] Regarding devitrification of fluorine-free mold
fluxes based on the CaO-Al2O3-B2O3 system, no report
was found in the literature.

The present paper reports an investigation using DSC
with multiple heating rates, considering non-isothermal
crystallization kinetics for glassy fluorine-free mold
fluxes in the CaO-Al2O3-B2O3-Na2O-Li2O system.
Field-Emission Environmental Scanning Electron
Microscope/Energy Dispersive Spectroscopy
(FE-SEM/EDS) techniques were used to identify crys-
talline phases and observe the morphology of crystals.
Crystallization mechanisms and activation energies for
devitrification were determined for three mold flux
samples, with the ratios w(CaO)/w(Al2O3) 0.9, 1.0, and
1.1.

II. EXPERIMENTAL

A. Sample Preparation

Analytical grade Al2O3 (> 99 pct), Na2CO3

(> 99.9 pct), Li2CO3 (> 99.9 pct), CaCO3 (> 99 pct),
and H3BO3 (> 99.95 pct) powders were employed as
raw materials. Na2CO3, Li2CO3, and H3BO3 were
adopted as sources for Na2O, Li2O, and B2O3, respec-
tively. CaCO3 was held at 1323 K (1050 �C) overnight
to produce CaO in a muffle furnace. Na2CO3, Li2CO3,
and Al2O3 powders were calcined at 573 K to remove
moisture. Raw materials were mixed in an agate mortar
and held in a platinum crucible placed in a MoSi2
furnace at 1623 K (1350 �C) for 2 hours in air. Finally,
the melts were quenched into water and glassy cullets
were obtained. The quenched samples were pulverized.
The amorphous state of the samples was verified by
X-ray diffractometry (XRD), Figure 1. The composition
of glassy samples was analyzed by Electron Probe
Micro-Analyzer (EPMA) and it can be seen in Table I.
In this way, three samples with different w(CaO)/
w(Al2O3) ratio ranging from 0.9 to 1.1 were produced.
Nominal contents of B2O3, Na2O, and Li2O were
maintained for all samples (8 wt pct).

B. Thermal Analysis

DSC runs were performed using a thermal analyzer
STA 449 F3 Jupiter from the manufacturer Net-
zsch-Gerätebau GmbH, with argon acting as purge gas
at dynamic conditions. Calibration for the apparatus
was performed using alfa-Al2O3 as the reference mate-
rial, building a temperature calibration curve and a
sensitivity calibration curve with pure substances. After
calibration, the quenched samples were heated up to
1350 �C with different heating rates. Platinum crucibles
with platinum lids were employed to minimize the loss
of volatile substances. A new baseline was generated for
each heating rate using an empty platinum crucible.

C. Phase Analysis

Glassy samples were heated from room temperature
to target temperatures at a rate of 5 K/min in a muffle
furnace and then quenched in water. The total heating
time at the target temperature is approximately 4 hours.

Fig. 2—DSC curves for Sample 1 (a), Sample 2 (b), and Sample 3
(c) at different heating rates.
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The composition and the morphology of crystallization
products were identified by FE-SEM/EDS (Zeiss Merlin
compact) with a working voltage of 15 kV.

III. RESULTS AND DISCUSSION

Figure 2 shows the DSC results for Sample 1, 2, and 3
at heating rates of 10, 15, 20, and 25 �C/min. The
exothermic crystallization peak for any curve is actually
the envelope for two overlapped peaks. This indicates
that there are two successive exothermic events due to
the crystallization of glass during heating.

A deconvolution process based on Lorenz functions
was employed to separate the peaks, using the software
OriginPro 8.5, as shown in Figure 3.

Onset and peak temperatures for the heating rates 10,
15, 20, and 25 �C/min for all samples, considering the
first and the second crystallization events (peak 1 and
peak 2), are shown in Table II. The higher the w(CaO)/
w(Al2O3) ratio is, the higher the onset and peak
temperatures become, for both events.
The crystallization kinetics for glasses is determined

by both the nucleation rate and the crystal growth rate.
Since it takes time for nuclei to form and grow to a
specific crystal size, the onset and peak crystallization
temperatures increase at higher heating rate, according
to Table II. This statement can be understood consid-
ering the schematic curves in Figure 4, which explains
qualitatively crystallization from glassy state; it shows
the nucleation rate and crystal growth rate curves as a
function of temperature. The driving force for nucle-
ation increases with decrease of temperature. On the
contrary, the mobility of ions decreases with decrease of
temperature. Therefore, the maximum for nucleation
rate is at lower temperature. At T1 in this figure,
nucleation rate is high and crystal growth rate is low. On
the other hand, the nucleation rate is low and crystal

Fig. 3—Example of deconvolution using two Lorenz peaks (Sample
3, heating rate 20 K/min).

