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Abstracts: This research focuses on the influence of silicon alloys in hot-rolled steel strips. The steel used in the study
was obtained from a hot rolling process with different silicon contents of 0.01, 0.1, 0.2, and 0.3 wt.%. The as-received
oxide scale on the hot-rolled steel surface was completely removed by SiC paper and re-oxidized in a horizontal furnace
with an atmosphere of 17% H,O-N, at temperatures of 600°C, 650°C, and 700°C for 10 seconds. An investigation of
scale adhesion can be done using a tensile testing machine with a CCD camera. The adhesion of the oxide scale to the
steel surface was recorded on video. The oxide phase was examined by means of X-ray diffraction (XRD). The
microstructure and thickness of the oxide scale were examined by a scanning electron microscope (SEM) with energy-
dispersive X-ray spectroscopy (EDS). The results indicated that all steels studied produced oxide scales that consisted
of hematite (Fe,Os;) and magnetite (Fes;O4), which contained iron (Fe). The scale thickness tends to increase with
increasing temperature, while thickness decreases with increasing Si content in steel. The oxide scale adhesion was
indicated by the strain initiating the first spallation during tensile load. The results showed that the strain initiating the first
scale spallation tends to decrease with increasing temperature, while scale adhesion increases with increasing Si content
in steel. The mechanical adhesion of the oxide scale to the steel substrate was considered in terms of energy. The results
indicate that the scale adhesion of steel with 0.3 wt.% Si was higher than that in another sample. It was possible that the
presence of an oxide that contains Si at the scale-steel interface, which encourages scale adhesion. The mechanical
adhesion energy of the oxide scale was shown in the range of 2-20 J/m2. The qualitative assessment of scale adhesion
in terms of strain initiating the first spallation and mechanical adhesion energy suggested the good adhesion behavior of
scale grown in the hot-rolled steel with 0.3 wt.% Si. This result indicates that scale formed on steel with a high silicon
content tends to be difficult to remove. There was a need to control the Si content in the hot-rolled steel in a satisfactory
way to save energy during the de-scale process.
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1. INTRODUCTION

The surface quality of hot-rolled products is affected by the mechanical adhesion of scale to a steel substrate. The
hot rolling process begins by heating a slab in the furnace at a high temperature of approximately 1200-1300°C during
3-4 hours, and then removing any scale with high-pressure water. The slab is placed in a reverse roughing mill and
moves forward and backward to reach the desired thickness at high temperatures. The slab is coiled in a coil box and
scale removed by hydraulic descaling before it enters the finishing mill. The 7-stand finishing mill is used to reduce the
thickness of the slab to the required thickness at temperatures of approximately 820-1000°C. The steel is delivered
through a cooling bed to decrease the temperature from 1000°C to approximately 650°C after the finished mill. A down-
coiler is used to roll the hot-rolled steel at a temperature range of roughly 500 to 760°C. Hot-rolled steel coil is stored
with always oxide scale formed until it is delivered to the customer or for further processing, which may include cold
rolling. Therefore, the oxide scale on the surface of hot-rolled steel must be completely removed. This research is
interested in studying the formation and adhesion of oxide scale that occur after the coiling temperature of hot rolled
steel strips by experimenting with varying the simulated coiling temperature of 600°C, 650°C, and 700°C. This research
is also interested in studying the influence of silicon alloys contained in hot-rolled steel strips on the formation and
adhesion of oxide scale. This is due to the silicon content added in hot-rolled steel for increasing mechanical and/or
electrical properties in blast furnaces (BF) routed or may be attached to it from using scraps as raw materials to produce
steel in electric arc furnaces (EAF) routed.

