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ABSTRACT

Purpose: This paper presents results of investigates the formation of scales in the 
temperature range from 1000°C to 1300°C in the oxidation atmosphere without deformation 
process.
Design/methodology/approach: Oxidized samples were examined by means of EDX 
Analysis using SEM.
Findings: It was found that the oxidation temperature influences the occurrence of the 
Si-rich phase (Fayalite). Fayalite formed only in the samples oxidized at 1300°C and 1250°C. 
Oxidation temperatures of 1000°C led to formation of scale enriched with chromium, silicon 
and nickel in the metal/oxide interface without formation of a new phase.
Research limitations/implications: In this study the oxidation behavior in a rotary 
hearth furnace, which has low oxygen content, is investigated. Furthermore, the formation 
of scale in high oxygen content (dry air) was explored.
Originality/value: The descaling process during the hot rolling of steel alloyed with Si 
is difficult due to pockmark type surface. Therefore the surfaces quality of the hot rolled 
products depends on the formation and removal of scales during the production process.
Keywords: High temperature oxidation; Low-alloy steel; Fayalite
Reference to this paper should be given in the following way: 
W. Engel, J. Balun, Investigation of high temperature oxidation of low-alloy steel, Archives 
of Materials Science and Engineering 69/1 (2014) 19-24.

PROPERTIES

 
1. Introduction 
 

Before hot rolling of steel, slabs are heated up to 
approximately 1300°C for 2-3 h. During this time a scale of 
about 2 mm thickness will form [2], which is typically 
removed before the first roll pass. It is well known, that 
during the hot rolling of steel alloyed with Si the descaling 
process is difficult due to pockmark type surface [4]. 
Therefore the surfaces quality of the hot rolled products 

depends on the formation and removal of scales during the 
production process. Thus, the understanding of oxidation 
behavior is very important. There has been remarkable 
work on the influence of chemical elements on formation 
of scale [1,8,9,11] and scale adhesion [1,10] but just a few 
investigated the oxidation behavior of steel in an 
atmosphere with low oxygen content, like it is in most of 
the commercial heating operations before hot rolling. 

In this study the oxidation behavior in a rotary hearth 
furnace, which has low oxygen content, is investigated. 

1.  Introduction
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Furthermore, the formation of scale in high oxygen content 
(dry air) was explored. 
 
 
2. Experimental procedure 
 

The investigated material was a low alloy steel with 
max. 0.25% C, max 0.5% Si, max 1% Cr and max 2% Mn. 
Samples of approximately 40x40 mm were cut out of the 
edges of the billet in order to minimize the segregation 
effect on the oxidation behavior of the material.  
The oxidation at 1250°C and 1300°C was performed in  
a methane combustion atmosphere (Fig. 1). 
 

 
 
Fig. 1. Time-Temperature-Diagram of oxidation in methane 
combustion atmosphere, a) stabilization phase, b) heating 
phase, c) holding phase and d) cooling phase 
 

Required atmosphere composition was obtained by 
mixing of the gases N2, O2, CO2, and a saturated water 
vapor stream, processed by a thermostatic water tank.  
The gas analysis was controlled by means of UV/VIS 
photometer. The samples were first heated up to 500°C and 
were hold for 2 hours to stabilize the combustion gas. After 
that, samples were heated up to the desired oxidation 
temperature and were held for 1000 s. After the oxidation 
samples were cooled in furnace. To avoid any further 
oxidation the combustion gas was replaced by nitrogen. 

For investigating the oxidation process during the hot 
rolling, the samples were oxidized at 1300°C and 1000°C 
for 100 s in dry air. For this purpose, the samples were 
heated up to the desired oxidation temperature in a nitrogen 
atmosphere. Then the door of the furnace was opened and 
the nitrogen flow turned off. After 100 s the samples were 
quenched in water (Fig. 2).  

 
 

Fig. 2. Time-Temperature-Diagram of oxidation in dry air 
 

To prepare the scale/steel interface, the samples were 
embedded in a resin and were grinded with SiC paper to a 
1000 grit surface finish. In the final stage the samples were 
polished with 1 µm diamond suspension. The scale/steel 
interface was investigated with a scanning electron 
microscope. 
 
