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Abstract: In order to better understand the formation mechanism of tertiary oxide scale in high-
strength steel during hot rolling, the microtexture of the oxide layer has been characterized and
analyzed by the electron backscatter diffraction (EBSD) method. The results show that the Fe3O4

phase in the oxide layer has a two-phase heterogeneous morphology, Fe3O4 in the oxide layer
comprises columnar grains, and Fe3O4 near the substrate comprises spherical grains. As the reduction
rate increases, the Fe2O3 layer is gradually wedged into the surface of the Fe3O4 layer. Fe3O4 forms a
<110> fiber texture at a reduction rate of 10%. The inner layer of the oxide scale comprises spherical
grains, and Fe3O4 is preferentially nucleated and precipitated in the direction of Fe surface grains
<110> texture. With the increase in the reduction rate, the {112}<−1−21> directional slip system
shows the lowest Schmidt factor value, so the grains with a low Schmidt factor exhibit higher stored
strain energy. The formation of the spherical Fe3O4 seam layer close to the steel matrix is the result of
the combined effect of the stress state at the matrix and ion diffusion.

Keywords: oxide scales; grain orientation; texture; EBSD

1. Introduction

Since hot-rolled steel sheets are always produced in high-temperature environments,
oxide scale is always accompanied by the entire process, and it is inevitably formed on the
surface of the steel. Proper control is related to the surface quality of the final product [1,2].
Before subsequent processing such as cold rolling, the steel plate needs to be pickled to
remove the scale. On the other hand, before application, it is possible to maintain tight scale
formation on the steel plate without pickling. Therefore, it is very important to understand
the origin of pickling-free steel, which is closely related to the deformation behavior of the
oxide scale on the surface of the hot-rolled steel. Two oxide sub-layers are usually formed
on the surface of iron-based materials when the temperature is lower than 570 ◦C, and three
oxide layers are formed when the temperature is higher than 570 ◦C [3]. The two different
oxides have different formation mechanisms and properties [4]. When the temperature
is above 650 ◦C, the main content of the oxide scale is wustite; on the contrary, the main
phase of oxide scale is magnetite when the temperature is low. Fe2O3 is distributed on the
surface of the oxide layer and the content is low [5–7].

The phase transition of FeO and the precipitation behavior of magnetite at high
temperatures play a crucial role in the ratio of the three phases of oxide scale. These
transformation behaviors are closely related to the precipitation of alloying elements in the
steel, the rolling process, and the heat treatment process. The electron backscatter diffraction
(EBSD) method has been used to research the composition and phase distribution of the
oxide scale, but there are few studies on the microstructure and interface properties.
Normally, the oxide layer is composed of Fe2O3, Fe3O4, and FeO, although the Fe2O3
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content on the surface is low. In particular, due to the thin Fe2O3 layer or the fact that it is
polished off during sample preparation, EBSD detection is more difficult [8]. In addition
to phase identification, the microstructure and orientation relationship of the oxide phase
is still being investigated. Therefore, the high-temperature oxidation mechanism of high-
strength steel is considered to be related to the high-temperature oxidation behavior [9],
stress condition, and the subsequent preferred orientation of oxide scale [10,11]. In the
undeformed oxide layer, due to the defect structure of the oxide scale, there may also be a
cubic crystal system orientation relationship between the FeO and Fe3O4 [12]. It mainly
relies on the data of macro-texture, rather than micro-texture, and rarely considers the
influence of fine micro-texture on the formation of Fe3O4 seam layer.

Extensive research has been conducted on the formation of the oxide layer, but there
are very few reports on the deformation behavior of the oxide scale during hot rolling [13,14].
On the contrary, the thermal simulation gleeble plane strain compression is mainly used
to study the deformation behavior of the oxide layer. This research method does not
consider the influence of the steel/roll contact on the oxide scale during the hot rolling
process because there is a temperature gradient between them, and the studied oxide scale
is a non-contact surface. So far, the research on FeO decomposition caused by magnetite
precipitation is limited to isothermal transformation behavior [15,16]. Little is known about
the effect of preferential grain growth in the magnetite layer. Therefore, it is necessary to
analyze the phase transition behavior of the deformed oxide layer and the bonding force of
the matrix, as well as the microstructure changes and microtexture evolution caused by the
rolling–cooling coupling process.

In this study, the method of combining EBSD analysis with mechanical and argon ion
polishing sample preparation was used to characterize the microtexture of the oxide layer
after different reduction rates and cooling. The influence of the grain morphology and tex-
ture orientation at the interface on the phase transition of Fe3O4 is obtained, and the oxide
layer structure of pickling-free steel is obtained through rolling and subsequent cooling.

2. Materials and Methods

The sample used was high-strength steel, and the content of the alloying element is
shown in Table 1.

Table 1. Compositions and concentration (wt.%) of the steel.

