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Abstract Mold fluxes develop important functions dur-
ing steel continuous casting process. To obtain a free-
defect product the melting rate of mold flux is an important
property to be controlled. The melting rate depends on the
reactivity of carbonaceous material added to these powders
as carbon source. In this article, the decomposition kinetic
of two carbonaceous materials added to mold flux: petro-
leum coke and synthetic graphite, was analyzed. By mea-
suring mass loss at different heating rates the
decomposition reaction was determined on both types of
materials. Applying several kinetic models of non-iso-
thermal decomposition, the average activation energy
E = 48 kJ/mol to mold powder with 15 wt% coke and
E = 67 kl/mol to one with 15 wt% graphite was deter-
mined. A first order of reaction (n = 1) associated to the
decomposition process was assumed to both types of
materials. The lower activation energy presented by mold
powder-15 wt% petroleum coke indicated a higher reac-
tivity of this material. A higher level of variation of E and
n values with decomposition degree and temperature
observed in the powder with petroleum coke was associ-
ated to a less thermally stable material along with a more
complex degradation process.
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Introduction

Mold fluxes are used in the continuous casting (CC) of
steel. The composition of these powders consists mainly of
silica (Si0;), lime (CaO), sodium oxide (Na,O), spar
(CaF,), and carbon. The continuous casting mold fluxes are
designed for specific steel grades and steel plant conditions.
They must satisfy several requirements: (1) form a liquid
slag pool to protect the molten steel surface from oxidation,
(2) provide sufficient thermal insulation to prevent the
surface of the steel from freezing, (3) absorb inclusions
from the steel, (4) provide lubrication between the solidi-
fying steel and the refrigerated mold wall, and (5) control
the uniform heat transfer from the steel to the mold [1].
These powders are mixtures of different raw materials such
as wollastonite, feldspars, carbonates, quartz, etc., so it is
possible to use different minerals to obtain identical com-
positions. Besides, 2-20 wt% of a carbon source such as
graphite, petroleum coke, or carbon black is added to the
flux [2].

During the CC process these powders are poured on the
liquid steel forming three layers (i) an unreacted powder
layer on top, (ii) a carbon enriched sintered layer in the
middle, and (iii) a molten flux layer in direct contact with
the steel [3]. Carbon forms CO (gas) and thereby protects
the steel surface from oxidation. On the other hand, the
molten layer forms a liquid flux pool and then it flows into
the gap between the mold wall and the solidified steel shell.
The molten pool must conserve a sufficient constant level
to guarantee both adequate lubrication and uniform heat
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extraction during steel solidification. The molten slag pool
acts as a reservoir of liquid slag. Molten pool depth is
controlled by flux melting rate and vertical heat flux pro-
duced by the casting conditions. For these reasons, to
obtain a free defect product during CC of steel, an adequate
mold powder must be selected or designed [4]. The main
properties to be considered in the mold powder design are:
the melting rate, the viscosity, and the crystallization
temperature [2].

The melting rate depends on several casting parameters
(such as casting speed), the flux composition (exothermic
agents can increase the melting rate), the size and form of
carbon particles, the free carbon content of the powder, and
the type of carbon added [5]. The carbon particles are
mixed with the other minerals and separate them during the
fusion process. So, the higher the content of carbon is and/
or the lower the particle size of carbon, the lower the
melting rate is [6, 7]. From a thermodynamics point of
view, to predict the melting rate it is important to know the
reactivity of different carbon sources used in the mold
powder design. It is known that the melting rate increases
with increasing carbon reactivity [7]. The reactivity of
powder can be determined by knowing the decomposition
kinetic of carbonaceous material; in this way, lower acti-
vation energy should be associated to higher reactivity.

In this study, the decomposition kinetics of two carbo-
naceous materials: petroleum coke and synthetic graphite,
added to a mold flux is studied. Thermogravimetric (TG)
analysis was carried out at different heating rates on both
samples. The TG data were analyzed by non-isothermal
kinetic methods to obtain both the activation energy of
decomposition as a function of conversion (isoconversional
models) and the order of the reaction.

