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Highlights
e Lower oxidation kinetics was observed with the application of the ceramic protective coating on steel
sheets.

e The ceramic coatings decreased the atomic defects of the oxide layer, so higher resistance to oxidation
was achieved.

e  The ceramic coating on the slab significantly decreased thickness and adhesion to the substrate of the
oxide layer.
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Abstract

In steel production plants, such as those manufacturing sheets, pipes, and round bars, raw materials are annealed
in preheating furnaces at approximately 1200 °C before undergoing hot deformation. Substantial oxidation and
loss of raw steel materials occur in preheating furnaces, resulting in significant economic losses. A potential
solution to reduce losses in this scenario is the application of protective ceramic coatings. This research
investigates the effect of a ceramic coating based on Al2O3—SiO2 on the oxidation behavior of steel sheets. The
industrial-scale impact of the coating on the oxidation of steel slabs is also examined. The coating was applied
using a spray method with slurry ceramic materials dispersed through a compressed air flow. Thickness
measurement tests, scanning electron microscopy, and energy dispersive X-ray spectroscopy (EDS) analysis
were conducted to evaluate the kinetics, microstructure, and oxidation behavior of the coatings. The findings
indicated that the oxidation kinetics for uncoated steel sheets followed a parabolic trend, while the kinetics for
ceramic-coated samples exhibited a slower logarithmic behavior. The application of the coating resulted in a
reduction of the oxide layer thickness by less than 30% compared to the uncoated samples, attributed to a lower
diffusion coefficient in the coated samples. Applying the ceramic coating on ST52 slabs in industrial tests led
to a significant reduction in the oxide layer thickness and a more straightforward peel of the oxide layers. This
showed that using such ceramic coating for materials in preheating furnaces could effectively reduce oxidation
losses and enhance the mechanical quality of final products.
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1. Introduction

Various steel alloys find extensive applications today in the fabrication of equipment and engineering
components across different industries such as agriculture, construction, automotive, and oil, gas, and
petrochemicals (Li, 2015). Due to the significant growth in these industries, there has been a notable
increase in the production of steel products in recent years (Ma, 2012). Many steel products, including
sheets, rods, and pipes, are produced by the hot deformation of steel sections such as slabs, blooms, and
billets (Orcago, 2020). Before the hot deformation process, steel materials undergo annealing in
preheating furnaces at approximately 1200 °C to achieve microstructural homogeneity and reduce the
plastic deformation force (Orcago, 2016). Studies have shown that approximately 1.5% to 3.0% of the
steel material entering the preheating furnaces is lost due to oxidation (Basabe, 2004).

Sometimes, due to specific production challenges, increasing the holding time of raw steel materials in
preheating furnaces can lead to increasing oxidation levels up to 5% of the product’s weight (Basabe,
2004; Basabe, 2005). Considering the weight of steel products manufactured annually, the economic
loss resulting from the oxidation of raw materials is considerable. Therefore, reducing the oxidation of
steel raw materials in preheating furnaces can result in significant financial savings. To diminish the
oxidation of input raw materials, controlling parameters of preheating furnaces, such as temperature
and gas-to-air ratio, is highly effective, and adjusting them under optimal conditions reduces oxidation
losses (Chen, 2005). Nevertheless, a considerable number of raw materials still oxidize due to the
presence of oxygen in the preheating furnace atmosphere (Chaudhari, 2022). Hence, it is necessary to
reduce or eliminate oxidation. One potential approach to achieving this goal is using thermal barrier
and oxidation-resistant ceramic coatings (Budke, 1999; Harison, 1948). Nowadays, various ceramic
coatings based on Al,O3, SiO», TiO,, and MgO are employed in different applications to reduce the
oxidation of high-temperature components (Yo, 2023; Wo, 2020; Park, 2023; Singh, 2023).

