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Abstract

Reheating of steel slabs for further processing such as hot rolling usually takes place in gas-fired pusher furnaces. Temperatures 
well above 1000°C, combined with an atmosphere containing H2O, CO2, and O2, lead to substantial oxidation of most steel grades. 
Newly developed advanced steels often contain significant amounts of Si. This element plays a dominant role in the scaling 
behaviour near the steel-scale-interface, since fayalite (Fe2SiO4) forms a eutectic with wuestite (Fe1–xO) that melts as low as 1177°C. 
To better understand the high temperature oxidation behaviour, lab-scale trials were performed with different steel grades con-
taining up to 3 wt.% Si. Possible interactions of Si with other alloying elements present in the samples such as Cr, Mn and Al were 
also of interest. The atmosphere contained 20% H2O, 7% CO2, and 3% O2, resembling reheating conditions in pusher furnaces, 
and temperatures ranged from 1100 to 1240°C. For metallographic investigation, the oxidised samples were cold mounted under 
vacuum using taper section angles. After preparation, the sections were examined through light microscopy, SEM/EDS, XRD, and 
TEM. The local distribution of the alloying elements could be mapped efficiently, and phase identification was successful in most 
parts. Under the applied experimental conditions, the elements of interest were present in their oxidic form either as pure or as 
mixed oxides. Higher Si-contents led to an increased build-up of eutectic melting phase at the steel-scale-interface at temperatures 
above 1177°C, which in turn further accelerated the oxidation.
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1. INTRODUCTION

Reheating of steel slabs for further processing such as hot 
rolling usually takes place in gas-fired pusher furnaces, 
where the prevailing conditions lead to substantial oxidation 
of most steel grades. Newly developed advanced steel grades 
often contain significant amounts of Si. It is an inexpensive 
solid solution hardener [1] and highly effective in improving 
the magnetic properties by reducing electric conductivity 
and thus decreasing eddy current losses [2]. Silicon affects 
the scaling behaviour, since fayalite (Fe2SiO4) forms a eutectic 
with wuestite (Fe1–xO) that melts as low as 1177°C [3], which 
will strongly enhance scaling. This happens due to accelerat-
ed transport mechanisms like an increased diffusion rate in 
the liquid phase. Mouayd et al. found that an increase in the 
Si content of a steel inhibits the scale growth at temperatures 

below 1177°C and accelerates it at higher temperatures [4]. 
When other alloying elements like Mn, Cr, and Al are present, 
they will still form mostly simple and uncomplex alloy ele-
ment oxides with a layered arrangement at grain boundaries 
and intragranularly [5].

To better understand the high temperature oxidation 
behaviour, lab-scale trials were performed with different 
steel grades containing up to 3.2 wt.% Si. Possible interac-
tions of Si with other alloying elements present in the steels 
such as Cr, Mn and Al were also of interest. 

2. MATERIALS AND METHODS

Six steel grades with varying Si-content were used for the ex-
periments. Their composition is shown in Table 1, where the 
main alloying elements are listed.
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Figure 1 describes the sample preparation procedure. Sam- 
ples were cut to a size of about 10 × 10 × 5 mm. Grinding of 
the surfaces was performed, with ultrasonic cleaning steps 
in isopropanol after each grit change, to a final grit of P2000. 
The processing atmosphere contained 20% H2O, 7% CO2, and 
3% O2, balance N2, and temperatures ranged from 1100 to 
1240°C. These conditions were chosen to mimic the reheat-
ing process in a pusher furnace. A horizontal tube furnace was 
used for the lab-scale experiments. The linear gas flow was 
set to correspond to a value of 0.6 m∙s−1 at 1100°C. This should 
have provided enough oxidising agent to prevent limitations 
of the reaction rate caused by insufficient gas flow. If this 
parameter is ignored, it will result in misleading findings [6].  

Heating rate was set to 10 K∙min−1 and the switch from an 
initial inert Ar atmosphere to the oxidising atmosphere hap-
pened at 400°C. 