During the hot rolling line, the surface of steel is oxidized, resulting in the formation of iron oxides such as hematite
(Fe203), magnetite (FesO4), and wustite (FeO) [1-6]. The structure and properties of the oxide scale depend on the
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alloying elements in the steel [7-11]. No extensive work has studied the effect of silicon on the oxidation and adhesion
of the oxide scale formed on hot-rolled steel. It also depends on atmospheric conditions and oxidation temperature,
which affect the rate of oxidation [12-16]. As for testing methods for oxide scale adhesion, they are usually tested on
stainless steel, such as the indentation test [17], the bending test [18], the inverted-blister test [19], the micro-tensile
test is performed in the chamber of a scanning electron microscope [20-22], and our group has developed a macro-
tensile test to assess mechanical adhesion. [23-25].

2. MATERIALS AND METHODS

Sahaviriya Steel Industries Public Company Limited (SSI) has supplied the steel in strips with a thickness of 3.2
mm. The Si content in the hot-rolled steel that was received is 0.010, 0.125, 0,188, and 0.292 wt.%, and the other
alloying elements generally have similar contents. The process of hot rolling resulted in steel strips with finishing
temperatures of 860°C and coiling temperatures ranging from 630 to 650°C. The chemical composition of the steel
under study can be found in Table 1.

Table 1. Chemical composition of the studied hot-rolled steel (wt.%).

Hot-rolled steel C Si Cu Mn P S Fe
0.01 0.170 0.013 0.009 1.047 0.020 0.007 Bal.
0.1 0.135 0.125 0.011 0.900 0.015 0.003 Bal.
0.2 0.120 0.188 0.031 1.395 0.022 0.022 Bal.
0.3 0.164 0.293 0.022 1.163 0.023 0.010 Bal.

A specimen is laser cut from hot-rolled steel strips according to the ASTM E8M standard for setting in a tensile
testing machine as shown in Figure 1. The specimen is polished with SiC paper up to 1200 grade for descaling,
cleaned under ethyl alcohol with an ultrasonic cleaning machine, dried in air, and rapidly placed in a horizontal furnace.
The specimen is oxidized in the furnace with 17% H20-Nz as a simulated hot-rolled steel process atmosphere with a
flow rate of 1.2 L/min at 860°C for 10 seconds, and the temperature is reduced by experimental conditions as a
simulation of oxidizing at coiling temperatures ranging of 600°C, 650°C, and 700°C for 10 seconds. Nitrogen gas is
being used as an inert gas in this study. The experimental method for oxidation runs as shown by the diagram in
Figure 2. Before and after oxidizing, the samples are weighed on an electronic microbalance.

The thickness of scales can be estimated using the following equation as pure iron is assumed.

Scale thickness (um) = fm,1. Mgeo L. 10% D)
A My PFeo
Here Am is mass grain change (g), A is area (cm?), M, is molecular weight of oxygen (16 g/mol), M., is molecular

weight of iron oxide (72 g/mol), and pg,, is density of iron oxide (5.745 g/cm3).

The technique for studying crystal structures in steel involves using X-ray diffraction (XRD, D8 advance model).
The measurement conditions of XRD such as X-Ray generator of 40 kV, 30 mA, the Cu Ka line (0.15406 nm) with a
scan speed of 2.00 °/minute, and step width of 0.02 °. A scanning electron microscope (SEM, Quanta 450) is used to
examine the cross-section morphologies of the oxide scale. An electron probe focused on a 1 um spot is used to
perform the energy-dispersive X-ray spectroscopy (EDS) point analyses. The scale adhesion on hot-rolled steel is
studied using the CCD camera equipped with a tensile testing machine (Model 5566). A tensile load of 10 kN and a
strain rate of 0.04/seconds are used for the tensile loading.
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Figure 1. Standard tensile testing machine with an observation setup (left) and a specimen dimension (right).
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Figure 2. Experimental method for oxidation runs.

The Clausius-Clapeyron equation is used to calculate oxygen in water vapor (17% H20) as follows.

_ l-v
nf_ A1) o
1atm R T 373
Here P is the vapor pressure (0.17 atm), AH is enthalpy change of reaction (40,893 J/mol), R is the gas constant
(8.314 J/mol.K), and T is the temperature (K). The temperature at 17% of the vapor pressure of water can be
determined using this equation to be 328.82 K (55.82°C).