These coatings create a physical and thermal barrier, preventing corrosive materials from reaching the
surface and reducing the surface temperature of components (Cho, 2012; Chen, 2022). In the steel
production industry, efforts have also been made to prevent the oxidation of equipment and products at
high temperatures. In one study, a ceramic coating was employed to avoid the chemical reaction of the
tundish with molten slag, effectively reducing its oxidation (Guo, 2022). In preheating furnaces,
conditions for corrosion and oxidation of components are severer than in tundishes due to the higher
presence of oxygen, necessitating more resistant coatings (Chen, 2014). Recently, coatings with high
oxidation resistance for input raw materials in preheating furnaces have been introduced (Yo, 2023). In
one instance, the use of MgO-based coatings led to a 60% reduction in the oxidation of steel products
(Emuref, 2023). However, research on the effect of these coatings on the kinetics of oxidation is limited,
and further investigation in this context is needed. Additionally, enhancing the efficiency of such
coatings to reduce oxidation rates further has been a primary goal of recent research in this field.

The present research aims to apply a protective ceramic coating based on Al,O3—SiO2 on ST52 steel
and investigate its influence on the oxidation kinetics of steel products in preheating furnaces. This
study also examines the effect of the coating on reducing oxidation of slabs in industrial preheating
furnaces.
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2. Experimental procedures

The composition of the ceramic coating in this study was based on Al,O3—SiO; oxides. Additionally, a
certain amount of mineral additive was introduced as a binder to adhere to oxide particles before the
heat treatment. The ceramic coating materials were suspended in water and then applied to the surfaces
of the laboratory specimens using a spray gun and compressed air at a pressure of 7 bar.

In the laboratory phase, a 1 mm thick ceramic coating was applied to steel sheets made of ST52 steel,
with the dimensions 4 x 5 x 1 cm’. Several samples with and without ceramic coating were placed
inside the heat treatment furnace to investigate the oxidation kinetics. They were removed from the
furnace at intervals of 30 min, 1, 2, 3, 4, 5, and 6 h, and the thickness of the oxide layer was measured.
The thickness measurements were conducted using microscopic images for mounted samples. In
addition, the weight gains of samples due to oxidation were measured to investigate the oxidation
kinetics by a scale with an accuracy of 0.0001 g. The preheating furnace temperature was set at 1200
°C. A scanning electron microscope and energy-dispersive X-ray spectroscopy (EDS) elemental
analysis were employed to investigate microstructure and phase analyses.

In the industrial phase, the oxidation behavior of the coating was further examined for a slab in actual
preheating furnace conditions. A 1 mm thick ceramic slurry coating was applied to half of the slab
surface made of ST52 steel, with the dimensions 245 x 1250 x 3500 mm?>. The remaining half of the
slab surface was left without coating to compare its oxide layer with the coated section under identical
conditions.

3. Results and discussion

Figures la and 1b depict the plots of weight gain due to oxidation versus treatment time in the furnace
for steel samples without coating and steel samples with a ceramic protective coating, respectively.
According to Figure 1a, it is evident that the oxidation kinetics of the oxide layer on the uncoated steel
sample follows a parabolic behavior. In this case, observing parabolic behavior indicates a diffusion-
limited process in the higher thickness ranges. Initially, the growth rate of the oxide layer is high, and
as the holding time in the preheating furnace increases, the rate of thickness growth continuously
decreases.

In Figure 1b, the oxidation kinetics of the steel sample with a ceramic coating exhibit a logarithmic
behavior. In this case, the oxidation rate is slightly higher initially. With an increase in the holding time
in the preheating furnace, the rate of thickness growth of the oxide layer significantly decreases,
approaching zero. This observed behavior indicates a lower diffusion rate in the oxide layer compared
to the uncoated sample. It is also evident that at all times, the thickness of the oxide layer is consistently
lower when using the ceramic protective coating than when the sample is uncoated. These findings
show the effectiveness of the ceramic protective coating in reducing oxidation kinetics and slowing the
growth of the oxide layer on steel surfaces during preheating furnace processes. The logarithmic kinetics
observed for the coated sample indicates enhanced resistance to oxidation, which can minimize material
losses due to oxidation.

