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ABSTRACT 

This study focuses on the oxidation behavior of oxide scale on hot-rolled steel from a Thailand steel 

industry. Hot-rolled steel established from the medium and thin slabs was studied. The oxidation behavior 

was conducted in a horizontal furnace with 20%H2O-N2 to simulate steel oxidation during the hot rolling 

line. The scale was formed at a temperature range of 600-900°C for 30, 60, and 90 min. The scale 

morphology can be seen via Scanning Electron Microscope (SEM-EDS). The oxide phase was investigated 

via X-Ray Diffraction (XRD). The results show that iron oxides such as hematite (Fe2O3) and magnetite 

(Fe3O4) were produced on the studied steel. The oxidation behavior of the studied steel was followed by a 

parabolic law. The mass gain increased with increasing temperatures. The steel established from a medium 

slab exhibited a lower oxidation rate than the steel established from a thin slab. The reason for this could 

be the high amount of oxide containing silicon at the steel-scale interface, which promoted the oxidation 

resistance of the steel established from the medium slab. The influence of different slab types and its 

alloying elements was studied to comprehend the oxidation behavior. As a result, the alloying element in 
the hot-rolled steel was controlled in the design process. 

Keywords-oxidation; water vapor; hot-rolled steel; medium slab; thin slab   

I. INTRODUCTION  

In Thailand, recycling steel or producing it in Electric Arc 
Furnaces (EAFs) rather than Blast Furnaces (BFs) are the 
primary methods of manufacturing steel. Steel is primarily 
manufactured using scraps as basic materials. The thickness of 
the slab produced by the furnaces could be used to classify 
them, i.e. the conventional slab manufactured by the BF 
process typically has a thickness of about 200 mm. In the EAF 
process, the scraps can make a medium slab, when the 
thickness is ca. 80 to 100 mm or a thin slab when the thickness 
is ca. 50 mm [1, 2]. Metallic iron is the majority constituent of 
the slab produced via the EAF process. Si, Cu, and Sn as 
contaminants in scraps are challenging to oxidize and remove 
through the steelmaking process. Furthermore, Si may be 
present in steel within a range of 0.03 to 0.25 wt.% as a 
deoxidizer element during the steelmaking process, while the 

acceptable range for copper content is between 0.12 and 0.20 
wt.% [1]. Oxide scale always accumulates on the hot-rolled 
steel surface during the rolling process [3-5]. Hematite (Fe2O3), 
magnetite (Fe3O4), and wustite (FeO) are the major layers 
found in the oxide scales that form on the steel surface [3-8]. 
The morphologies of the oxide scales differ according to the 
alloying elements [9-14] and oxidizing atmosphere [15-19]. 
Stainless steel or alloy steel models have been used in many 
studies, but there are a limited number of studies regarding hot-
rolled steel [20-25]. There are some studies on the effect of 
silicon alloys on oxide formation [26-30]. Some research has 
been conducted on the effects of the presence of water vapors 
on the oxidation behavior of low-carbon steel [31-33]. 
Studying the oxidation behavior of hot-rolled steel established 
from medium and thin slabs is the purpose of the current paper. 
In particular, Si plays an important role in alloying and 
oxidation behavior.  
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II. MATERIALS AND METHODS 

Hot-rolled low-carbon steel with silicon concentrations of 
0.173 and 0.242 wt.% is the focus of this study. The specimen 
is cut from steel strips made from slabs that were produced 
using the electric arc furnace process, manufactured by the G 
Steel Public Company Limited. The specimen contained a 
higher Si content steel established from a medium slab with a 
final thickness of 2.2 mm after hot rolling and a lower Si 
content steel established from a thin slab with a final thickness 
of 2.4 mm after hot rolling. These steels had comparable 
finishing and coiling temperatures of 880 °C and 580 °C, 
respectively. Table I lists the chemical compositions of the 
studied steels.  

TABLE I.  CHEMICAL COMPOSITIONS (WT.%) OF THE 
STUDIED HOT-ROLLED STEELS 

Steel established 

from 
C Si Cu Mn P S Fe 

Medium slab 0.067 0.242 0.199 0.387 0.007 0.008 Bal. 

Thin slab 0.057 0.173 0.195 0.376 0.020 0.005 Bal. 