 

3. Results and discussion 
 
3.1. Oxidation in methane combustion 
atmosphere 
 

The scale formed at 1250°C and 1300°C after 1000 s in 
methane combustion atmosphere is shown in Figure 3. The 
thickness of scale which formed at 1300°C (770 µm) is 
round about 200 µm larger than the scale formed at 
1250°C. Gravimetric measurements confirm this effect 
(Fig. 4), where the increase in mass is shown over time. 
Furthermore, both samples exhibit a porous inner scale and 
a dense outer scale. Basabe and Szpunar [3] observed in 
their work the same kind of scale. They also reported that 
the growth stress develops in the scale due to the volume 
difference between the scale and the parent material. This 
stress is responsible for forming a porous scale. 

The EDX mapping of the scale/metal interface for both 
samples is shown in Figure 5. Here are no obvious changes 
noticeable. The difference of 50°C in oxidation temperature 
has no influence on the quality of the scale at the interface. 
In both cases a new phase, Fayalite, has formed. This phase 
is enriched with silicon and has sharp boundaries.  
In general, Fayalite is formed by the reduction of wüstite 
[5]: 

2.  Experimental procedure

3.  Results and discussion

3.1.  Oxidation in methane combustion 
atmosphere
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a)  b) 

 
 

Fig. 3. Cross-section of scale formed at a) 1250°C and b) 1300°C after 1000 s in methane combustion atmosphere 
 
 
 𝑆𝑖 + 2𝐹𝑒𝑂  ↔ 𝑆𝑖𝑂 + 2𝐹𝑒 (1) 

 𝑆𝑖𝑂 + 2𝐹𝑒𝑂  ↔ 𝐹𝑒 𝑆𝑖𝑂  (2) 
 
 

 
 
Fig. 4. Increase in mass over time for oxidation at 1250°C 
and 1300°C for 1000 s in methane combustion atmosphere 

 
 
In the first step silicon reacts with FeO to form the 

mixed oxide SiO2, which reacts in the course with FeO  
to Fe2SiO4 (fayalite). The formation of fayalite takes place 
at the metal/scale interface. Below 1170°C the iron-silicate 
inhibits the diffusion of the metal cations and thus slows 

down the oxidation process. Above 1170°C there is a local 
increase in diffusion rate, since the fayalite gets the liquid 
form, so that the elements are more ionized at the grain 
boundaries. The metal cations can diffuse through the 
molten phase relatively quickly, resulting in a stronger 
ramification of scale, which in turn contributes to a 
worsening of the descaling process and will lead to a pock-
mark defect [4-6,8,9]. 
 
 
 
3.2. Oxidation in methane combustion 
atmosphere 

 
Figure 6 shows the cross-sections of samples that 

oxidized at 1000°C and 1300°C for 100 s in dry air.  
The scale thickness wasn’t measured here because of the 
quenching process after oxidation. Cooling stresses can 
lead to scale separation [2]. After oxidation at 1000°C  
a dense scale with a seam of mixed oxide like SiO2 and 
blurred boundaries (Fig. 7a) is formed. These areas will 
slow down the oxidation, because the exchange of matter  
is inhibited [7]. Furthermore, the EDX mapping of the 
scale/metal interface of sample that oxidized at 1300°C  
in dry air (Fig. 7b) shows an identical distribution of 
chemical elements like samples that oxidized at 1250°C 
and 1300°C in methane combustion atmosphere. 

3.2.  Oxidation in methane combustion 
atmosphere
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Fig. 5. EDX Mapping of scale/metal interface of scale formed at a) 1250°C and b) 1300°C after 1000 s in methane 
combustion atmosphere 
 
 
 
a)  b) 

 
 

Fig. 6. Cross-section of scale formed at a) 1000°C and b) 1300°C after 100 s in dry air 
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Fig. 7. Mapping of scale/metal interface of scale formed at a) 1000°C and b) 1300°C after 100 s in dry air 
 
 

4. Conclusion 
 

In this study the high temperature oxidation of a low 
alloy steel was investigated. For this purpose samples were 
oxidized at 1250°C and 1300°C for 1000 s in methane 
combustion atmosphere to simulate the oxidation process 
in a rotary hearth furnace. It is seen that a reduction of the 
oxidation temperature of 50°C will not influence the 
chemical distribution in the scale/metal interface, but it will 
influence the increase in mass and thus the thickness of the 
scale. At these oxidation temperatures a new phase 
(fayalite) was formed.  

For simulating the formation of scale which formed in 
the hot rolling process, samples were oxidized at 1000°C 
and 1300°C for 100 s in dry air. After oxidation at 1000°C 
a seam of mixed oxides like SiO2 was formed in the 
scale/metal interface which will slow down the oxidation 
process. The oxidation at 1300°C showed parts of fayalite 
in the scale/metal interface. 

The quality of the scale in the final product can thus 
give some hints about the scale formation temperature. 
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