Figure 2a displays the scanning electron microscopic images of the cross-sectional view of the oxide
layer formed on the uncoated steel sheet. According to the cross-sectional surface image, the average
thickness of the oxide layer is approximately 2.1 mm. Examining the magnetic behavior of this oxide
layer reveals iron absorption by a permanent magnet. This observation indicates the presence of the
Fe;04 magnetic phase in this oxide layer. It is evident in Figure 2a that the oxide layer is composed of
two distinct layers. In Figure 2b, a higher magnification scanning electron microscopic image is
presented at the joint region of the two layers for a more detailed examination. The lower part of the
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oxide layer is porous, with numerous fine and coarse pits in the joint region and nearby areas. The origin
of large holes is related to the presence of atomic vacancies in the oxide network, which collapse into
each other to create large holes.
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Figure 1

The plots of the weight gains of the oxide layer versus treatment time in the furnace for the steel sheets a) without
ceramic coating and b) with protective ceramic coating.

Figure 2¢ provides a higher magnification electron micrograph image of the upper part of the oxide
layer of this sample. It is apparent that the upper part of the oxide layer has a higher density and shows
no evidence of fine or coarse pits. Observing such a structure agrees with the results of previous studies
(Zvetkoft, 2004). Investigations indicate the initial formation of a thin, compact oxide layer on the
surface. For the growth of the oxide layer, the diffusion of metal cations and oxygen anions is essential
throughout the compact oxide layer.

The oxide layer grows through the accumulation of metal cations and oxygen anions. To facilitate the
diffusion of oxygen ions from the surface into the oxide layer, the creation of atomic vacancies in the
oxide layer—metal substrate interface and their movement toward the surface of the oxide layer is
necessary (Yo, 2023). Initially, due to the thinness of the oxide layer, the diffusion rate of cations and
anions is high, leading to a rapid increase in the thickness of the oxide layer. This is consistent with the
observed high kinetic growth of the oxide layer in the early times of preheating treatment in Figure 1a.
As the initial oxide layer thickens, before atomic vacancies reach the surface and are utilized for oxygen
anion diffusion, they merge along the path and transform into fine pits. Also, the coalescence of these
fine pits creates coarser pits. Subsequently, these pits act as barriers against ion diffusion, slowing the
growth rate of the layer. As the oxide layer continues to grow beyond this point, since the number of
atomic vacancies reaching the surface decreases, the compression of the layer is maintained. Therefore,
the upper oxide layer always remains compressed. The reduction in the slope of the thickness growth
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kinetics graph over time is attributed to disruptions in ion diffusion, creating voids in the lower layer
and the thickening of the upper compact layer. It should be noted that the kinetics of the growth of the
upper compact layer is much slower than the initial oxide layer growth.
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Figure 2

The scanning electron microscopic images of the oxide layer formed on the uncoated steel sheet: a) the cross-
sectional view at 500x magnification, b) in a region near the interface of oxide layers at 100x magnification, c) at
the upper interface of oxide layers at 100x magnification, and d) perpendicular to the surface view at 500x
magnification.

Figure 2d illustrates scanning electron microscopy images of the cross-sectional view of the oxide layer
formed on the steel sheet without ceramic coating perpendicular to the sample surface. The grains have
grown in a needle-like fashion perpendicular to the surface. This may be attributed to the growth of
grains in the direction of cation and anion migration. As previously mentioned, cations move from the
metal toward the coating surface, and anions move from the coating surface toward the metal, resulting
in the growth of the oxide layer where they meet. The color of this coating was dark. In the cross section
of this oxide layer, voids were observed, consistent with the microscopic images. This layer exhibited
high adhesion to the substrate and did not easily separate from its surface.

