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Abstract

Defects can be caused by the thermal oxide scale that forms on the surface of steel during the hot
rolling process. The oxidation and adhesion of scale on silicon-containing hot-rolled steel were
investigated in a flowing 20% O2-N2 gas mixture at 900°C. Scale spallation was observed using a
tensile testing machine equipped with a CCD camera. The thickness of the scale was 3.45 pm for the
higher silicon steel and 4.86 um for the lower silicon steel. The oxide scale consists of hematite,
magnetite, wustite, and iron. The strain that caused the first spallation was used to calculate the
mechanical adhesion energy, which indicated the behaviour of the scale adhesion on a steel substrate.
The strain initiation of the first spallation of scale on higher silicon steel was 5.57% which was higher
than 4.57% for lower silicon hot-rolled steel. The calculated adhesion energy on the studied steel was
shown to be in the range of 281 J.m to 334 J.m?. It can be noted that the higher amounts of silicon
content in hot-rolled steel increased steel-scale interface adherence. This was due to the precipitated

1. Introduction

The hot-rolled steel has been widely applied to industries, such as
structural parts, agricultural instruments, metal structures, stampings,
and automobile frames. The hot rolling operation comprises heating
the furnace, descaling on a primary scale, roughing the mill with reversal,
descaling on a secondary scale, finishing the mill, and cooling on the
run-out table. The hot rolling process is operated at high temperature
with ambient temperature. The temperature of steel passing through
the reheating furnace is in the range of 1200°C to 1300°C before the
reversing at the roughing mill. The steel is passed through a hydraulic
descaler to remove the primary scale after the reheating furnace.
The steel is subjected to a roughing mill to reduce its thickness from
160 mm to 250 mm to 26 mm to 40 mm. During the roughing mill,
a secondary scale is formed, which is muted to remove before the
finishing mill. The seven finishing mills are used to reduce the steel
thickness by product specification. The steel is cooled down to
approximately 650°C by a cooling bed in the air [1-5] and then
coiled in a down-coiler process. A ternary scale is always formed till
room temperature. The surface quality of hot-rolled steel is ultimately
determined by the tertiary scale formed at the finishing mill. However,
during the hot rolling line, the steel certainly becomes oxidized because
of the air conditioning and high temperature. An oxide scale is formed
on the steel surface by high-temperature oxidation exposed to an oxygen
atmosphere [6-14]. The oxide characteristic varies depending on the
chemical composition, atmosphere, and hot rolling parameters. An
alloying element is added to the steel to improve its mechanical
properties. The steel is mainly iron with some alloying elements
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silicon oxide near steel-scale interface might be exhibited as a reinforcing phase.

such as carbon, silicon, phosphorus, sulfur, etc. These alloying elements
impact the formation and adhesion of scale on hot-rolled steel.
Generally, the oxide layer is mainly composed of three iron oxides,
which are hematite (Fe203), magnetite (Fe3O4), and wustite (FeO)
[5-9,15-22]. In the case of silicon-containing steel, silicon exists on
the oxide scale in the form of fayalite (Fe2SiOs) at a temperature above
750°C at the scale-steel interface and appears in the wustite matrix
[8,11,12,15,21-26]. The silicon-containing steel has a strong adhesion
between fayalite and the steel substrate, making it difficult to descale
as required. The oxide scale morphology influences the final steel
surface quality and also the scale-removing process. Currently, the
hydraulic descaling process is used to descale during the hot rolling
line and hydrochloric acid is used after the hot rolling line to remove
the oxide scale. The various techniques have been used to measure
the adhesion of the scale on steel substrates, such as the indentation
test [27-29], the inverted-blister test [26,30-32], and the tensile test
[33-38]. In the case of the tensile test, the scale spallation is always
identified as scale adhesion, which can be followed to calculate the
mechanical adhesion energy. The tensile test has been developed in
our group. During tensile loading, a strain at the first spallation of
scale has been critically linked to scale adhesion [37-40]. However,
a few studies have been focused on the scale of silicon-containing
hot-rolled steel. A better understanding of scale adhesion on silicon-
containing hot-rolled steel is important to the steel industry. The purpose
of this research is to investigate the adhesion of thermal oxide scale
formed on silicon-containing hot-rolled steel oxidised in an oxygen
atmosphere. The adhesion behaviour of oxide scale on silicon-
containing hot-rolled steel is assessed by a tensile testing machine
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with a CCD camera to monitor scale failure during the tensile loading.
The result is always valuable to the hot-rolled steel industry.