 

SEM (Quanta 450) observations of the scale morphology 
and cross-section were conducted to study the oxide scales. 
EDS (X-Max) is an energy-dispersive X-ray spectroscopy 
technique that uses element analysis. Using the XRD D8 
Advance technique, the Cu Kα line (0.15406 nm) with 0.02 
degrees/step step size and 0.5 s/step step time is used to 
identify the phases that occur following the oxidation. The 
prepared hot-rolled steel has dimensions of 10 mm width, 10 
mm length, and 2 mm thickness. Before being exposed to 
oxidation in the horizontal furnace, the sample was polished to 
eliminate the oxide scale as received from the hot rolling 
process. The oxide scale on the sample was grounded to a 1200 
grid using SiC papers. Afterward, it was given a final cleaning 
with alcohol in an ultrasonic machine, dried in air, and then 
taken instantly to the furnace. The oxidation atmosphere within 
the furnace consisted of 20% water vapor and 80% nitrogen, 
for 30, 60, and 90 min at a flow rate of 1.2 L/min at 
temperatures between 600 and 900°C. In this atmosphere, the 
temperature control of the heating machine for the water-
containing vessel was set at 60°C with a 20°C/min of heating 
rate applied to the furnace. Once the furnace reached the 
desired temperature, the sample and water vapor were 
delivered into it. After the variable time oxidation, nitrogen was 
fed into the furnace until it has cooled to room temperature. 
Finally, mass gain was measured by an electronic microbalance. 

III. RESULTS AND DISCUSSION 

The steel which mainly contained iron was oxidized to form 
three oxide scales, Fe2O3, Fe3O4, and FeO. Initially, the 
oxidation rate was controlled by the oxygen diffusion to the 
surface reaction. The process rate in this instance remained 
constant. Through this process, a non-protective porous scale 
could be formed. The oxidation kinetics corresponds to the 
linear law: 

     (1) 

where ∆m is the mass gain (g), A is the surface area (cm2), kl is 
the linear rate constant (g.cm-2.s-1), and t as the oxidation time 
(s).  

Finally, the diffusion of iron through the scale controls the 
oxidation rate. Normally, the steel surface produces a 
protective non-porous scale. The oxidation rate followed the 
parabolic law: 

    (2) 

where ∆m is the mass gain (g), A is the surface area (cm
2
), kp is 

the parabolic rate constant (g.cm
-2

.s
-1

), and t is the oxidation 
time (s). 

The process of metal oxidation involved an inward 
diffusion of electrons through the scale layer, which was 
accompanied by the transfer of iron cations from the metal 
toward the oxide-gas interface. Figure 1 shows an illustrated 
cross-sectional view of a forming oxide scale. 

 

 
Fig. 1.  Ion and electron transport on a growing oxide scale. 

XRD was applied to the hot-rolled steel. Peaks of hematite 
and magnetite were clearly detected, as shown in Figure 2. The 
morphology of the oxide scale on both specimens under 
simulated oxidation is shown in Figure 3. An oxide layer was 
formed when steel was oxidized in 20%H2O-N2 at 900°C for 
90 min. The interfacial layer exhibits Fe, O, and C peaks as 
well as a Si peak when using Energy Dispersive Spectroscopy 
(EDS). The scale on steel established from a medium slab was 
thinner than that established from a thin slab, possibly due to 
the higher oxide containing Si or fayalite, present at the scale-
steel interface which revealed a decreased scaling rate of the 
former steel. 

The oxygen generated from water vapor dissociation 
oxidizes the iron. The oxidation of iron and oxygen should be 
followed in the high oxygen activity condition. The classic 
three-layered oxide scale should follow this route: 

��� → �� � 1/2��    (3) 

	
 → 	
��� → 	
��� → 	
���  (4) 

From thermodynamic calculations, the dissociation of 20% 
water vapor was finally accomplished. The partial pressure of 
the oxygen in the reactor was much higher than its partial 
pressure in equilibrium when forming the oxides. In the gas 
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phase, the partial pressure of oxygen was 1.90 × 10-5 atm at  
900 °C, which was sufficiently higher than the oxygen partial 
pressure in equilibrium with wustite/magnetite/hematite 
formations, which was 2.51 × 10

-17
 atm, 1.80 × 10

-15
 atm, and 

1.10 × 10-8 atm respectively. It can be confirmed that the iron 
oxides detected in this work can be thermodynamically formed 
under the studied conditions. Hydrogen atoms in the form of 
hydrogen gas (H2) can be dissolved in the oxide. In a static 
mode, the hydrogen dissolved in the oxide was formed by 
assuming that the partial pressures of the gases in the reactor 
were constant. The thermodynamic information of the 
oxidation reaction was calculated using the data compiled from 
[34, 35] and the result is shown in Table II. 