Figures 3a and 3b depict scanning electron microscopic images of the cross-sectional view of the oxide
layer formed on the steel sheet with ceramic coating at two different magnifications. It is evident that
in some sections of this coating cross section, the oxide layer is entirely compact, and there are no signs
of fine or coarse pits. In some areas, huge pores have formed with a limited number (Figure 3a). It is
well observed that these pores are fully encapsulated in an oxide layer, and no sign of fracture or crack
is visible. The average thickness of the oxide layer in areas without pores was approximately 700 pum,
about one-third of the oxide thickness in the sample without ceramic coating. The low thickness of the
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oxide layer and the observation of slower kinetics for this sample indicate lower permeability of its
oxide layer compared to the sample without ceramic protective coating.

Figure 3c illustrates a high-magnification image of the oxide layer on the sample with a protective
coating. There is no evidence of fine pits similar to those observed in the oxide layer of the sample
without coating. This indicates that the mechanism of oxide layer growth in this sample is entirely
different. Moreover, the single-layer nature of the oxide layer, unlike the sample without coating, is in
complete agreement with this observation. The observed oxide layer on the surface of this sample is the
same as the initial ceramic protective coating, which has prevented iron oxidation and, as a result,
inhibited oxide layer growth.
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Figure 3

The scanning electron microscopic images of the oxide layer formed on the ceramic-coated steel sheet: a) the
cross-sectional view at 500x magnification, b) the region near pores of oxide layers at 1000x magnification, c) the
region without pores at 1000x magnification, and d) perpendicular to the surface view at 500x magnification.

Figure 3d shows the surface image of the oxide layer on the steel sheet sample with the protective
ceramic coating. It is evident that the surface grains are co-axial and do not resemble the needle-shaped
grains seen in the sample without the coating. The absence of elongated needle-shaped grains for the
sample with the ceramic coating may indicate a hindered directional diffusion for this sample since
rapid diffusion tends to elongate the grains. The diffusion of iron cations and oxygen anions in the
ceramic coating appears much slower than in the pure iron oxide layer. The reason for this could be
fewer atomic defects. Additionally, the presence of large, unbroken pores effectively slows the diffusion
of ions. Since the diffusion of ions for the growth of the oxide layer occurs through the atomic network
of the oxide layer, the presence of closed holes reduces the movement path of ions. The co-axial grains
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observed on the surface are the grains of the protective Al,O3—SiO; coating. The formation of these
grains is not related to the diffusion of iron cations and oxygen anions.

The encapsulated large pores in the oxide layer of the sample with the protective ceramic coating cannot
be due to the joining of atomic vacancy. Since there is no evidence of fine porosity at high
magnification, it seems that the formation of these pores is related to the presence of water molecules
in the ceramic coating material as hydrated phases. Possibly, at high temperatures, water molecules
separated from the ceramic coating material created large and continuous voids within the coated layer.
The ceramic coating appears to have high cohesion and viscosity at high temperatures, effectively
retaining voids caused by releasing water molecules. The dense atomic structure and the presence of
large pores as the physical barrier can be the main reasons for observing slower kinetics for this sample
compared to the sample without the protective ceramic coating.

Figure 4a shows the backscattered electron microscopic image of the oxide layer in the sample covered
with ceramic coating. Various phases are present within this coating. Different stages have led to the
disappearance of columnar grains and the formation of co-axial grains. The EDS analysis showed
multiple phases based on aluminum, silicon, and iron with a high presence of oxygen. Likely, the nature
of this layer is a mixture of Fe;Os, AlLOs, and SiO, phases. The presence of these phases in coatings
reduces the diffusion coefficient of metal cations and oxygen anions, resulting in a slower kinetics of
oxide layer growth.
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Figure 4

a) The backscattered scanning electron microscopic images of the oxide layer formed on the ceramic-coated steel
sheet and b) the EDS spectrum at point A

In addition, the EDS results demonstrate that only a portion of this oxide layer is iron oxide, while the
rest consists of the base ceramic coating materials: Al,O3 and SiO,. Therefore, it can be stated that the
oxidation of the sample with a ceramic protective coating is significantly lower than that measured by
the thickness of the oxide layer. This indicates that using a protective ceramic coating leads to a
substantial reduction in iron oxidation, making it highly effective for reducing the thickness of oxide
layers in preheating furnaces for steel production. In the continuation of this study, the effect of the
protective ceramic coating on the oxidation behavior of slabs in the preheating furnaces is investigated
for a more detailed examination. In this case, the duration of the thermal operation was 2 h, and the
treatment temperature was 1200 °C.

