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Abstract: High-temperature surface oxidation kinetics were determined for low-carbon steel using a
Joule heating device on hollow cylindrical specimens. The growth of the oxide layer was measured
in situ between 800 and 1050 °C under isothermal oxidation conditions and in an air laboratory
atmosphere (Oy = 20.3% and humidity = 42%). Through a laser and infrared measuring system, the
expansion and temperature were measured continuously. From the data acquired, the oxidation
kinetic parameters were obtained at different temperatures with a parabolic-type growth model
to estimate the rate of oxide layer generation. The convergence degree of the data fitted with the
oxidation model was acceptable and appropriately correlated with the experimental data. Finally,
comparisons were made between the estimated kinetic parameters and those reported in the literature,
observing that the activation energy values obtained are in the range of the reported values.

Keywords: oxidation; kinetic; joule heating; low-carbon steel

1. Introduction

Steel continues to be the most widely used material in the different fields of engi-
neering due to its mechanical properties and unique/irreplaceable characteristics. Despite
technological advances in steel-making processes, surface oxidation at high temperature
continues to be one of the study problems, since it generates a significant loss of material
during the reheating of semi-finished products, billets, or slabs before and during the
rolling process. In these processes, surface oxidation occurs severely without being able
to avoid; therefore, the industries seek to quantify and reduce material loss based on the
study of oxidation kinetic processes [1-3]. Studies show that the iron oxide layer generated
during hot rolling, quenching, tempering, and other heat treatments of steel generates
losses of 7 to 10% of the total steel, causing an enormous waste of resources and a loss of
economic benefits [4,5]. Some research to reduce the growth of the oxide layer in the hot
rolling process and improve the oxidation resistance of steel focused on heating systems,
the rolling process, and modifying the chemical composition of alloying elements [6-8].
In the hot-rolling process, the growth of the oxide layer occurs in three stages. The first
stage begins during the reheating of the steel inside the natural gas combustion furnace. At
this stage, the oxide layer reaches a thickness of a few millimeters at a temperature above
1250 °C [9]. The oxide layer is removed by high-pressure water jets before entering the
rolling mills [1]. The second stage occurs during the rolling process between temperatures
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of 1250 °C at the beginning and 800 °C in the last steps; the oxide layer in this stage reaches
a thickness of 20 and 30 mm, which is also removed by water jets before entering the last
mill, where the layer grows between 1.2 and 12 mm. The third stage is after the various
stages of rolling and forming, the steel is coiled, and oxidation may continue to a lesser
extent if the oxygen content favors the process in the annealing heat treatment. The surface
oxidation of steel is complex because it depends on many factors such as oxidation time,
temperature, alloying elements, and oxidizing atmosphere [10]. It should be clarified that
the removal of the oxide layer between stages with high-pressure water could generate
imperfections on the surface of the rolled steel, causing cracking problems [11,12]. In
general, the oxidation of steel at high temperature is similar to that of pure iron Fe com-
posed by the sequence of oxide layers growth (FeO/Fe304/Fe;O3/0;): (1) wustite (FeO),
a thick inner layer formed by ionic reaction between metallic iron Fe and oxygen in the
atmosphere, (2) magnetite (Fe3O4) [13], a thin intermediate layer formed by the reaction
between wustite and oxygen ions whose growth is based on the formation of the outer
layer, and (3) hematite (Fe;O3), which is a thin layer that is characterized by containing
the highest amount of oxygen and serving as the supply of Fe cations for the formation
of magnetite [9]; that is, a cooperative growth occurs, where the cations for the growth of
hematite come from the magnetic one, while the anions come from the hematite, which
has been corroborated by theoretical calculations by Schwenk and Rahmelt [13]. Oxide
growth reactions are exothermic and cause overheating of the steel as a function of the
component [3] and predominantly involve the transfer of ions, electrons, and vacancies [13].
On the other hand, the diffusion of oxygen anions and iron cations is controlled by the
oxidation temperature and the type of oxide; for example, iron has a higher diffusion
coefficient in magnetite than in hematite; hence, the thickness of hematite is extremely
thin [14]. Likewise, diffusion is also affected by factors such as the porosity of the oxide or
the cracks produced by mechanical and thermal stress [15].

