MATERIALS PHYSICS AND MECHANICS RESEARCH ARTICLE

Submitted: July 12, 2025 Revised: September 30, 2025 Accepted: October 7, 2025

About possibility of using the Roginsky-Schulz and Avrami-
Erofeev equations in topokinetic analysis of carbothermic self-
recovery of dispersed iron-graphite waste

L.A. Dan 1"¥, V.A. Maslov 1"*', L.A. Trofimova 1"/, S.B. Kargin 1"*', V.G. Artiukh 2",
D.A. Kitaeva 2=’ N.V. Korihin 2

1Pryazovskyi State Technical University, Mariupol, Russia

2Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia

" dkitaeva@mail.ru

ABSTRACT

Topokinetic analysis of experiment results on carbothermic self-healing of "wustite-graphite” dispersed
samples particles was carried out. It was shown a dispersed iron-graphite waste contains metallic iron, iron
oxide, carbon and impurities. Observations and calculations made in this work confirmed two-stage nature
of process. The first initial stage of the process, at degrees of conversion Less than 0.4, can be described by
the Roginsky-Schulz or Avrami-Erofeev equations. Apparent activation energy of the initial stage of the
process was calculated to be 141.34 kl/mol. It was found that the Bell-Boudoir reaction is a limiting factor
in the process.
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Introduction

Dispersed iron-graphite waste (DIGW) is formed at all stages of cast iron processing. Their
formation is associated with decrease in solubility of carbon with decreasing temperature
and a number of other processes occurring in liquid iron [1,2]. They contain metallic iron,
various iron oxides, carbon and impurities [2,3]. Electron microscopic studies [2] show
that particles of dispersed liquid carbon dioxide are graphite plates, to a greater or lesser
extent, covered with spherical oxide formations. The main part of oxide inclusions has a
size of no more than 160 um. They are tightly connected to surface of graphite particles
and sometimes are located inside them.

This composition and structure of particles explain presence of unique combination
of electrical and magnetic properties even in initial dispersed liquid gas phases [4-6].
When applied to graphite which consists of such particles and therefore has magnetic
properties term 'magnetic graphite’ is used [2]. In this case value of specific saturation
magnetization (os) depending on chemical composition of dispersed liquid carbon dioxide
is in range from 22 to 45 A-m%*/kg and specific electrical resistance (p\) is in range of
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(4.18-0.46)-10* Ohm-m [2]. The authors position the materials as possessing properties
such as radio shielding and radio absorption. An effective method for increasing specific
saturation magnetization of DIGW is high-temperature heat treatment that results in
formation of metallic iron. Due to this, value of o5 increases to ~ 180 A-m%*/kg while
maintaining low value of p, ~ 2:10*Ohm-m [2]. Efficiency of shielding and absorbing
properties increases significantly. Based on this, it is relevant to study kinetic laws of
metallization understanding of which will allow for effective control of the process [7].

Materials and Methods

DIGW is a mixture of iron oxides and reducing agent that is graphite. When this mixture
is heated above certain temperature process of chemical reduction of iron oxides of
dispersed DIGW to metallic iron by carbon contained in them begins. In essence, the
process is a carbothermic self-healing one (CTSH). Recovery takes place with participation
of solid and gas phases. Therefore, CTSH process can be considered as topochemical.

In [2,8,9] on study of carbothermic self-healing of dispersed DIGW, it was shown
that the process occurs in two stages. At the first stage reduction of higher iron oxides to
wustite occurs and at the second stage the reduction of wustite to metallic iron occurs.
The first stage proceeds quickly. This is followed by induction period during which
formation of metallic phase begins followed by its intensive growth. In [9], it is shown
that newly formed iron can have a catalytic effect on the process but not immediately
and after accumulation of certain minimum amount. Considering high dispersion of oxide
component (average size of oxide particles did not exceed 160 um) of processed material
the maximum speed is achieved very quickly. After formation of continuous reaction front
beginning of the process deceleration is recorded [9]. Since transformation of magnetite
into wustite at temperatures of CTSH occurs almost completely already upon heating of
particles to working temperature and the main time of CTSH particles of dispersed DIGW
is occupied by reaction FeO — Fe [2,9,10]. This work focuses on topochemical analysis of
this reaction occurring at CTSH.