3. RESULT AND DISCUSSION

This study examined the differences in silicon content in hot-rolled steel and oxidation during the coiling temperature
in relation to the hot-rolling process. The cross-sectional SEM image was used to measure the scale thickness and it
was compared with equation (1) as shown in Figure 3. It was seen that the increase in temperature leads to an increase
in the thickness of the scale. This was because the molecules have more kinetic energy and move faster due to higher
temperatures, resulting in faster diffusion of iron and oxygen. While the thickness decreased with increasing Si content.
This was because the silicon-containing oxide acts as a barrier to the diffusion of iron to oxygen. The scale thickness
of the 0.01 wt.% Si-containing hot-rolled steel reveals to be significantly higher than that of other Si-containing steel.
The test showed that 0.01 wt.% Si steel had a scale thickness in the range of 1.5-2.3 pm under an oxidation temperature
of 600-700°C. If compared with 0.3 wt.% Si steel, it can be found that the oxide thickness is in the range of 0.2-0.6 pm.

Figure 4 shows the XRD patterns of the 0.01, 0.1, 0.2, and 0.3 Si-containing hot-rolled steel at temperature of 700°C.
The oxide scale was found to consist of hematite (Fe203) and magnetite (FesOa4) with iron (Fe). It can be observed that
on the oxide scale, there were peaks of iron. Considering the phase diagram of iron and oxygen, it was found that at
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temperatures as low as 570°C, the wustite phase decomposes to magnetite and iron. For this reason, peaks of iron
were found on the oxide scale. Related research also found that the hematite layer was the thinnest layer and present
at the outermost layer that was exposed to oxygen gas. The magnetite layer was the next layer attached to the steel
substrate. Moreover, it was found that the intensity of iron peaks increased for higher Si-containing steel.

N0.01 wt.2% Si mO0.1 wt.% Si B80.2 wt.% Si B0.3 wt.% Si
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™
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Figure 3. Oxide scale thickness of the Si-containing hot-rolled steel oxidized at 600, 650 and 700°C.
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Figure 4. XRD patterns of the 0.01, 0.1, 0.2, and 0.3 Si-containing hot-rolled steel at temperature of 700°C.

The cross-section morphologies of the oxide scale formed on the steel was studied using a scanning electron
microscope (SEM) as shown in Figure 5. The scale cross-section morphology of the hot-rolled specimen oxidized in
17% H20-N2 during 10 seconds at 600 and 700°C shows a difference in thickness and morphology of the oxide scale.
Internal scale oxidation has caused Fe2SiO4 to have a penetration depth observed at the 0.3 wt.% Si/scale interface,
as shown by EDS analysis.
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Figure 5. SEM image of a hot-rolled specimen on (a) 0.1 wt.% Si oxidized at 600°C, (b) 0.1 wt.% Si oxidized at 700°C,
(c) 0.3 wt.% Si oxidized at 600°C, (d) 0.3 wt.% Si oxidized at 700°C, and (e) EDS pattern at 0.3 wt.% Si/scale interface.

Under tension caused the oxide scale spalls out from the steel substrate. The strain at the first spallation of the scale
can be used to describe the adhesion of the scale during tensile loading. This parameter plays a crucial role in
comparing the adhesion of hot-rolled steel with different silicon content at different simulated coiling temperatures. The
first spallation started rapidly when the adhesion of the scale was lower. The CCD camera focused on the center of the
sample during the tensile stress because it was the area with the greatest stress which was 833 N/m?2. The scale on
the steel substrate of 0.3 wt.% Si steel was subjected to the imposed strain as shown in Figure 6. The transverse
cracks perpendicular to the tensile loading were initially observed, followed by the first scale spallation. It can be seen
that the scale spalling increases with the increase in strain. The areas where the oxide has spalled off will turn black in
this case.