The isothermal dwell time at Tmax ranged from 0 to 60 min. 
Cooling took place under Ar and with a rate of 10 K∙min−1.
Below 700°C, cooling became increasingly non-linear and the 
total cooling time was observed to be about 7 h during the 
experiments. For metallographic investigation, the oxidised 
samples were cold mounted under vacuum using taper sec-
tion angles to enhance depth resolution [7]. After prepara-
tion, the sections were examined through light microscopy, 
SEM/EDS, XRD, and TEM.

3. RESULTS AND DISCUSSION

3.1. Si-Influence on scaling behaviour

The scaling behaviour changed substantially when the  
Si-content in the steel samples increased, which is also visible 
in Figure 2. Massive Si enrichment near the steel-scale inter-
face led to the build-up of fayalite-wuestite eutectic. Mn was 
also present because of the complete miscibility of wuestite  
and MnO. 

As soon as the temperature of the specimen surpassed 
the eutectic point of 1177°C, the oxidation rate increased. 

Fig. 2. 10° taper sections of samples oxidised at 1200°C for 15 min with varying Si-content; steel-scale-interface with the steel side located at 
the bottom of the pictures; 1.9Si and 3.2Si samples had a smaller grain size prior to oxidation: 1) steel substrate; 2) area affected by internal 
oxidation; 3) interface, streaked by fayalite-wuestite eutectic; 4) scale, mainly composed of wuestite and magnetite 

Table 1	  
Steel grade composition with main alloying elements

Steel 
grade

Concentration, wt.%
   C    Si    Cr    Mn    Al

0.2Si    0.1    0.2    0.4    1.9  < 0.1

0.6Si    0.1    0.6    0.3    1.7  < 0.1

0.8Si    0.1    0.8    0.2    2.6  < 0.1

1.5Si    0.2    1.5  < 0.1    2.4  < 0.1

1.9Si  < 0.1    1.9  < 0.1    0.2  < 0.1

3.2Si  < 0.1    3.2  < 0.1    0.3    0.8

Fig. 1. Sample preparation procedure
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Temperature spikes appearing during in-situ temperature 
measurements at the surface of the samples confirmed this.  
The energy release was caused by the exothermic oxidation 
reactions taking place near the steel-scale-interface. When 
enough oxidizing medium is available and the reaction is 
not limited by the gas phase transport, small samples may 
experience massive overheating. Heat cannot dissipate quick-
ly enough, leading to a local temperature build-up signifi-
cantly higher than the surrounding heating chamber [8, 9].  
Temperature control during annealing of small samples in 
oxidative atmospheres should thus be conducted diligently.

The liquid phase infiltrated the grain boundaries of the 
external scale as well as the grain boundaries near the sur-
face of the steel substrate. Above the temperatures sufficient-
ly high for the eutectic to melt, the oxidation mechanism did 
not change any further up to the maximum investigated tem-
perature of 1240°C. 

XRD measurements performed directly at the surface 
of the polished taper sections confirmed the presence of 
wuestite and magnetite in the scale, as pictured in Figure 3. 
Fayalite was not detected via XRD, which could have been due 
to a too low concentration in the scale, a too small grain size 
or the absence of crystallinity. An amorphous contribution is 
actually visible between 10 and 30°. Most of the XRD peaks 
could be identified successfully. The confirmation of exis-
tence of fayalite was possible by registering the melting tem-
perature of the fayalite-wuestite eutectic at 1177°C through 
temperature measurements at the sample surface during  
oxidation.

3.2. Cr-Influence on scaling behaviour

Cr was enriched at the steel-scale interface, and after the ini-
tial detachment of the scale from the steel during oxidation 
it was located at the inner part of the external scale, clearly 
visible in Figure 4. Cr-rich oxides had formed a band held to-
gether by a Fe-Si-Mn-O binder phase. 