TABLE II.  THERMODYNAMIC INFORMATION ON 
OXIDATION REACTIONS 

Reaction G900°C (J) ����/���  ���  (atm) 

H2O → H2 + 1/2O2 181,720 523,560 1.90 × 10
-5

 

2Fe3O4 + H2O → 3Fe2O3 + H2 92,394 13,018 1.10 × 10-8 

3FeO + H2O → Fe3O4 + H2 16,202 5.26 1.80 × 10-15 

H2O + Fe → FeO + H2 -4,505 0.62 2.51 × 10-17 

 

 

 
Fig. 2.  XRD patterns on oxidized hot-rolled steel established from: 

(a) medium slab, (b) thin slab. 

Figure 4 shows the mass gain after being exposed to water 
vapor at 600-900 °C for 30, 60, and 90 min. The oxidation 
behavior of the tested steels was discovered to follow a linear-
parabolic rate law. The oxidation of steel is a function of 
temperature. From the obtained experimental results, the steel 
established from a medium slab exhibited significantly less 

oxidation than the steel established from a thin slab. 
Furthermore, the studied steels during the initial stage seemed 
to be identical except for the steel made from a thin slab 
oxidized at 900 °C. It seems that the steel will undergo three 
stages of oxidation. The initial stage of oxidation followed a 
linear law which shows that surface reactions predominate in 
the early stages of oxidation. The oxidation rates in the second 
stage correspond to the parabolic law. This duration might be 
related to the formation of the protective SiO2 layer. The 
oxidation rates in the third stage, which exhibit a higher 
parabolic rate constant, also follow a parabolic law. It is 
believed that during this time, the protective SiO2 layer 
changed into a less protective layer composed of wustite and 
fayalite. However, the mass gain of steel oxidized at 600 °C for 
40 or 60 min tends to decrease compared to other conditions. It 
might then be noted that the mass gain of steel was typically 
much lower and the oxidation rate decreased due to the gradual 
loss of contact between the oxide scale and the substrate at 
600 °C. The duration in which the oxidation behavior was 
linear in steel established from a medium slab increased by 
adding more Si to the steel. This indicates that the primary 
diffusing defect was the hydroxyl ion. The growth rate of the p-
type external oxide was slowed by increasing the Si content. As 
a result, the diffusion rate of the hydroxyl ions along the grain 
boundaries was faster than the rate of the surface reaction for a 
longer period of time. During the parabolic oxidation, the 
oxidation rate of the steel established from a medium slab was 
higher than that of the steel established from a thin slab. The 
oxidation rate for forming the internal subscale increases when 
the silicon content of the steel increases. The main cause of this 
was the increased fayalite production given by the higher Si 
content. Moreover, the higher Si content in the steel may make 
it simpler for hydroxyl ions to diffuse along the grain 
boundaries.  

 

 
Fig. 3.  SEM cross sections and EDS patterns focusing on the scale-steel 

interface of steel established from medium slab (left) and from thin slab (right) 
oxidized in 20%H2O-80%N2. 

The parabolic rate constants (kp) can be used to compare the 
oxidation rates of the two studied steels. The energy needed to 
initiate a chemical reaction can be described by the Arrhenius 
plot with regard to activation energy. Using information from 
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Table III, the Arrhenius plot depicting a correlation between 
the parabolic rate constant and temperature is presented in 
Figure 5. The oxidation rate of steel established from medium 
slabs was found to be lower than that of steel established from 
thin slabs. The parabolic rate constant is shown in (5) for steel 
established from a medium slab and (6) for steel established 
from a thin slab. Information obtained from Figure 5 is listed in 
Table IV. 