Steel substrate

*h

»

Stales

Steel substrate -200 ym

Figure 6. Spallation behavior of the oxide scale under tensile loading on 0.3 wt.% Si steel oxidized at 600°C.

Strain initiating the first spallation of the Si-containing hot-rolled steel at varying temperatures as shown in Figure 7.
An increase in temperature has been shown to decrease the strain initiation of the first spallation. The increase in
silicon alloying content has been found to increase the strain initiation of the first spallation. The critical strain at the
first scale spallation of the steel with 0.3 wt.% Si was higher than that of the lower Si-containing steel. Calculating the
mechanical adhesion energy was possible with this parameter and the thickness of the oxide scale. Mechanical
adhesion energy represents a forming oxide scale contacted with steel substrate that has an effect on adhesive strength.

The equation provided below was utilized to calculate the mechanical adhesion energy [26]. It was assumed that
the oxide scale and the steel substrate had complete adhesion.

Gi=W'€ (3)
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Here G; is mechanical adhesion energy (J/m?2), W is stored energy in the oxide scale until the first spallation (J/m3),
and e is oxide scale thickness (m). The area under the stress-strain curve was used to calculate the stored energy of
the oxide scale in the x and y directions, as described in equation [ ¢ - de with Young’s modulus of steel and oxide is
210 GPa, Poisson’s ratio of steel and oxide is 0.3, compressive residual stress of oxide is -0.2 GPa, and strain at limit
of elasticity of oxide is 0.0015. During tensile loading, the steel substrate and oxide scale were in tension. The substrate
was deformed plastically, but the scale was still elastic until the first scale spallation took place.
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Figure 7. Strain initiating the first spallation of the Si-containing hot-rolled steel oxidized at 600, 650 and 700°C.

Figure 8 depicts the mechanical adhesion energy of hot-rolled steel that contains Si, with information provided in
Table 2. The increase in silicon content has been found to increase the mechanical adhesion energy of the scale on
steel substrate. Moreover, as the temperature increased, it was found that the adhesion of the scale decreased. It
was confirmed that scale adhesion depends on temperature and silicon content. The scale formed at 650 and 700°C
show lower adhesion. In this case, steel oxidized at a higher temperature with saturated water vapor had a significant
effect. At higher temperatures and relative humidity, the adhesive force between the scale and the steel substrate
was lower. This was because the diffusion of interstitial oxygen through the oxide scale has been presented at the
scale-steel interface. The scale layer sustained metal oxidation with continuous ion diffusion. The scale layer and the
steel substrate were both subjected to stress. The oxide scale can easily be spalled under external forces as a result.
However, the formation of the protective oxide layer at the scale-steel interface helps promote scale adhesion of
higher Si-containing hot-rolled steel. The compressive stress generated by the growth and cooling of the oxide scale
results in the accumulation of residual stress between the innermost layer and the steel substrate, which causes
cracking and spalling of the scale during the hot-rolling process.
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Figure 8. Mechanical adhesion energy of the Si-containing hot-rolled steel oxidized at 600, 650 and 700°C.
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Table 2. Experimental results obtained from the study.

Si content (wt%)
0.01 0.1 0.2 0.3

Variables
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600°C 150£0.05 | 047+0.03 | 0.37£0.02 | 0.260.03

Thickness of scale (um) 650°C 1.72+0.11 0.62+0.13 | 0.48+0.13 | 0.37+0.06
700°C 230007 | 0.68+0.18 | 0.63+0.06 | 0.590.10

600°C 147+005 | 1.53+0.11 | 1.56+0.11 | 1.60+0.02

Straigrjg:fﬁitj)”ng&‘; first 650°C 016007 | 023012 | 0.77+0.13 | 0.82+0.06
700°C 0.12+0.09 | 0.16+001 | 0.28+0.01 | 0.80%0.10

600°C 6.93£029 | 934032 | 11.37£0.35 | 19.26 £ 0.66

MeCha”ica'(?ﬁL‘Ze)Sio” eNergy ™ 650°C 229+022 | 2.67+0.16 | 422+011 | 450+0.19
700°C 226+036 | 2.38+043 | 2.93+050 | 5.35+0.10