To conduct CTSH of FeO particles wustite-graphite samples were prepared (63.8 % of
FeO, 31.2 % of C, 5 % of impuirities). Initial dispersed DIGW of mixing section with fraction
of less than 160 um was processed in a quartz reactor without air access for 1.5 h at 820 °C.
At this temperature all iron oxides were converted into wustite [9]. Based on differential
thermal analysis [9], temperatures above 960 °C were selected as working temperatures
for conducting analysis of carbothermic self-healing: 970, 990, 1030 and 1050 °C.

In [2], microstructure of particles of wustite-graphite sample was analyzed after 5, 12,
20 and 40 min after start of carbothermic self-recovery at 1050 °C. Process FeO — Fe was
characterized in early stages by formation of areas of metallic phase on surface of oxide. The
process then developed with advancement of recovery front into particles and ended with
complete recovery. In this case specific saturation magnetization increased monotonically
from O (initial state) to 168.5 A-m?/kg after its complete completion after 40 min [2].

Figure 1(a) shows set of curves of recovery degree of wustite (a) during course of
experiment constructed according to data of [2]. During the first 5 min measurements
were taken for every minute of the experiment then every 5 min. As can be seen from
Fig. 1(a) increase in temperature causes shape of the curve to approach a sigmoid.
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All curves have three more or less distinct sections, namely, incubation section in which
iron nuclei are formed; acceleration section; section in which reaction rate gradually
decreases. Similar appearance was shown by curves obtained in [11,12] during reduction
of wustite with a hydrogen-helium mixture, in [13] during reduction of hematite to
wustite with a gas mixture of N, CO, H; [13], and in [14] during reduction of hematite
with a gas mixture of CO-CO..

Analysis of intensity of gas evolution and composition of gas phase for dispersed
samples of "wustite-graphite” during CTSH carried out in [2] showed the following.
Intensity of gas emission first increased and then decreased during the experiments.
CO content was low for entire working temperature range at initial stage of the process.
Then it increased and then CO/CO; ratio remained constant until end of the experiment.
Based on processing of curves shown on Fig. 1(a) rate of recovery of wustite of dispersed
samples of “wustite-graphite” at different temperatures of CTSH was calculated.

@ 1 (b) ol
|
0,8 £ 0,08
’ g
0,6 = 0,06 1
3 3 0,04
04 - 50
0,02 -
02 - 5
S
0 N 3 0246 8101214161820222426
0 51015202530354045505560 ~

Estimated time, min

time, min
—=—1050 —e—1030
— 1050 —1030

Fig. 1. Kinetics of CTSH of "wustite-graphite” sample [11] (a) and
wustite recovery rate of dispersed "wustite-graphite” samples (b)

Calculated curves are shown on Fig. 1(b). Abscissa axis of graph shown on Fig. 1(b)
shows calculated time values (average values of interval); ordinate axis shows average
recovery rate in time interval. As with intensity of gas evolution, according to [2] rate of
wustite recovery during CTSH increased at the beginning of the experiments and then
decreased. Increase in temperature in the experiments in studied range leads to an
increase in magnitude of recovery rate extremes and their earlier achievement. Thus, at
temperature of 970 °C maximum rate of wustite reduction was 0.022 min™ and it was
achieved between the 20" and 25" min from beginning of the experiment; at 990 °C the
maximum rate was 0.026 min™ and it was achieved between the 15" and 20" min from
beginning of the experiment; at 1030 °C the maximum rate was 0.044 min™ and it was
achieved between the 10" and 15™ min from beginning of the experiment; at 1050 °C
the maximum rate was 0.085 minand it was achieved between the 5 and 10" min from
beginning of the experiment. At the same time duration of incubation period decreased.
These observations confirm statement about two-stage nature of carbothermic self-
healing process made in [2] based on analysis of kinetic curves of CTSH of polydisperse
DIGW as well as in studies [13-15].
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Joint analysis of Fig.1 allows to determine proportion of wustite that has
transformed into metallic iron by time of reduction process transitions from the first to
the second stage. For temperature of 1050 °C it is 0.4; for temperature of 1030 °C it is
0.4; for temperature of 990 °C it is 0.37; for temperature of 970 °C it is 0.36.