Table II. Onset and Peak Temperature for the Heating Rates 10, 15, 20, and 25 �C/min for All Samples, Considering the First

and The Second Crystallization Events (Peak 1 and Peak 2)

Sample w(CaO)/w(Al2O3)

Heating Rate (�C/min)

10 15 20 25

1 0.9 peak 1 onset 565 574 579 583
peak 581 591 596 601

peak 2 onset 583 596 602 608
peak 611 619 623 625

2 1.0 peak 1 onset 591 601 605 610
peak 605 612 619 628

peak 2 onset 611 616 620 623
peak 614 620 626 628

3 1.1 peak 1 onset 604 613 619 625
peak 617 627 633 640

peak 2 onset 622 634 637 645
peak 628 638 644 650

Fig. 4—Schematic curves of the nucleation rate and the crystal
growth rate as a function of temperature.
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growth rate is high at T2.
[23] Thus, the higher the heating

rate is, the more the onset and peak crystallization
temperatures are, since there is less time for formation of
nuclei and growth of crystals.

The FE-SEM micrographs for the samples heated at
different temperatures are shown in Figure 5. Many
Ca12Al14O33 crystals precipitated in all samples. At
higher temperature, some CaO crystals also precipi-
tated. XRD patterns for the samples heated at different
temperatures are shown in Figure 6. The existence of
Ca12Al14O33 and CaO crystals is verified by XRD
patterns. There are extra phases of LiAlO2 found in

XRD patterns. The LiAlO2 phase was not found in
FE-SEM analysis which could be due to the extreme
small size of this phase. Since the DSC peaks during
heating mainly reflect the crystal growth, the contribu-
tion of LiAlO2 phase on the DSC peak should be
negligible. Therefore, the two overlapped DSC peaks are
assigned to the crystallization of Ca12Al14O33 – first
crystal during heating, followed by CaO.
The relative crystallinity values aT for one crystalliza-

tion event can be obtained as a function of temperature
(T) from DSC curves through the following
equation[15,16]:

Fig. 5—FE-SEM micrographs for Sample 1 (a) and (b), Sample 2 (c) and (d), and Sample 3 (e) and (f), heat treated at different temperatures.
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aT ¼
R T

T0
ðdH=dTÞdT

R Te

T0
ðdH=dTÞdT

; ½1�

where T, T0, and Te represent the instantaneous, onset,
and end crystallization temperature, respectively, and
dH/dT represents the heat flow rate measured by
DSC. The values of aT at various heating rates as a
function of temperature are shown in Figures 7 and 8
for the first and the second crystallization events for
samples 1, 2, and 3.

The Matusita–Sakka model[26–28] has been applied in
crystallization kinetics analysis for various kinds of
glasses,[29–33] and it was also employed to investigate the
non-isothermal crystallization kinetics for traditional
mold fluxes.[13] The main equation for the model is as
follows:

ln � lnð1� aÞ½ � ¼ �n ln b� 1:052
mEG

RT
þ const, ½2�

where a is the volume fraction of crystals,bis the heat-
ing rate, EG is the effective activation energy for crys-
tallization, n and m are constants associated with the
crystallization mechanism.

There are two different relations between n and m,
depending on the saturation of nuclei during the
non-isothermal process:

i. If a large number of nuclei exists in the glass, i.e., for a
well nucleated sample, it is possible to neglect the
nucleation rate and then n = m;

ii. If the nucleation proceeds with constant rate and the
nucleation frequency cannot be ignored then
n = m + 1.[26–28]

Table III lists the values of n and m as well as the
corresponding crystallization mechanism.[32] Samples
investigated in the present work were quenched after
melting and no preheating was performed before DSC
measurements. Therefore, no nuclei should exist in the
glassy samples prior to experiments and n should be
equal to m + 1.

Values for n can be determined by the Ozawa
equation at constant temperature from DSC curves for
different heating rates[34]:

dðln½� lnð1� aÞ�Þ
dðln bÞ

�
�
�
�
T

¼ �n: ½3�

This equation can be obtained from Eq. [2] by
assuming EG and m is constant during the overall
crystallization process.

Three temperatures for each sample were selected to
calculate the n values by plotting ln[� ln(1 � a)] as a
function of ln b. Ozawa plots for the first and the second
crystallization events are shown in Figures 9 and 10,
respectively.

The values for n were obtained by averaging values
for three different temperatures; see Table IV, where the
m values are also shown. These values should be
combined with the morphologies investigated by
FE-SEM to determine the crystallization mechanisms.
As can be seen at Figure 5, Ca12Al14O33 precipitated

mainly as plate-like crystals, indicating two-dimensional
crystallization, for any w(CaO)/w(Al2O3) ratio.