Theory

It is usually assumed that a solid state reaction is the
product of two functions, one depending on the tempera-
ture and the other depending on the tansformated fraction:

do
— =k(T) - 1
= K(T) £(2) (1)
where o is the degree of conversion, T is the absolute
temperature, and f{o) is the conversion function depending
on the reaction model. The function k(7T) is the rate
constant and is given by a Arrhenius equation, so that the
Eq. 1 takes the following form:
do I3
L —A.e R 2
=Ae T f(2) o)
In this equation, A is the pre-exponential factor, E is the
activation energy, and R is the gas constant. According to
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the selected model, the conversion function f{«) can take
several forms [8, 9]. Under non-isothermal conditions, the
reaction rate (do/df) at any time depends on both the f{x),
k(T), and the Arrhenius parameters (A and E).

According to data obtained from the constant heating
rate experiments f§ = d7/dt = const., the Eq. 2 takes the
form:

= et f(0) o)
integrating this expression up to a conversion value o:

i@ = [eFear @)
0 To

Several methods were employed to determine the kinetic
triplet (f(«), E, and A) that can be classified into (i) iso-
conversional (free model) and (ii) model fitting methods.

The isoconversional methods assume that for any value
of « the conversion function f(«) does no change with the
variation of the heating rate f5. By this method it is possible
to calculate the activation energy as a function of conver-
sion o without assumptions about the reaction model.
Several non-isothermal isoconversional methods have been
used to study the decomposition kinetic of different
materials [10-24].

The isoconversional models used in this study were
proposed by Ozawa-Flynn—-Wall [25, 26], Kissinger—
Akahira—Sunose [27, 28], Kissinger [27], and Augis-
Bennett [29]. These methods, applied to solid state
decomposition reaction, need thermogravimetric data from
experiments performed at different heating rates f3.

Both the Ozawa—-Flynn—Wall (OFW) and the Kissinger—
Akahira—Sunose (KAS) methods measure the temperature
T, corresponding to a fixed value of the degree of con-
version «; so, for different heating rates, different sets of
T at different o levels are obtained.

The Ozawa—Flynn—Wall method [25, 26] is based on the
Eq. 5:

AE
g(o).R
Plotting of Inff versus 1/T, a straight line with slope of
—1.0516 EJ/R is obtained by which the activation energy is
calculated.

The Kissinger—Akahira—Sunose (KAS) method is based
on the expression [27, 28]:

o(2) )

The plot of ln(ﬁ/Tmz) versus 1/T, recorded at different
heating rates gives straight lines whose slopes permit to

E
In(B) = 1n< ) —5.3305 — 1.0516

R.T,

(5)
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determine the values of the activation energy E at a par-
ticular o value.

The Kissinger and Augis-Bennett methods assume that
the reaction rate reaches its maximum value at the peak
temperature (7p) of the do/dT (DTG) curve. Therefore, a
constant degree of conversion o is attained at 7p. Thus,
they are grouped into isoconversional category. In both of
these methods, a single value of E is obtained.

The Kissinger method [27] is based on the Eq. 7:

p E AR
The activation energy E can be obtained from the slope of
the straight line corresponding to the plot In(f/Tp) versus
1/Tp.
According to the method suggested by Augis and Ben-
net [29]:

p E
1 = InA
n<TP o R + In (8)

Where Tp and T are the peak and the room temperature,
respectively. The activation energy E can be obtained from
the plot of In[f/(Tp—Ty)] versus 1/Tp,

To obtain the order of reaction (n), the analysis devel-
oped by Ozawa [30] was used. This model established the
following equation:

In(—In(1 — a)) =In(A) — £ _ nin(f) 9)
RT

Plotting In(—In(1 — «)) versus In f§ the value of n can be

determined. In this method, the o values measured at a

same temperature are taken from the o versus T plots

obtained at different heating rates.

Experimental

The industrial mold flux composition used in this study is
detailed in Table 1. The mold powder was heated at
800 °C during 2 h for decarburization.

Two samples were prepared with the decarburizated
mold flux, one adding 15 wt% of petroleum coke (sample
C) and the other adding 15 wt% of synthetic graphite
(sample G).

Thermogravimetric runs were carried out putting
155 + 1 mg of the corresponding sample in alumina cru-
cibles. The mass loss and the temperature were registered

Table 1 Chemical composition (wt%) of the mold flux

with a OHAUS DV114C microbalance and a thermocouple
K, respectively. Both parameters were simultaneously
recorded through a data acquisitor connected to a PC.
Heating rates of 5, 7, 10, and 14 °C/min were used under a
normal atmosphere.