Results and Discussion

According to prevailing theory process of reduction of iron oxides by solid carbon is a
process involving a gaseous reducing agent [16-18]. Reaction sphere contains solid and
gaseous reagents, i.e. the process is topokinetic in nature [13,19]. This is also evidenced
by sigmoid form of kinetic curves of CTSH of dispersed particles of “wustite-graphite”
shown on Fig. 1(a) as well as CTSH curves of polydisperse DIGW in [2]. It should be kept
in mind that the process can be limited both by gasification reaction of carbon contained
in sample and by chemical reduction reaction. Taking these considerations into account
in order to describe the process of CTSH a topochemical analysis of previously obtained
results was carried out in this work.

Modern topokinetic approach to this type of process assumes their two-stage nature
[14,15,19]. At the first stage, as a result of interaction of solid and gaseous phases nuclei
of reaction product appear on surface of particles, they increase in size, and they merge.
The second stage begins after continuous film of reaction product appears on solid
particles. Then boundary of reaction proceeds moves deeper into the particles. Since
processes occurring at different stages are different, attempts to combine entire process
with one general equation led to need to introduce correction factors purpose of which
is not to describe the process but to fit equation to obtained experimental curves.

Therefore, by analogy with [12,14,20] each experiment was conditionally divided
into two stages, namely, at the first stage the rate increased due to increase of reaction
surface and at the second stage the rate decreased due to its decrease. Due to low degree
of conversion, the first stage can be called the initial stage, and the second stage can be
called the main stage. These stages are separated by the maximum rate.

For topokinetic analysis of available experimental data the Roginsky-Schulz (Eq. (1))
[20] and Avrami-Erofeev (Eq.(2)) [21-23] equations were used in turn to compare results
of the analysis:

= el &
a=1-—exp(—pth), 2)

where « is degree of conversion, da/dt is process speed (W), § is a constant that depends
on both rate of nucleation and rate of growth of embryos, n is coefficient indicating
geometric parameters of embryo growth.

According to [13], one-dimensional, two-dimensional, three-dimensional growth of
embryos occurs at n=1...2, n=2...3 n = 3...4, respectively. In case when process can be
described by Eq. (1) graph in coordinates W(a*?) should have form of a straight line. After
carrying out corresponding calculations graphs in coordinates of Roginsky-Schulz
equation (Fig. 2) were obtained in form of four straight lines. This speaks in favor of
assumptions made about the possibility of applying Roginsky-Schulz equation to the
description of the process under consideration. Processing graphs on Fig. 2 allows
calculating coefficients k in Eqg. (1) for all experimental temperatures and their natural
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Fig. 2. Graphs in Roginsky-Schulz coordinates

/T 10*

Fig. 3. Graph in Arrhenius coordinates constructed

using data from Table 1

Table 1. Results of calculations of coefficients k in the Roginsky-Schulz equation

T,°C k Ink

1050 0.156 -1.858
1030 0.056 -2.882
990 0.04 -3.219
970 0.032 -3.442

logarithms (Table 1). Data from Table 1 is used to plot a graph in Arrhenius coordinates
(Fig. 3) and calculate apparent activation energy of process E..

Based on obtained graph (Fig.3) apparent activation energy of process of
carbothermic self-healing of dispersed samples of "wustite-graphite” at the first stage
was calculated: E; = 216.16 kl/mol. It should be noted that such a level of E, indicates
that the reducing agent, which in this case is graphite, has low activity. This is due to
peculiarity of its formation at temperatures above 1500 °C. Only in presence of a certain
amount of newly formed iron does the process gain noticeable speed. Author of work [24]
also points to this.

Using graph shown on Fig. 3 value of ko in equation is determined:

k = kyexp(—E,/RT) . (3)
From Eq. (3) taking into account found value ko, = 2.6:10* expression is obtained:

k=26-10*exp(—216.16/RT) 4)
Rate of the process according to the Roginsky-Schulz equation:

W =26-10%exp(—216.16/RT) a?/3. (5)
From Eq. (5) degree of transformation:

a = [0.867 - 10* exp(—216.16 - 103 /RT) 7]3. (6)

To evaluate obtained result, experimental points (exp) and points calculated
according to Eq. (6) (calc) are plotted on graph of a(r) dependence (Fig. 4). Analysis shown
on Fig.4 demonstrates that, contrary to assumptions made in [9], Roginsky-Schulz
equation cannot be used for topokinetic analysis of the first stage of carbothermic self-
healing of dispersed "wustite-graphite” samples.