2. Experimental

The material used in this study is hot-rolled low-carbon steel
strips with a thickness of 3.2 mm, which is manufactured on a hot-
rolling line at 860°C and 610°C for finishing and coiling temperatures
respectively. The silicon-containing hot-rolled steel is 0.026 wt%
Si (lower silicon steel) and 0.193 wt% Si (higher silicon steel), with
chemical compositions as shown in Table 1. The dimension of the
specimen for the oxidation test is shown in Figure 1, as accorded to
the ASTM E8M standard. The specimen is continuously polished
from 120 grit to 1200 grit SiC grinding papers, placed in an acetone
solution with an ultrasonic cleaner, dried in the air, and rapidly placed
in the horizontal furnace. The specimen is exposed to oxidation at
900°C for 2 min in a 20% O2-N2 mixer atmosphere with a flow rate
of 6 I/min. The oxide scale morphology and elemental analysis are used
by a scanning electron microscope (SEM) and an energy dispersive
spectrometer (EDS). The oxide phase is defined using X-ray diffraction
(XRD) on the Cu Ka radiation (A = 0.15406 nm) with 0.02 degree/step
and 0.5 s/step. The adhesion test is performed using a tensile testing
machine with a load of 10 kN. The test is performed at room temperature.
The tensile specimen is strained at a strain rate of 0.04 s™!. Scale failure
during straining is monitored using a high-magnification lens equipped
with a CCD camera. A video processing is carried out at a resolution
of 640 pixels x 480 pixels. The image framework program is used
to control image acquisition with a frame rate of 7.5 frames/s. The
tensile testing machine setup is shown in Figure 2.
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Figure 1. Dimension of specimen for the oxidation test.

Figure 2. Tensile testing machine with observation set.

Table 1. Chemical compositions of the hot-rolled steel (Wt%).

3. Results and discussion

3.1 Okcxide scale formation

The oxidation was performed in a horizontal furnace at 900°C
for 2 min in a 20% O2-N2 mixer atmosphere. Figure 3 shows a SEM
micrograph of the hot-rolled low-carbon steel cross-section. The
thicknesses were determined at five different points along the oxide
layer. Lower silicon steel has an average scale thickness of 4.86 um
with a standard deviation of 0.29 um, while higher silicon steel has
a thinner scale of 3.45 um with a standard deviation of 0.12 um. The
formation of an oxide layer on a steel substrate in 20% O2-N2 atmosphere
requires iron ion outward diffusion and oxygen ion inward diffusion.
The oxide phases in the studied samples were identified using
X-ray diffraction (XRD) as shown in Figure 4. The oxide phases
were found to be hematite (Fe203), magnetite (Fe3O4), wustite (FeO),
and iron (Fe). According to the Fe-O phase diagram given in Figure 5,
wustite was unstable at temperatures below 570°C causing it to
transfer into two layers of magnetite and iron. The wustite was thermo-
dynamically stable at temperatures above 570°C and increased as
the reaction progressed, in which the Fe?* species diffuses rapidly at
high temperatures. The eutectoid reaction of the wustite transformation
was presented in Equations (1) and (2).

(1-4y) Fe + 2¢ + Fes04 — 4Fei40 (1)

Fes04+ (1-4y) Fe — 4Fe1,O 2)

The iron ions diffuse outward during oxidation to form FeO,
Fe304, and Fe203 as shown in Figure 6. The interface reaction of
their iron oxide as followed,

At Fe-FeO
Fe — Fe* +2e ?3)
At FeO-Fe3Oa
Fe" + 2e + Fe3s04 — 4FeO “)
At Fe304-Fe203
Fe™ + 30 — Fex0s (5)
Fe?" + 2e + 4Fe203 — 3Fe304 6)
Fe3*+ 3e + 4Fe203 — 3Fe304 7
At Fe302-02
2Fe¥ + 6e-+ 3/2 02 — FeaOs (8)
1202+ 2¢ — O ©