Results and discussion
Analysis of TG data

The mass losses of both samples determined at different
heating rates were situated between 350 and 850 °C for
sample C and between 500 and 1000 °C for sample G.
From these data the degree of conversion was calculated
using the following expression:

O(:WS_W(t,T) (]O)

Ws — Wr

where Wg is the initial mass, Wr is the final mass, and w )
is the instantaneous mass depending on both the time and
the temperature. The curve of conversion versus the tem-
perature is shown in Fig. 1.

These experimental curves were fitted by a sigmoidal
function to calculate both do/dT and d®e/dT” data. The first
derivative do/dT versus T obtained at different f§ is shown
in Fig. 2.

From these data the peak temperature (7p), the corre-
sponding conversion (o,,x), and the peak conversion rates
(do/df)max Were determined by each heating rate. The val-
ues of these parameters are listed in Table 2.

The Tp represents the temperature at which the maxi-
mum rate of mass loss occur. From Fig. 2 and Table 2 it is
observed that in both samples 7p moves to higher tem-
peratures and (do/df),.x increases in intensity when the
heating rate increases. Under similar heating conditions
fairly higher values of peak conversion rates are observed
in powder C. This means that a higher decomposition rate
is occurring in the powder with petroleum coke addition.

In both samples it is noted that the maximum reaction
rate is obtained at a constant degree of decomposition
(omax = 0.50) independently of the heating rate.

Energy activation of sample C

The plots Inf versus 1/T, (OFW method) and In(f/T%)
versus 1/T, (KAS method) at different heating rates

SlOz CaO MgO A1203 MnO

TiO,

F6203 NazO Kzo F P205

36.2 30.8 2.1 5.1 0.1

0.2

1.6 12.7 0.7 104 0.1
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Fig. 1 Degree of conversion (o) curves for different heating rates
corresponding to a powder C, and b powder G

corresponding to mold powder with 15 wt% coke are
shown in Fig. 3. From the slopes of these straight lines the
activation energies of decomposition at different degree of
conversion were calculated.

The E values calculated for sample C at different
degrees of decomposition («) and their correlation coeffi-
cients (R?) are indicated in Table 3. From these R values it
is observed that the best fitting ocurrs at a degree of con-
version between 0.3 and 0.7.

In both models the activation energy of the sample with
petroleum coke decreases when the degree of decomposi-
tion increases. Hence, non constant E values would be
indicating the occurrence of different decomposition
phenomena.

The mean value of E obtained from OFW and KAS
methods was E.,. (OFW) = 54.0kJ/mol and
(KAS) = 43.1 kJ/mol, respectively.

Plots of In(f/Ta) versus 1/Tp (Fig. 4a) and In(S/(Tp —
Ty)) versus 1/Tp (Fig. 4b) were built to calculate the acti-
vation energy using Kissinger and Augis—Bennet methods,
respectively.

Ecoke
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Fig. 2 Conversion rate versus temperature plots for different heating
rates for a sample C, and b sample G

From these curves, the activation energy corresponding
to sample C was: E. . (Kissinger) = 46.7 kJ/mol
(R*> = 0.95019), and E e (Augis—Bennet) = 49.2 kJ/mol
(R*> = 0.95938).

Both methods present similar values of activation
energy with correlation coefficients R* higher than 0.95.
These values of E are in good correspondence with mean
values of E calculated by the OFW and KAS methods.

Energy activation of sample G

The same methods were used to evaluate E values of sample
G (mold flux with 15 wt% synthetic graphite). In Fig. 5, the
plots of Inf versus 1/7, (OFW method, Fig. 5a) and In
(ﬁ/Tmz) versus 1/T, (KAS method, Fig. 5b) are observed.

Table 4 shows the energy activation corresponding to
sample with 15% graphite obtained at different percentage
of decomposition a. From R? values it is observed that the
best fittings are situated between 0.3 and 0.95.

Similarly to sample C, the activation energy of sample G
decreases when the degree of decomposition increases.
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Table 2 Values of Tp, o,x, and (do/df),,.x for decomposition process of samples at different rates