Figure 5a shows the surface image of a slab after exiting the preheating furnace and cooling to ambient
temperature. As mentioned earlier, half of this slab was coated to investigate the oxidation behavior of
the protective ceramic coating, while the other half remained without coating. It is evident that the oxide
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layer in the uncoated portion is dark-colored, well-adhered to the surface, and shows no signs of
cracking or detachment. In contrast, in the region covered with the ceramic protective coating, the color
of the surface oxide layer is slightly brighter. After cooling, the oxide layer has disintegrated in most
surface areas and detached from the surface. In this case, the lighter color of the oxide layer is due to
the presence of ceramic materials in the protective coating layer.
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Figure 5

a) The image of the slab after exiting the preheating furnace and cooling to ambient temperature, b) the bubble-
like morphology of the oxide layer at the coated region, c) the macroscopic cross-sectional images of the detached
oxide layer from the slab in the uncoated region, and d) the coated region

In Figure 5b, the bubble-like morphology of the oxide layer is visible. The observation of bubble-like
morphology agrees with the microscopic images of the oxide layer in this sample. As mentioned earlier,
the origin of these bubbles is likely the separation of water molecules from the coating materials at high
temperatures, which, due to the high adhesion and viscosity of the ceramic coating, are trapped in the
coating. The easier detachment of the oxide layer for the sample with a ceramic protective coating is
believed to improve the mechanical behavior of the final products. The investigation indicates that if
the oxide layer does not separate in some regions after the oxide removal stage due to its high adhesion,
it may enter the products in subsequent hot deformation stages, leading to cracks or voids and decreased
mechanical properties. Therefore, the nonstick and brittle nature of the oxide layer can enhance the
mechanical quality of the final products in this study despite the ceramic coating.

Figures 5c and 5d display the macroscopic images of the cross section of the detached oxide layer from
the surface of the slab for two conditions: without ceramic coating and with ceramic protective coating.
The thickness of the oxide layer is much less in the sample with a ceramic protective coating than in
the sample without coating. This is in good agreement with the laboratory test results, demonstrating



82 Iranian Journal of Oil & Gas Science and Technology, Vol. 12 (2023), No. 1

that the presence of the Al,O3—SiO; ceramic coating can lead to a reduction in oxidation. This can
minimize losses associated with the oxidation of raw input materials of the preheating furnaces in steel
production plants. This can effectively reduce the economic losses from oxidation and yield significant
financial benefits to steel production plants.

4. Conclusions

The following conclusions were drawn from the above findings:

e The kinetic behavior of the oxide layer on the steel sample without ceramic protective coating
exhibited a parabolic trend, while the sample with a protective coating displayed a logarithmic
behavior. This indicated slower oxidation kinetics in the presence of the ceramic protective
coating.

e The thickness of the oxide layer in the sample with a ceramic protective coating, based on
Al,O3-Si0,, was less than one-third of the thickness in the sample without coating. This was
attributed to fewer atomic defects in the oxide layer of the coated sample and permeation
barriers caused by the presence of large trapped bubbles in the protective ceramic coating.

e In industrial testing, it was observed that the oxide layer on the slab with a ceramic protective
coating had a significantly smaller thickness and less adhesion to the steel substrate compared
to the slab without coating. These could result in lower oxidation-related losses, enhanced
mechanical properties, and improved overall quality of the final product.

e One of the main advantages of the ceramic coating produced in the present study is reducing
the oxidation loss of steel production industries, which leads to increasing economic profit.

Nomenclature
EDS Dispersive X-ray spectroscopy
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