Hot-rolled steel

Composition (wt%)

C Si Cu Mn Al P S Fe
0.026 wt% Si 0.159 0.026 0.040 0.521 0.039 0.008 0.008 Bal.
0.193 wt% Si 0.165 0.193 0.047 0.542 0.036 0.011 0.007 Bal.
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Figure 3. SEM micrographs of the lower silicon steel (a) and higher silicon steel (b) oxidised in 20% O,-N, at 900°C.
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Figure 4. XRD patterns of the lower silicon steel (a) and higher silicon steel (b) oxidised in 20% O,-N, at 900°C.
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The formation of wustite and magnetite was controlled by the e
3| | %020

transport of metal cations outward, while that of hematite was
controlled by the inward transport of oxygen anions [2]. Figure 7
shows a cross-sectional diagram of a growing oxide layer. The oxidation
process consists of oxygen transfer to the scale-oxygen interface and M—M*+2¢ | ‘ M*+0*—-MO |

metal transfer from steel to the steel-scale interface. The oxide scale was

continuously grown by metal and/or oxygen transfer via the scale [41].  Figure7. Reaction and transport processes involve the growth of oxide [43].
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3.2 Ocxide scale adhesion

Figure 8 shows the progression of scale failure on the hot-rolled
steel during the tensile test. The high-magnification lens equipment
and a CCD camera were used to monitor the scale spallation during
straining. The dark area in Figure 8 indicated that the area of oxide
scale spalled out, while the bright area indicated the area of oxide scale.
The spallation of oxide scale increased as the tensile strain increased.
Figure 9 shows the spallation ratio of scale on silicon-containing
hot-rolled steel as the imposed strain. The spallation ratio was
calculated by dividing the area of oxide scale spalled out by the total
area of the image. The result shows that the spallation ratio of the
0.026 wt% Si steel was higher than that of the 0.193 wt% Si steel.
The strain at the first spallation was commonly used to calculate the
mechanical adhesion energy. The strain at the first spallation of lower
silicon steel was 4.57%. This value was less than the higher silicon
steel as shown at 5.57%. It was found that the spallation ratio and
strain at the first spallation of high-silicon steel were significantly
indicated. It can be noted that the Si alloying element added to hot-
rolled steel was clearly causing enhanced scale adhesion.

The scanning electron microscope (SEM) with energy dispersive
spectroscopy (EDS) was used for microscopic analysis of silicon-
containing hot-rolled steel as shown in Figure 10 and Figure 11.
Elemental analysis of the surface in SEM was conducted using EDS,
which measures the energy and intensity at the steel-scale interface
of the specimen after a tensile test. Elemental analysis information
was presented in Table 2. It was observed that the peaks of C, O, Si,
and Fe at the steel-scale interface. However, it can be noted that
a higher elemental intensity of oxygen and silicon in the 0.193 wt%
Si steel was clearly observed. This indicates silicon oxide existed at
the steel-scale interface of the higher-Si hot-rolled steel. At high
temperatures, silicon has a significant impact on scale formation and
adhesion. It can be found in a wustite-fayalite mixture, which acts as
a barrier at the steel-scale interface and can reduce the oxidation rate.
Waustite with a fayalite layer close to the steel surface was making
descaling difficult [8,11,12,15,21-26].

As explained by Gibbs free energy, the silicon element in hot-
rolled steel can control fayalite formation by first reacting with
oxygen during initiating oxidation to form silicon oxide. Then, silicon
oxide becomes porous, allowing iron to diffuse and form fayalite.
However, the amounts of silicon oxide increased as the silicon
content in steel increased. It can be pointed out that the silicon oxide
that precipitates within scale and sometimes precipitates as internal
oxidation in steel substrates can approach the highest adhesion of
scale. The presence of silicon can form silicon oxide, which was
precipitated within iron oxide and its steel substrate and thus does not
need to be added to steel for easy de-scaling. However, this might
perhaps even be exploited to produce high-scale adhesion on hot-rolled
steel as requested for products such as structural steel, pipes, tanks, etc.
The precipitated silicon oxide along the steel-scale interface might
be exhibited as a reinforcing phase if smooth and strong precipitated
silicon oxide can be produced. However, scale adhesion may depend on
abundant elements such as carbon, iron, and oxygen. For this reason,
it was a matter of discussion as to how oxide scale increases adhesion
to steel substrates.