Si and Cr did not form mixed oxides but were located next to 
each other. There is one report in the literature which describes 
that Cr2SiO4 was synthesized, but only at 1600°C and a pres-
sure of 37 kbar [10]. The Cr-rich oxide band did not contribute 
to a better bonding of scale to steel, but seemed to have pro-
moted the opposite. No continuous Cr-oxide band formation 
was detected in steel grades containing less than 0.1 wt.% Cr.  

3.3. Mn- and Al-Influence on scaling behaviour

Mn exists in a variety of oxidation states and its oxides form 
solid solutions without miscibility gaps with major scale 
components like wuestite or fayalite. No specific influence on 
the scaling behaviour was detected that was attributable to 
the varying Mn content in the samples. Higher Si-enrichment 
correlated with higher Mn-enrichment (see Fig. 4). The 
strongest Mn-enrichment was measured in the grain bound-
aries near the reaction front, with concentrations exceeding 
10 wt.%. It is noteworthy that higher Mn concentrations will 
also increase the volume of the forming liquid phase at the 
steel-scale interface due to the excellent miscibility of the 
Mn- and Si-oxides present. 	

Al was alloyed in a concentration above 0.1 wt.% in the 3.2Si  
sample only (0.8 wt.%). Here it caused a reduction of the 
melting point to the ternary eutectic FeAl2O4 – Fe2SiO4 – Fe1–xO  
(Tm = 1148°C). Nevertheless, it was enriched at the reaction 
front of the other steel grades as well (see next section). Al 
can mix with Si in the oxide phase by forming silicates. 

3.4. The reaction front

Every steel grade except for 3.2Si underwent internal oxida-
tion. There is a limiting concentration of solute, in this case 
Si, in the alloy, above which the outward diffusion of the sol-
ute will be rapid enough to form a continuous blocking layer 
and stop the internal oxidation [11]. Atkinson calculated the 
critical Si-concentration that would result in the prevention 
of internal oxidation. For around 1000°C, 2.6 wt.% Si should 
be sufficient as a prevention measure [12].

Fig. 3. XRD patterns of samples oxidised at 1180°C for 15 min; 
wuestite and magnetite were clearly identified

Fig. 4. EDS-mapping of a 10° taper section of 0.6Si, oxidised at 1200°C for 15 min; steel-side is on the left, pronounced Cr-enrichment at the 
inner part of the external scale
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Oxidation at the reaction front started from the grain 
boundaries, consuming the grains from the outside inwards. 
From a thermodynamic perspective, Al should have oxidised 
first. Aluminium was present at the innermost tips of the oxi-
dised grain boundaries, which confirmed this assumption. 
With the help of TEM and by using EELS, MnO2 and SiO2 were 
identified at the grain boundaries. MnO2 was located next to 
the metallic substrate and SiO2 followed in the centre of the 
grain boundaries. The spherical inclusions in the grains con-
sisted of SiO2, shown in Figure 5. No Cr-rich phase was detect-
ed at the reaction front. 

4. CONCLUSION

The scaling behaviour of Si-containing steels is not only influ-
enced by Si but also by the other alloying elements such as Cr.  
Small amounts (below 0.5 wt.% Cr) lead to distinct band for-
mation that can influence the adherence of the scale to the 
substrate. Surpassing the melting point of the fayalite-wues-
tite eutectic at 1177°C leads to an accelerated oxidation of 
the steel, visible through a temperature spike at the sample 
surface, as the liquid phase promotes material transport. The 
energy release is caused by the exothermic oxidation reac-
tions taking place in the vicinity of the steel-scale-interface. 

0.2 wt.% Si are enough for the eutectic to occur. In the 
presence of 0.8 wt.% aluminium, the ternary eutectic her-
cynite-fayalite-wuestite shows an even lower melting point 
of 1148°C. Due to their ability to form silicates, Si and Mn can 
interact with each other, which makes them appear at the 
same locations in the scale. Si and Cr, however, do not form 
mixed oxides or compounds.
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Fig. 5. TEM-images from the interface region of 1.5Si: a) oxidised grain boundary; b) overview over the FIB-lamella with oxidised grain boundary 
and spherical SiO2-inclusions; c) SiO2-inclusion 
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