The oxidation kinetics could be approximated from the growth of the oxide layer
using a linear, logarithmic, cubic, or parabolic model. The oxide growth models for metallic
materials could match the parabolic model, which under ideal conditions is very accurate,
especially in unalloyed steels. However, depending on the alloy and its elements, there
may be deviations in the behavior. Some alloying elements such as aluminium, chromium,
silicon, nickel, molybdenum, and magnesium promote the formation of protective layers,
which are elements that decrease the rate of oxidation in different forms and temperature
range [16]. For example, silicon inhibits the growth of oxide layers at temperatures below
1000 °C [17]. However, at higher temperatures, different authors have reported the forma-
tion of a compound (Fayalite (Fe?*),SiO,) with a melting point of 1173 °C, a temperature
lower than the melting point of steel, promoting diffusion and increasing the oxidation
rate, which is a characteristic process in steels with high silicon [18]. The oxidation kinetic
models present a parameter that is determined experimentally. Two experimental methods
are reported in the literature. (1) The first is the gravimetric method that measures the
weight gain as a function of the residence time and the temperature, where the specimens
are heated inside a furnace or gravimetric balance and are removed at different times to
evaluate the weight gain [9]. The results obtained by this method are approximated by a
parabolic model through the Pilling-Bedworth equation [19],

W2 = kyt + W2 (1)

where W is the weight gained by oxidation, ¢ is the residence time, W, is the initial weight,
and ky, is the oxidation kinetic parameter. (2) The second method is based on the measure-
ment of the thickness of the oxide layer in the cross-section. In this method, the samples are
heated at different temperatures and times, evaluating the oxide layer thickness by optical
or scanning electron microscopy. The results, as in the gravimetric method, are fitted with
a parabolic model proposed by Tammann [20],

X2 = kot + X2 )
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where X is the oxidation thickness, f is the residence time, X, is the initial thickness, and k,
is the oxidation kinetic parameter. In different works, conversion factors are presented that
relate the kinetic parameters k, and ky as a function of the density of the oxide layer [9,21].

It has been shown that the constants kp and ky depend on the oxidation temperature,
and its behavior is generally approximated from an Arrhenius-type equation,

logk; = logk, — Q 3)

RT
where k; is the oxidation kinetic parameter for ky or kj, k, is the pre-exponential factor of
the rate of oxidation independent of temperature, Q is the oxidation activation energy, R is
the universal gas constant, and T is the oxidation temperature in Kelvin. The activation
energy and the pre-exponential factor could be determined by plotting the log k; and the
inverse of the temperature 1/ T, whose slope is the value of —Q/R.

The weight or thickness measurements of the oxidized layer are performed when
the specimen is at room temperature. In some studies, the specimen was coupled to an
induction furnace to make weight measurements in real time [22-24] with commercial
thermos-balances, and then, the scale thickness was estimated indirectly using correlations.
An error is associated with this method, and it could be large depending on the geometry.
In some cases, the oxide layer growth during the heating is important, and a direct mea-
surement in situ is necessary for accuracy. There is not evidence of experimental equipment
or procedure that performs oxide layer measurement in situ. The closest device was used
by Hu Xian-jun et al. [25] in a Gleeble thermomechanical simulator, using a heating rate
above 50 °C - s 1, to reduce the effect of oxidation during the heating cycle.

The present work aims to propose an experimental procedure to measure the oxide
layer at high temperature under isothermal condition in low-carbon steel using a Joule
heating device. Unlike other methods to measure the oxide layer, this work shows in situ
measurements in an isothermal condition, with a high sampling rate, to obtain measure-
ments as a function of time with the heating of a single specimen.

2. Materials and Methods

To determine the oxidation kinetics, 34 mm long hollow cylindrical specimens of
7.05 and 5 mm in external and internal diameter, respectively, were used with a notch
in the middle section, as indicated in Figure 1. The specimens were manufactured with
low-carbon steel; the chemical composition is indicated in Table 1. The dimensions and
material composition of the speciment were selected to avoid oxide blistering. Two types
of mechanisms have been reported for the blister formation: (i) gas generation from steel at
the interface with scale and (ii) the growth stress due to scale formation. The stresses are
minimized in the present experiments due to the small geometry of the specimen and the
process being isothermal (avoiding thermal gradients). The gas generation is minimized
because it is a low-carbon steel (the oxide blistering is known to affect high-carbon steel).
Furthermore, the alloying elements increase the scale adherence, specifically, it is known
that Mn increases the adherence of the scale as shown in [26].

Table 1. Chemical composition of low carbon steel in wt %.

Mn

S Si Cu Ni Cr Sn Mo Al A%

0.07

1.43

0.25

0.25 0.83 0.08 0.08 0.08 0.01 0.01 0.01 0.015

The oxidation experiments were performed in still laboratory air (O, = 20.3% and
humidity = 42%). Two types of tests were carried out to determine the oxidation kinetics;
(1) reproducibility test at constant temperature (850 and 1000 °C) during 1200 s, 2400 s,
3600 s and 4800 s; (2) oxidation tests at 800, 850, 900, 950, 1000, and 1050 °C with a duration
of 7200 s. The sampling rate was maintained at one data per second in both cases with a
heating rate of 50 °C - s~ to avoid the oxide layer growth during heating.
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Figure 1. Schematic of the specimen used to determined the oxidation kinetics, in mm.