Based on obtained results, the experimental data were processed using the Avrami-
Erofeev equation. Evaluation of n and £ indicators in Eq. (2) is usually carried out using
the Hancock-Sharp method [13,14,25]. In accordance with this method, a graph of
dependence of In(-ln(1-a)) on Int was constructed and analyzed (Fig. 5(a)). From Fig. 5(a)
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Fig. 5. () Dependence of function In(-ln(1-a)) on Lnt for experimental conditions;
(b) comparison of data obtained during the experiment and in calculations using the Avrami-Erofeev equation;
(c) dependence of [-In(1-a)]1/n on T under experimental conditions

Table 2. Results of calculations of coefficients of the Avrami-Erofeev equation

No T, °C n Ing Correlation coefficient, R
1 1050 1.465 -4.425 0.990
2 1030 1.380 -4.589 0.994
3 990 1.305 -4.844 0.997
4 970 1.440 -5.585 0.998
Average value 1.398 -4.861 0.995




About possibility of using the Roginsky-Schulz and Avrami-Erofeev equations in topokinetic analysis of carbothermic self-recovery 117
of dispersed iron-graphite waste

it follows that function In(-ln(1-a)) on Int is linear at experimental temperatures, i.e.,
the Avrami-Erofeev equation can be used for the analysis. Based on the analysis of graphs
shown on Fig. 5(a) n and [ indicators were calculated, and the calculation results are
presented in Table 2.

Comparison of results of applying Eq. (2) with experimental data was carried out by
analyzing experimental (exp) and calculated curves (calc) shown on Fig. 5(b) and
indicates that kinetic model very accurately (with average value of correlation coefficient
R =0.995) describes the process of nucleation and growth of the metallic phase on the
surface of wustite particles. Obtained average value n = 1.4 indicates that process of FeO
reduction occurs in kinetic region.

For further calculations the Avrami-Erofeev equation is transformed into form [13]:
[—in(1—a)]Y/™ = kr. 7)

Figure 5(c) shows graphical interpretation of Eq. (7) under experimental conditions.
Coefficients k in Eq. (7) at different temperatures were calculated using slope of straight
lines shown on Fig. 5. Calculation results are given in Table 3.

Table 3. Calculations result of coefficient k in of the Avrami-Erofeev equation (Eq. (7))

No. T, °C k lnk
1 1050 0.0540 -2.919
2 1030 0.0454 -3.092
3 990 0.0312 -3.467
4 970 0.0233 -3.760

As in previous case to calculate apparent activation energy of process E, graph in
Arrhenius coordinates was constructed based on data in Table 3 (see Fig. 6). Calculation
of E, performed on the basis of Fig. 6 gives value of apparent activation energy of
carbothermic self-recovery process of dispersed samples of “wustite-graphite” of
141.34 kJ/mol. Obtained values are in good agreement with data available in literature
concerning reduction of wustite by graphite [24-26].
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Fig. 6. Graph in Arrhenius coordinates constructed according to data shown in Table 3

In [27], it was found that apparent activation energy of graphite gasification process
Eq is 444 kI/mol. At the same time for complete understanding of the process kinetics
[28-30], it is necessary to take into account fact that under considered conditions process
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of oxide reduction occurs faster than reaction of CO formation [31-33]. Therefore, in this
case it can be concluded that the process is limited by carbon gasification reaction [34,35].

Conclusions

Topokinetic analysis of the process of carbothermic self-healing of dispersed samples of
“wustite-graphite” showed following:

1. The Avrami-Erofeev equation can be used in conjunction with the Sharpe-Hancock
procedure to describe the process while the Roginsky-Schulz equation does not provide
adequate description.

2. Calculated apparent activation energy of this process £, is equal to 141.34 kl/mol.

3. The process is limited by carbon gasification reaction.
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