Fe C Si Cr Mn P Al

Balance 0.06 0.21 0.36 1.48 0.008 0.03

The samples with a size of 300 × 80 × 8 mm3 were cut from the high-strength steels.
Before rolling, SiC paper with 2000 mesh was used to grind the surface of all samples to
the same surface finish and cleaned in an acetone solution. Finally, it was ensured that the
samples before the oxidation experiment had the same surface state. X-ray diffraction with
Cu Kα radiation (λ = 1.54 Å) was used to identify the phases in the oxide scale. The voltage
was 45 KV, the current was 180 mA, and the diffraction angle (2θ) was from 10◦ to 90◦.
A combination of Raman and X-ray diffraction (XRD) was performed in order to determine
the crystalline phases of the oxide scales.

The hot rolling test was carried out in the 4-roller experimental rolling mill com-
bined with a laminar cooling system. Among them, the rapid cooling of the steel was
realized by controlling the nozzle opening degree and the roller speed of the roller table,
and the polished sample was heated to the austenitizing temperature for subsequent rolling.
The following process was performed for each oxidation test. The sample was placed in
the heating furnace, and then the sample was heated to the austenitizing temperature
(920 ◦C) under argon protection and kept for 20 min to ensure that the horizontal and
vertical temperature of the sample is consistent. The rolled sample was cooled to the coiling
temperature by a laminar flow cooling system and then cooled to room temperature in an
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air atmosphere, thereby obtaining a tertiary oxide scale. The hot rolling process of the steel
sheets is shown in Figure 1.

Figure 1. The heat treatment and rolling experiment process.

Each steel plate was heated to a single austenitizing temperature of 920 ◦C, and then
at different cooling rates to obtain the structure; the room temperature structure was ferrite
and pearlite phase. The cooling rates were 11, 18, 27 ◦C/s, and the reduction rates were set
to 10%, 15%, and 27%. Table 2 shows the rolling process and experimental parameters.

Table 2. Hot rolling experimental parameters for oxidation tests.

Parameters 1 2 3

Reheating time, min 20 20 20
Furnace temperature, ◦C 920 920 920

Rolling reduction, % 10 15 27
Cooling rate, ◦C/s 11 18 27

After the sample is mounted, it was polished with 2000 mesh SiC sandpaper until the
surface was smooth and clean, then polished with diamond abrasive paste; finally, a 4%
nitric acid alcohol solution was used to corrode the cross-section of the sample, and then
rinsed and dried with water and alcohol for scanning electron microscope observation.
EBSD samples were cut from the central area of the steel surface along the rolling direction
and polished with 2000 mesh SiC sandpapers (their cross-sections were inlaid with a con-
ductive insert powder). As the oxide phase and the steel matrix possess different materials,
traditional polishing technologies could not be used for EBSD sample preparation. Hence,
a vibration polishing machine was used to accurately polish the oxide scale. The grinding
time was not less than 120 min, and a SiO2 suspension was used as the lubricant. Moreover,
the speed of the turntable was controlled at below 350 r/min to ensure a better suspension
concentration around the oxide layer to remove the stress layer. The sample after vibration
polishing was finely polished with an argon ion polishing equipment. The voltage of the
ion beam system was selected to be 5KV, and the ion grinding time was not less than 3 h.
The microstructural characterization of the oxide layer was performed by a scanning elec-
tron microscope equipped with an EBSD probe (Oxford) at an accelerating voltage of 20 kV
(working distance = 15 mm and scanning step length = 0.06 µm). The normal direction
(ND) is defined as perpendicular to the surface of the sample, which is the direction of scale
growth, and the length direction of the sample was defined as the rolling direction (RD) of
the hot-rolled steel sheet. The microstructure analysis was performed on a field emission
scanning electron microscope (SEM), and an EBSD detector for analyzing the microtex-
ture was installed. Each phase of the oxide scale had a different space group. The steel
matrix was Im-3m, FeO was Fm-3m, Fe3O4 was Fd-3m, and Fe2O3 was R-3c. At the same
time, θ ≥ 15◦ are defined as high-angle grain boundaries (HAGBs), and 2◦ ≤ θ < 15◦ are
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low-angle grain boundaries (LAGBs). The phase choices are Fe phase, wustite, magnetite,
and hematite.

3. Results and Discussion
3.1. Characteristics of the Steel Matrix

The properties of the high-strength steel matrix were investigated prior to the rolling
experiment. Figure 2a,b display the SEM and EBSD images of the high-strength steel
substrate. The microstructure of the steel matrix was composed of ferrite and pearlite (the
volume fractions of ferrite and pearlite accounted for 90% and 10%, respectively). As the
proportion of α-Fe in the steel matrix was much higher than the content of pearlite, only the
α-Fe phase was selected for the steel matrix in the EBSD analysis.

Figure 2. (a) Surface morphology and (b) electron backscatter diffraction (EBSD) image of the high-strength steel substrate.