According to the results, when the silicon content increases in the hot-rolled steel, it tends to increase the scale
adhesion. Figure 9 shows that the SEM-EDS revealed the interfacial layer of steel with 0.3 wt.% Si has an oxide
containing Si, possibly as SiO2 or Fe2SiOs, because the EDS spectrum includes the peaks of Fe, O, and Si. A Si-
enriched oxide present at the steel-scale interface caused an increase in steel passivity and adhesion during the
production of the Si-oxide phase. The Si-oxide-formed internal subscale was a barricade to the production of external
oxide. Moreover, the Si-oxide layer at the steel-scale interface was also clearly revealed to increase scale adhesion.
The results also found that when the silicon content in steel increases, it results in internal oxidation, which was not
seen in lower Si-containing steel. This was because a diffusion that was controlled by dissolved oxygen became
insufficient during the oxidation of the Si element in the steel. It was unavoidable in the case of Si-containing steel
oxidized at high temperatures in a water vapor atmosphere. The oxide containing Si existing at the steel-scale interface
promoted mechanical adhesion of scale to the steel substrate, resulting in worsening the picklability of scale during the
descaling process in the hot rolling line.
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Figure 9. SEM cross sections of 0.3 wt.% Si steel oxidized in 17% H20-N2 during 10 seconds at 650°C (left) and
EDS patterns focusing on the scale-steel interface (right).

In this study, the scale formed on Si-containing hot-rolled steel during various coiling temperature oxidations was
illustrated in Figure 10. A schematic diagram illustrating the sequence of the formation of contented Si oxide scale in
the silicon-containing steels shows a diffusion of oxygen in the steel to form external iron oxide, internal oxidation of
silicon incorporating to the formation of Si-contented oxide at the steel-scale interface, oxidation of iron and silicon in
the internal oxidation, and silicon-containing oxide formation increasing at the steel-scale interface when silicon in
steel increases.
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Figure 10. Schematic illustrations of the formation of the oxide scale on the Si-containing hot-rolled steel.

CONCLUSTION

The study focused on hot-rolled steel with different Si contents and studied the effect of simulated coiling
temperature on the hot-rolling process. Oxidizing the steel took place in the horizontal furnace with a 17% H20-N2
atmosphere at temperatures of 600, 650, and 700°C for 10 seconds. The thickness of the oxide scale decreases with
increasing silicon content, and it was also found that the thickness of the oxide scale increases with increasing
temperature. The layers of hematite and magnetite with iron can be formed on the Si-containing steel under the
oxidation condition. Internal oxidation appears in steel with a high silicon content when the oxidation temperature
increases. The tensile testing machine equipped with a CCD camera was successfully applied to observe oxide scale
failure under tensile load. The initial revelation of transverse cracks was followed by scale spallation. Increased strain
results in increased scale spallation. The mechanical adhesion energy of scale on Si-containing steel can be calculated
to be in the range of 2-20 J/m?. The results indicate that the mechanical adhesion energy increases with increasing
silicon content in hot-rolled steel. The adhesion of the scale was found to decrease significantly when the oxidation
temperature increased. At the interface between steel and oxide, it was found that oxide-contented Si was formed,
which might be a silicon oxide or fayalite layer, which influenced the rate of oxidation and scale adhesion. Moreover,
the thickness of silicon-containing oxide increases with increasing silicon content in the steel. This layer was found to
be a barrier for Fe ions to form oxide layers, leading to a lower scale thickness and greater scale adhesion in the steel.
Concerning the commercial application, the oxide scale was completely removed if hot-rolled steel was used for cold
rolling. The removal of scale was simple in hot-rolled steel with a higher Si content because it has a thinner scale.
However, adhesion to a higher scale must be considered. The results obtained herein should control Si content suitably
for the easy removal of oxide scale from hot-rolled steel substrate.
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