Fig.6—XRD patterns for samples heated at different temperatures
(a): Sample 1; (b): Sample 2; (c): Sample 3.
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Regarding CaO crystallization, it can be seen at Fig-
ure 5, it is two-dimensional for Sample 1, and three-di-
mensional for samples 2 and 3.

Regarding the first crystallization event for Sample 1
(w(CaO)/w(Al2O3) of 0.9), n value is close to 2
(Table IV). This indicates bulk crystallization, and
diffusion-controlled two-dimensional growth with

Fig. 7—Relative crystallinity of Ca12Al14O33 as a function of
temperature for (a) Sample 1, (b) Sample 2, and (c) Sample 3.

Fig. 8—Relative crystallinity of CaO as a function of temperature
for (a) Sample 1, (b) Sample 2, and (c) Sample 3, respectively.
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increasing number of nuclei during heating, with growth
rate proportional to t�0.5, according to Table III. For
samples 2 and 3 (w(CaO)/w(Al2O3) of 1.0 and 1.1,
respectively), n values for the first crystallization event
are close to 3, which indicates the crystallization
mechanism of bulk crystallization of two-dimensional
growth with increasing number of nuclei. Thus, the
calculated Avrami parameters are coherent with the
SEM images, for Ca12Al14O33 precipitation.

The second crystallization event is the precipitation of
CaO. The n value for Sample 1 is close to 2, indicating
that the crystallization mechanism is diffusion-con-
trolled two-dimensional growth with increasing number
of nuclei during heating. This agrees with the two-di-
mensional particle identified with electron microscope at
a higher temperature, Figure 5(b). Regarding samples 2
and 3, the n values are close to 4, indicating that the
crystallization mechanism is bulk crystallization, with
three-dimensional growth with increasing number of
nuclei during heating, according to Table III. The n
value 4 agrees with the electron microscope observation,
Figures 5(d) and (f).

According to Eq. [2], mEG/n can be determined by
plotting ln b in function of 1/T at a particular relative
crystallinity using multiple DSC curves:

dðlnbÞ
d 1

T

� �

�
�
�
�
�
a

¼ �1:052
mEG

nR
: ½4�

Figures 11 and 12 show plots of ln b against 1000/T at
a = 0.2, 0.4, 0.6, and 0.8 for crystallization of
Ca12Al14O33 and CaO, respectively. With the Avrami
parameters m and n, EG can be determined for each
relative crystallinity value.

Figures 13 and 14 show activation energy of crystal-
lization in function of relative crystallinity, for crystal-
lization of Ca12Al14O33 and CaO. EG decreases with the
increase of w(CaO)/w(Al2O3) ratio for the first crystal-
lization event, which is the most important one (in terms
of energy liberated and amount of crystals). The
activation energy for crystallization reflects the energy
barrier for crystallization. Thus, it can be concluded that
mold fluxes crystallization is enhanced when increasing
w(CaO)/w(Al2O3) ratio.

Crystal growth rate U in function of Gibbs free energy
change for crystallization and kinetic activation energy
is given as[35]:

U¼U0exp� E=RTÞ½1� expð�DG=RTÞ� ½5�

where U0 is the pre-exponential factor, DG is the
Gibbs free energy change for crystallization, and E is
the activation energy for mass transfer across to crys-
tal-liquid interface. At relatively low temperatures, the
temperature dependence of the term [1 � exp(� DG/
RT)] is negligibly small compared with that of
exp(� E/RT). Therefore, E may be considered as the
activation energy of crystal growth. According to the
Matusita–Sakka model,[26–28] nucleation proceeds
between glass transition temperature and onset temper-
ature for a DSC peak. Therefore, DSC peaks can be
attributed only to crystal growth.
Since activation energy of crystallization is mainly

determined by mass transfer across to the interface, the
diffusion coefficient of glassy fluxes could be employed
to interpret the composition dependence of activation
energy obtained in this work. There is very few
information on diffusion coefficient of glassy mold
fluxes in literature. Viscosity data of slag melts could
be employed to qualitatively reflect the composition
dependence of diffusion coefficient considering the
Stokes-Einstein equation[36]:

D ¼ kT

6prg
½6�

where D is the diffusion coefficient of the ion in the
slag, T is the absolute temperature, k is the Boltzmann
constant, r is the radius of the ion in the slag. From
the above equation, diffusion coefficient of ions in slag
is inversely proportional to the viscosity of the slag.
Kim and Sohn[37] measured viscosity of calcium-alumi-
nate mold slag containing Na2O. Higher w(CaO)/
w(Al2O3) ratios at fixed B2O3 content decreased the
viscosity of fluxes; the present fluxes have composi-
tions similar to these ones. With the increase of
w(CaO)/w(Al2O3) ratio the viscosity decreases, i.e., the
diffusion coefficient of ions increases. Accordingly, the
barrier for diffusion, E, decreases with increasing
w(CaO)/w(Al2O3) ratio.