Sample C Sample G
B/°C min™' TP/°C Olmax (dor/dr) max/min~" B/°C min™' Tp/°C Olomax (dor/df) ax/min ™"
5 483 0.50 0.0366 645 0.50 0.0266
7 502 0.48 0.0469 678 0.49 0.0339
10 531 0.50 0.0480 10 713 0.50 0.0414
14 571 0.49 0.0504 14 745 0.48 0.0476
T T T T T T ™) Table 3 Activation energy (E) and correlation coefficients (R%)
261 (a) OFW method obtained at different conversion («) of sample C
~Sample C- o Sample C—OFW method Sample C—KAS method
2.4F 7 —1 2 -1 2
. o . E/kJ mol R E/kJ mol R
« 22T a=0.1 1 01 760 0.95893 67.7 0.94156
= ool | 0.2 71.2 0.91061 62.5 0.87007
4\ A 0.3 67.4 0.98326 58.4 0.97243
18k J 0.4 63.6 0.96760 53.4 0.94823
0.5 58.6 0.98280 48.6 0.96938
1.6+ e Ave oo . 0.6 52.5 0.97414 41.8 0.94981
0.9 1i0 1'_1 112 1_'3 1_'4 115 1i6 0.7 44.5 0.96986 329 0.93313
1000/T, /K" 08 385 0.94478 25.9 0.85175
0.9 33.9 0.95822 20.2 0.86237
08 () KIAS meth(’)d ' ) 095 337 0.96538 19.7 0.87236
_108L —Sample C- ]
—11.0} g (R* = 0.99286), and Egraphite (Augis—Bennet) = 65.8 kJ/mol
NS S12) 1 (R* = 0.99393).
g . Similarly to sample C, both methods present similar
= 14r T values of E and R>. Comparing the correlation coefficients
- 1161 ] obtained with these two methods, sample G shows a higher
precision on the fitting of slopes (R* > 0.99) than sample C
—18r . 1 (R? > 0.95).
-12.0} 4 Taken into account the activation energy obtained by the
0.9 110 e 12 1'_3 T2 15 four methods, it is possible to assign a value of E &~ 48 kJ/

1000/T,, /K™

Fig. 3 Curves of fitting using a OFW and b KAS methods applied to
different conversion of mold powder with 15 wt% petroleum coke

However, in the powder with graphite the activation energy
shows an almost constant value at different « values
between 0.4 and 0.9, indicating that a single reaction
mechanism is actuating in this interval of .

From OFW and KAS methods the mean value of the
activation energy was: Egaphite (OFW) = 77.2 kJ/mol and
Egraphite (KAS) = 63.2 kJ/mol, respectively.

The plots built to obtain the activation energy from
Kissinger and Augis—Bennet methods are present in Fig. 6.

The activation energy determined by Kissinger and Augis—
Bennet methods was: Egpphie (Kissinger) = 61.5 kJ/mol

mol to sample C and £ = 67 kJ/mol to sample G. Thus,
the mold powder with 15 wt% coke is the least thermally
stable material.

Considering the design of a mold powder, the lower
activation energy corresponding to the powder with coke
translates into higher reactivity of this powder respect to
the sample with graphite.

On the other hand, the XRD diffraction pattern of the
coke sample showed only one broad peak, between
20 = 20-30°, corresponding to a type of fully amorphous
carbon. For synthetic graphite the peaks corresponding to
only one crystalline phase: graphite (main peak in
260 = 26.6°) was found. Thus, synthetic graphite exhibits a
greater order of crystallinity than petroleum coke. By this,
because the reactivity of carbonaceous materials depends
on the graphitization degree of carbon crystals, the XRD
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Fig. 4 Plots to calculate E values corresponding to sample with 15
wt% coke from a Kissinger, and b Augis—Bennet methods

suggests that petroleum coke should be more reactive than
synthetic graphite. This fact is in accord with the E results
obtained in the decomposition analysis of both carbona-
ceous samples.

Order of reaction

The selected interval used to calculate the order of reaction
n, Eq. 9, was 450-525 °C for sample C and 600-725 °C
for sample C. The temperatures and the conversion degrees
at these temperatures o(7) are listed in Table 5.

Using these o and f§ values in Eq. 9, Fig. 7 is obtained.
A linear fitting is performed for each temperature and from
the slopes of the straight lines the n values are recorded and
listed in Table 6.

Figure 7 denotes a very good fitting of experimental
data. The n values for sample C are in the range 1.0-1.4,
while for sample G this range is narrower: 1.2-1.3.