TABLE III.  PARABOLIC RATE CONSTANTS OF TWO 
STUDIES HOT-ROLLED STEEL OXIDIZED IN 20%H2O-N2 

Temperature 

(°C) 

Parabolic rate constant kp (g
2
.cm

-4
.s

-1
) 

Steel made from medium 

slab 

Steel made from thin 

slab 

600 3.01 × 10
-8

 ± 5.09 × 10
-9

 2.44 × 10
-8

 ± 1.09 × 10-

9
 

700 3.69 × 10-8
 ± 3.09 × 10-9 1.16 × 10-7

 ± 1.02 × 10-

8 

800 5.91 × 10
-8

 ± 2.09 × 10
-8

 4.16 × 10-7
 ± 4.55 × 10-

8 

900 5.78 × 10
-7

 ± 3.09 × 10
-7

 6.83 × 10
-7

 ± 6.89 × 10-

8
 

 

 

 
Fig. 4.  Mass gain curves of steel established from: (a) a medium slab, 

(b) a thin slab, oxidized in water vapor at different temperatures.  

 
Fig. 5.  Arrhenius plot of the rate constant kp for the oxidation kinetics of 

hot-rolled steel established from medium and thin slabs.  

             (5) 

      

(6) 

where kp represents the parabolic rate constant (g
2
.cm

-4
.s

-1
), R 

represents the gas constant (8.314 J.mol-1.K-1), and T represents 
the temperature (K). The hot-rolled steel established from 
medium and thin slabs had apparent activation energies of 174 
and 224 kJ.mol

-1
, respectively.  

TABLE IV.  MEASURED PARAMETERS OF THE TWO 
STUDIED HOT-ROLLED STEELS FROM ARRHENIUS PLOT 

Parameters 
Steel made from 

medium slab 

Steel made from 

thin slab 

Slope (m) -0.91 -1.17 

Proportional constant ko  

(g
2
.cm

-4
.s

-1
) 

-15.12 -14.00 

Apparent activation energies Ea 

(J.mol
-1

) 
174088 223827 

 

It was found from the results that when the silicon content 
increased in steel established from medium slabs, it tended to 
reduce the oxidation rate. The SEM-EDS revealed that the 
interfacial layer of steel established from a medium slab has an 
oxide with a higher Si content than the steel established from a 
thin slab. This was caused by a Si-enriched oxide that was 
present at the steel-scale interface and increased the steel 
passivity as the fayalite phase was produced. The production of 
external oxide was obstructed by the presence of the internal 
subscale formed by fayalite. The lower oxidation rate of 
external oxide formation was more prominent than the 
oxidation rate of internal oxide formation. The lower scale 
thickness and mass gain decreased as Si increased. Regarding 
the commercial application, if the hot-rolled steel was provided 
for further cold rolling, prior to the cold rolling process, the 
oxide scale is entirely eliminated. Hot-rolled steel established 
from a medium slab has a thinner oxide scale than the steel 
established from a thin slab, thus scale removal would be 
simple. However, scale adhesion must be further considered. 

IV. CONCLUSTION 

In this paper, hot-rolled steel with different Si contents 
established from medium and thin slabs was studied in paper. 
The oxidation behavior of steel was the main focus of this 
research. The steel was oxidized in a horizontal furnace with a 
20% H2O-N2 atmosphere at a temperature of 600-900 °C for 30, 
60, and 90 min. The result showed that the oxidation rate of the 
studied steel obeyed the linear and parabolic law. Oxide 
compounds primarily involve oxygen from water vapor. 
Hematite and magnetite can be produced from water vapor 
under the oxidation condition that was released into the 
atmosphere under the ����/��� ratio. The overall oxidation rate 
was slowed by alloying the steel with Si. This was due to the 
internal subscale as fayalite propensity to prevent iron from 
steel for diffusing outwardly and forming the external scale. 
The protective layer of Si-containing oxide at the steel-scale 
interface tends to be promoted by an increase in silicon content 
in steel established from medium slab. This layer was exhibited 

RT
p ek

174088

12.15




RT
p

ek

223827

00.14




(a) 

(b) 
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as a barricade of Fe ions to form oxide layers, which 
corresponded to a lower oxidation rate in the steel. 
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