During the oxidation tests an experimental Joule heating device able to measure the
oxide layer growth at high temperature in situ was employed. The device consists of a
power supply, a cooling system and, measurement and data control system. The power
supply of 2.8 kW is coupled to a copper jaws system that acts as electrodes to transfer
electrical current to the specimen. The cooling system recirculates water by means of a
peristaltic pump at constant flow (2 L - min~!) through the jaws.

The cooling of the jaws causes a heat sink at the specimen ends and together with
the heat loss by convection and radiation to the environment, generate a parabolic and
symmetrical thermal profile, where the highest temperature is present in the middle section
of the specimen; in this point the oxide layer growth and temperature are measured using a
laser micrometer and an infrared pyrometer, respectively. The schematic of the experimental
device is shown in Figure 2.
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Figure 2. Schematic of the experimetal device employed to measure the oxide layer.
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The oxide layer measurement and control system is comprised of the laser micrometer
and the infrared pyrometer, with a temperature range between 250 and 1800 °C and spatial
resolution of 0.2 um. The measurement system is embedded in a National Instrument® NI
cRIO 9076 Compact RIO data acquisition system and controlled by LabVIEW® 2018. On
the other hand, the geometry of the specimen (notch section) causes a decrease in the power
required during heating, inducing a temperature concentration zone called the hot zone,
which is characterized by being fully isothermal in the radial direction due to the thickness
of the specimen. The laser micrometer measurements are used to calculate the oxide
layer thickness generated by the interaction between the specimen surface and oxidizing
medium at high temperature. The measurements could change as a function of the time
during heating to the test temperature due to three factors: (1) thermal expansion (dilation),
(2) phase transformation, and (3) previous surface oxidation; therefore, the heating was not
considered for the oxidation analysis. Only the data after the specimen reached the test
temperature were considered.

During oxidation, the thermal properties of the material are modified when other
phases or oxides are present, as mentioned by Torres et al. [27]. Therefore, to control
the amount of current supplied to the specimen as a function of the temperature, a PID
controller integrated into the embedded system was used.

3. Results

Figure 3 shows the thickness measurement at each temperature and time for the
reproducibility test. In Figure 3a at temperature of 850 °C, the curves do not overlap at
the beginning, but the growth rate is preserved with the same behavior, while at 1000 °C,
a similar behavior is observed, as shown in Figure 3b. The measurements in both cases
maintain the trend in the growth rate of the oxide layer. The results in Figure 3 show that
the oxide layer measurement is reproducible with minimal variations in the oxide layer
growth trend.

180 — — 180 ——
6ol o 12005 a) | 1604 © 12005 b).
o 2400 o 2400

1401 5 3600 i 5140- o 3600 s P i

120 - 4800 s 1 310/ 4800 s |
= o5

100 - {1 =100- 8" ;
z 99
= o

80- 1 Z 804 ;
=) oogoo

60- 1 2 60- & ]

09, [ °g
404 0000000000000 ] % 40 oo%e ]
SRR &
M o
204 | ; 20400 ;
0 b%%%g’%o ol
0 600 1200 1800 2400 3000 3600 4200 4800 0 600 1200 1800 2400 3000 3600 4200 4800
Time (s) Time (s)

Figure 3. Oxide layer growth for reproducibility testing at: (a) 850 and (b) 1000 °C, during 1200, 2400,
3600, and 4800 s.

During the oxidation tests, the heating rate was kept constant at 50 °C - s~! until the
isothermal test temperature was reached. The cooling also occurs fast; in the moment of
suspending the current, the generation of heat by the Joule effect stops, and the cooling
is controlled by the heat conduction of the specimen toward the jaws and the convection
with the environment. Figure 4 shows the Joule heating of the specimens at different
temperatures. The specimens are kept for two hours under isothermal conditions, except
for the test at 1050 °C, with a shorter duration because the oxide layer growth consumes
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the specimen in the notch area, and the specimen melts due to the increase in the electrical
current density.
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Figure 4. Thermal history measured in the middle of the notch for different oxidation tests.