Table III. Avrami Parameters n and m Corresponding to Different Crystallization Mechanisms[32]

Crystallization Mechanism n m

Bulk crystallization with an increasing number of nuclei (the number of nuclei is inversely proportional to the heating rate)
Three-dimensional growth 4 3
Two-dimensional growth 3 2
One-dimensional growth 2 1

Bulk crystallization with an increasing number of nuclei (the number of nuclei is inversely proportional to the heating rate with
crystal growth rate proportional to t�0.5), diffusion controlled
Three-dimensional growth 2.5 1.5
Two-dimensional growth 2 1
One-dimensional growth 1.5 0.5
Surface crystallization 1 1
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On the other hand, the structural information of
glassy mold fluxes could also be used to explain the
composition dependence for crystallization. The struc-
tures of CaO-Al2O3-B2O3 and CaO-Al2O3-B2O3-Na2O
were investigated using Raman spectroscopy.[37,38] With
the increase of w(CaO)/w(Al2O3) ratio, aluminate net-
work in mold fluxes was modified; the structural units

became simpler and the degree of polymerization for
aluminate network for mold fluxes was reduced. Thus,
when increasing the w(CaO)/w(Al2O3) ratio, viscosity
should decrease and diffusion coefficient should
increase, reducing energy barrier for ions transfer from
bulk to glass-crystal interface.

Fig. 9—Ozawa plots for the crystallization of Ca12Al14O33 for (a)
Sample 1, (b) Sample 2, and (c) Sample 3, respectively.

Fig. 10—Ozawa plots for the crystallization of CaO for (a) Sample
1, (b) Sample 2, and (c) Sample 3, respectively.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 51B, JUNE 2020—1177



IV. CONCLUSIONS

The crystallization kinetics of glassy CaO-Al2O3-
B2O3-Na2O-Li2O fluoride-free mold fluxes during heat-
ing was investigated. The following conclusions can be
drawn:

(1) For the first crystallization event—Ca12Al14O33

precipitation—for Sample 1 (w(CaO)/w(Al2O3) of
0.9), n value is close to 2. This indicates bulk crys-
tallization, and diffusion-controlled two-dimen-
sional growth with increasing number of nuclei
during heating, with growth rate proportional to
t�0.5.. For Sample 2 and for Sample 3 (w(CaO(/
w(Al2O3) of 1.0 and 1.1, respectively), n values are
close to 3, which indicates the crystallization mech-
anism of bulk crystallization of two-dimensional
growth with increasing number of nuclei. The cal-
culated Avrami parameters are coherent with the
SEM images.

(2) For the second crystallization event—CaO precipi-
tation—for Sample 1 the n value is close to 2, indi-
cating bulk crystallization, with diffusion-controlled
two-dimensional growth with increasing number of
nuclei during heating. Regarding samples 2 and 3,
the n values are close to 4, indicating that the crys-
tallization mechanism is bulk crystallization, with
three-dimensional growth with increasing number of
nuclei during heating. The calculated Avrami
parameters are coherent with the SEM images.

(3) The most important event (in terms of energy lib-
erated and amount of crystals) is Ca12Al14O33 pre-
cipitation. For this event, the effective activation
energy for crystallization, EG, decreases with the
increase of w(CaO)/w(Al2O3) ratio. The activation
energy for crystallization reflects the energy barrier
for crystallization. Thus, it can be concluded that
mold fluxes crystallization is enhanced when
increasing the w(CaO)/w(Al2O3) ratio.

(4) The composition dependence of activation energy of
crystallization can be interpreted by correlating
crystallization with viscosity and structure of mold
fluxes. Thus, when increasing the w(CaO)/w(Al2O3)
ratio, viscosity should decrease and diffusion coef-
ficient should increase, reducing energy barrier for

ions transfer from bulk to glass-crystal interface,
due to reduction of degree of polymerization of
aluminate network.

Table IV. Calculated Avrami Parameters for Devitrification

(Crystallization Event 1: Ca12Al14O33 Precipitation;

Crystallization Event 2: CaO Precipitation)

Sample Crystallization Event n m

1 1 2.17 1.17
2 1.80 0.80

2 1 2.86 1.86
2 4.10 3.10

3 1 3.02 2.02
2 4.09 3.09

Fig. 11—lnb as a function of 1000/T for the crystallization of
Ca12Al14O33 for (a) Sample 1, (b) Sample 2, and (c) Sample 3.
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