Taking into account experimental errors and approxi-
mations inherent to the model, it is suggested that the
decomposition process of both carbonaceous samples
develops with an order of reaction equal to the unity.
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Fig. 5 Fitting curves using a OFW and b KAS methods applied to
different conversion of mold powder with 15 wt% synthetic graphite

Table 4 Activation energy (E) and correlation coefficients (R2)
obtained at different conversion («) of sample G

o Sample G—OFW method Sample G—KAS method
E/kJ mol ™ R E/kJ mol ™ R
0.1 108.8 0.87271 100.3 0.83835
0.2 97.1 0.96918 82.3 0.96288
0.3 92.3 0.98879 70.5 0.98561
0.4 74.3 0.96762 62.4 0.96046
0.5 80.0 0.99700 67.5 0.99535
0.6 69.2 0.98153 56.2 0.97289
0.7 68.2 0.99962 55.1 0.99936
0.8 63.2 0.99477 49.0 0.98810
0.9 63.2 0.99477 48.4 0.98527
0.95 55.3 0.98917 39.8 0.97001

Mold powder with synthetic graphite addition (sample
G) presented a more constant value of both n and E than
one with petroleum coke (sample C). This fact would be
indicating that the degradation process for sample C is
more complex than for sample G. If several reactions are
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Table 5 Conversion () obtained for the same temperature at dif-
ferent heating rates

Sample C  /°Cmin~! 450 °C  475°C 500 °C 525 °C
0.27 0.44 0.62 0.77
019 0.31 0.47 0.64
10 0.15 0.23 0.33 0.45
14 0.10 0.16 0.23 0.30
Sample G f/°Cmin~' 600 °C 650 °C 700 °C 725 °C
5 0.28 0.53 0.78 0.87
0.16 0.35 0.59 0.70
10 0.12 0.26 0.45 0.55
14 0.09 0.20 0.34 0.42

concurrent, it may be assumed that each one contributes
with its own E value. For example, the decomposition
activation energy of asphaltite varied with the conversion
degree [31]. This variation was attributed to parallel reac-
tions occurring in same conditions during its pyrolysis
process [31].

T T T T T T
T (@) SampleC & 450°C |
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o 500°C
ol m 525°C
S
b ]
r=1
T -1f 1
£
2| 4
1 1 1 1 1 1
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1k 4
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2L .
1 " 1 . 1 3 1 2 I I 1
16 1.8 2.0 2.2 24 26

In B
Fig. 7 Curves of fitting to calculate the reaction order n of a sample

C, and b sample G, at different 5

Table 6 Order of reaction (n) and correlation coefficients (Rz) as a
function of temperature for samples C and G

Sample C Sample G

7°C n R 7°C n R
450 1.03 0.9860 600 1.18 0.9422
475 1.15 0.9963 650 1.16 0.9663
500 1.28 0.9998 700 1.24 0.9877
525 1.39 0.9907 725 1.27 0.9908

In both cases, the decomposition reaction of carbona-
ceous materials depends on both thermodynamic and
kinetic considerations. The kinetic considerations begin
when the gas penetrates the carbonaceous particles. The
decomposition reaction depends on several simultaneous
processes when the reactioning interface moves inward.
The rate of reaction can be limited by the rate of reactant
diffusion inward, the rate of product diffusion outward, or
the chemical reaction rate at the interface. Thus, the
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decrease of E when the reaction increase could also be due
to the particle size distribution presents in both carbona-
ceous materials. Because the rate of decomposition increase
when the particle size decrease [32], the first reactioning
particles would be the finest one. So, firstly the fine particles
react with O, producing CO/CO, (gas) and they start to
open the powder structure. Then, when the reaction grade
(o) progress, the gas produced by decomposition of greater
particles of carbonaceous materials finds a more open
interparticle path. So, a lower activation energy would be
present when the degree of conversion progress due to
increased rate of product diffusion (CO and/or CO,) out-
ward. Thus, the reactivity of carbonaceous material into the
mold powder can be also somewhat controlled by selecting
an adequate particle size distribution.

Conclusions

A good correspondence of the activation energy of
decomposition applying four non-isothermal methods was
attained. From these models the average activation energy
corresponding to mold flux with 15 wt% of coke
(E = 48 kJ/mol) was lower than one with 15 wt% of
graphite (E = 67 kJ/mol). Besides, a first order of reaction
(n = 1) was assumed for the decomposition kinetic of both
types of carbonaceous materials.

The lower activation energy corresponding to the pow-
der with coke was translated into higher reactivity of this
powder respect to the sample with graphite. This fact
would be considered during the mold powder design
because it has an important influence on its melting rate.

From the variation of E and n values with conversion
degree and temperature, it was observed that the powder
with petroleum coke showed a less thermally stable
behavior and a more complex degradation process. Both
aspects would be taken into account during the formation
of intermediate sintered layer (rich in carbon) because it
protects the steel surface from oxidation.
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