Figure 5 shows oxide layer growth at temperatures from 800 to 1050 °C. First, for
Figure 5a—d, in a temperature range between 800 and 950 °C, an inflexion point is observed
where the growth rate of the oxide layer changes. Liu et al. have identified this change in
oxidation rate behavior as the fracture of the protective layer produced by alloying elements
such as silicon [18]. The change in the behavior of the oxide layer occurs at different times
depending on the temperature. For example, at 850 °C, the change occurs at 2250 s,
observing that as the temperature increases, the time for the inflection point decreases. For
temperatures of 1000 and 1050 °C, there is no change in the behavior of the oxide layer,
which results in a parabolic behavior from the beginning of the test because the oxidation
process accelerates as the temperature increases; the oxidation becomes more severe, and
the protective layer does not appear. The results obtained show that the growth of the
oxide layer conforms to the parabolic model, and the rate of oxide generation increases
as a function of temperature; at the temperature of 1000 °C, an oxide layer 200 pm thick
is generated, as can be seen in Figure 5e. For the case of 1050 °C shown in Figure 5f, the
specimen does not finish the test, and the experiment ends at 5800 s, since the cross-section
of the specimen through which the electric current circulates decreases due to oxidation,
causing the local temperature to increase markedly (increase in current density) until the
specimen melts in the middle of the notch, obtaining a final thickness of 360 pm.

In order to determine the kinetic parameter k, as a function of temperature, the
experimental data were fitted with the parabolic model of oxide layer growth shown in
Equations (2) and (3), considering that the initial thickness of the oxide layer equals zero
x3 = 0. The values obtained are shown in Figure 6, where the change in the growth rate
of the oxide layer is observed at 950 °C, with an activation energy of 71 kJ - mol~! for
temperatures below 950 °C and 292 k] - mol ! for temperatures above 950 to 1050 °C. In
addition, two slopes associated with each stage are observed. The two slopes indicate a
change in the oxidation mechanism when the temperature increases above 950 °C due to
changes in the oxidation product, type of iron oxide formed, or oxides associated with
alloying elements. Wustite is the predominant phase at temperatures below 1000 °C; at
higher temperatures, the percentages of hematite and magnetite increase [28]. This change
in the composition of the oxide contributes to the observation of the two stages in Figure 6.
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Figure 5. Oxide layer growth at different temperatures (a) 800 °C, (b) 850 °C, (c) 900 °C, (d) 950 °C,

(e) 1000 °C, and (£) 1050 °C.
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Figure 6. Activation energies by the Arrhenius equation and the kinetic parameters ky at
different temperatures.

The kinetic parameters that describe the growth rate of the oxide layer in the different
temperature ranges are shown in Equations (4) and (5), for temperature ranges of 800-950
and 950-1050 °C, respectively.

71

ky=3- 10_5exp(RT> 4
292

ke =72- 103exp<—RT) (5)

The average activation energy in the range from 800 to 1050 °C is shown by the red
line in Figure 6, obtaining Equation (6). This average value does not represent the oxidation
in two stages as a function of temperature.

ky = 0.0421exp (—1;1(,)) (6)

It should be noted that the average activation energy for oxidation is 140 k] - mol~! and
was compared with other reported energies, whose values are between 73 and 180 kJ - mol !
under different conditions [29-36]. The value obtained is very similar to those previously
reported and is in the range of energies, especially the value found by Sudrez et al. [37] of
134.8 kJ - mol ! for temperatures lower than 950 °C and 128 k] - mol ! between 950 and
1150 °C. The activation energy obtained for a temperature below 950 °C is within the range,
while the activation energy from 950 to 1050 °C in this study is higher than the reported
values. The change in the slope of Figure 6 (around 950 °C) can be explained as a result of
melting of Fe;SiOy, as described in Suarez et al. [38]. In the work of Suarez et al., there is
an abrupt increase in K, around 1177 °C attributed to the melting of Fe;SiO4. The change
at 950 °C in the present investigation can be attributed to the presence of phosphorus. The
melting point of Fe;SiOy4 decreases to 954 °C in the presence of phosphorus (0.115 wt %) in
a low-carbon steel as reported by Yuan et al. [39].



Metals 2022, 12, 147 9 of 10

4. Conclusions

In the present work, an alternative method is presented to estimate the kinetic oxida-
tion parameters kx in low-carbon steel. The experimental method to obtain the oxidation
kinetics is based on the measurement of the oxide layer thickness, identifying a parabolic
scale growth at different temperatures, a result of the measurement in situ at high frequency.
The measurements showed good reproducibility, and the results are in agreement with
previous studies. The results obtained show a change in the oxidation mechanism with
increasing temperature because the activation energies in certain intervals change in mag-
nitude possibly due to the melting of Fe;SiO4. This observation is consistent with previous
investigations. The results show an activation energy of 71 k] - mol~! for temperatures
between 800 and 950 °C and of 292 kJ - mol ! for the range between 950 and 1050 °C. The
average activation energy was 140 kJ - mol~! for a range from 800 to 1050 °C.
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