b 0.193 wt% Si steel

a 0.026 wt% Si steel
B C = 0.00%

B C-5.16% B

=10.22%

Figure 8. Evolution of the scale failure on the lower silicon steel (a) and
higher silicon steel, and (b) as the imposed strain.
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Figure 9. Spallation ratio of scale on silicon-containing hot-rolled steel as
the imposed strain.
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Figure 10. Oxide scale (dark area) and steel substrate (bright area) of lower
silicon steel (left) with EDS pattern (right) investigated at steel-scale interface
after tensile test.

Figure 11. Oxide scale (dark area) and steel substrate (bright area) of higher

silicon steel (left) with EDS pattern (right) investigated at steel-scale interface
after tensile test.

Table 2. Relative concentration of the elements at the steel-scale interface.

The Gibbs free energy can be calculated by the Equation (10),
and the information was shown in Table 3.

AG = RTIn(p,,) (10)

Where AG as the Gibbs free energy, R as the gas constant, p as
the partial pressure, and T as the oxidation temperature in Kelvin.

The adhesion energy of the scale on a steel substrate can be
calculated by equation (11) [44-46].

G=W-9 (11)

Where G as the mechanical adhesion energy (J.m2), W as the
total stored energy in the oxide scale until the first spallation (J.m3),
and 9 as the oxide scale thickness (m). The adhesion energy calculated
in this work was predominantly depended on the scale thickness
and strain initiating the first spallation to calculate stored energy.
The scale thickness was measured directly from the cross-section
SEM image. The result shows the mechanical adhesion energy of
lower silicon steel was 281 J.m2 and 334 J.m"? for the higher silicon
steel. This indicates that the scale adhesion on the 0.193 wt% Si steel
was higher than that of scale on the 0.026 wt% Si steel, the higher
silicon steel was shown to be strongly scale-adhered. The information
about scale adhesion as reported in Table 4.

Hot-rolled steel Element (Wt%)

C (0] Si Fe
0.026 wt.% Si 7.28 0.27 0.03 92.42
0.193 wt.% Si 6.50 0.8 0.28 92.42

Table 3. Oxide formed and Gibbs free energy calculated at 900°C.

Gibbs free energy (kJ.mol™")

Oxide formed Reactions
FeO 2Fe + O, — FeO
5102 Sl + 02 g SIOQ

-381.74
-718.58

Table 4. Scale thickness, strain initiating the first spallation, and mechanical adhesion energy of silicon-containing hot-rolled steel.

Hot-rolled steel Scale thickness

Strain initiating the first spallation

Mechanical adhesion energy

(nm) (%) J.m?)
0.026 wt.% Si 4.86 4.57 281
0.193 wt.% Si 345 5.57 334

4. Conclusions

This research investigated the adhesion of the oxide scale to
0.026 wt% and 0.193 wt% Si hot-rolled steels oxidised in a 20%
02-Nz atmosphere. The oxide scale formed on silicon-containing hot-
rolled steel consists of hematite, magnetite, and wustite with iron.
The oxide containing silicon was formed near the steel-scale interface
0f 0.193 wt% Si steel. Scale thicknesses formed on 0.193 wt% Si steel
were thinner than those formed on 0.026 wt% Si steel. The higher
silicon content of 0.193 wt% Si hot-rolled steel can form silicon oxide
precipitate along the steel-scale interface. This increased steel-scale
adhesion of a high-silicon hot-rolled steel. Silicon oxide behaves as
a reinforcing phase that resists external stresses. As a result, the
adhesion of the scale was increased. This information was particularly

J. Met. Mater. Miner. 33(2). 2023

useful in the presence of silicon alloys in hot-rolled steel, which will
affect the descaling process after the hot-rolling line. Therefore, the
amount of elemental silicon should be added as low as possible.
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