Figure 3 is a schematic diagram of the EBSD grain boundary evolution of experimental
steel under different process conditions. Low-angle grain boundaries (2◦ ≤ θ < 15◦) are
shown in black, and high-angle grain boundaries (θ ≥ 15◦) are shown in blue. At the same
time, the size changes of grains under different reduction rates are quantified. When the
reduction rate increases from 10% to 27%, the matrix grains are elongated, and the number
of sub-grains increases. As the reduction rate increases, the increase of flat grains in the
steel matrix will have a corresponding effect on the oxide layer formed on the surface.

Figure 3. Distribution map of backscattered diffraction grain boundary of high-strength steel matrix
at different reduction rates and cooling rates after hot rolling. The low-angle grain boundaries (2–15◦)
are in black and high angle boundaries (>15◦) are shown in blue based on the misorientation angle.
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3.2. Microstructure of Oxide Layers

The surface oxide layer of the steel is composed of wustite, hematite, magnetite,
and ferrite. Figure 4 shows the electron backscatter diffraction pattern of the oxide scale
at different reduction rates and cooling rates after the samples were heated at 920 ◦C and
then cooled to 870 ◦C. Among them, blue, red, pink, and green represent ferrite, hematite,
magnetite, and wustite, respectively. The oxide layer is composed of the outermost mas-
sive hematite layer, the central columnar Fe3O4 layer, and the spherical fine-crystalline
magnetite layer, especially the joints of small spherical particles near the matrix (also
named “magnetite seam layer”). It was found that Fe2O3 grains gradually wedged into the
deformed magnetite surface when the rolling reduction rate was low (Figure 4a). This is
different from the previous research results obtained by using a thermal simulation test
machine for compression deformation in that when the cold roll was compressed to the hot
samples, there was a temperature gradient, which may have led to the outermost phase of
the oxide layer, namely hematite.

Figure 4. EBSD phase maps of the high strengh steel reheated at 920 ◦C, cooled to 870 ◦C, with the reduction rate and
cooling rates of (a) 10 %, 11 ◦C/s, (b) 15%, 18 ◦C/s, and (c) 27 %, 27 ◦C/s.

Since the spinel oxide usually formed inside the substrate is not a simple iron oxide
compound but a mixed oxide containing elements such as Si or Cr, the interface point scan
is performed by a Raman spectrometer (Figure 5). It can be determined by the Raman
peak that this spinel oxide is mainly Fe-Cr and Fe-Si spinel compounds. XRD analysis
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also shows that the main structure of the oxide layer is Fe2O3 on the surface, Fe3O4 in the
middle layer, Fe2SiO4, and FeCr2O4 compounds at the interface.

Figure 5. Raman spectroscopy spot analysis of the oxide scale with the thickness reduction of 10% and cooling rate of
11 ◦C/s, (a) oxide layer morphology and position, (b,c) Raman spectrum at the interface of the oxide scale and the substrate.
(d) XRD spectra of the oxide layers.

The results of Raman spectroscopy and EBSD show that the fine grains at the interface
are a Fe3O4 phase. Therefore, it presents the microstructure of a dual magnetite layer,
the outer layer presents a columnar crystal structure, and the Fe3O4 grains at the interface
are more refined and tend to be equiaxed. It is generally believed that the influence of
the magnetite layer on the growth rate is relatively small, but the growth mode of the
magnetite layer at the interface is very different from that of the oxide layer. Previous
investigations have shown that different alloying element compositions have an important
influence on the growth of scale on the surface of high-strength steel. In particular, adding
only 0.1 wt% of Si element to steel is enough to make the Fe3O4 layer grow in a dual
structure at 500 ◦C. The microstructure of the steel matrix has an important influence on
the appearance of dual structures, especially for slow-growing oxides such as magnetite,
which can hardly be found in FeO and Fe2O3. However, its influence on the formation
of the columnar magnetite layer is unclear. In addition, as shown in Figure 6, residual
fine-grained FeO oxide is distributed on the grain boundaries of magnetite. At the same
time, as the reduction rate increases, the surface layer of hematite gradually wedges into
the cracks inside the oxide layer.
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Figure 6. Electron backscatter diffraction grain orientation distribution map with the reduction rate
and cooling rates of (a) 10%, 11 ◦C/s, (b) 15%, 18 ◦C/s, and (c) 27%, 27 ◦C/s, a color distinction for
the (d) cubic crystal system, FeO, and Fe3O4, (e) Fe2O3.

3.3. The Characterization of Deformed Oxide Scales

Figure 6 shows the distribution of the grain orientation of the oxide scale measured by
electron backscatter diffraction (IPF graph). As the rolling reduction rate and cooling rate
increased, the microstructure of the oxide layer was constantly changing. Figure 6d shows
the coding rules for the cubic crystal system of FeO, Fe3O4, and α-Fe. Correspondingly,
Figure 6e shows the case of the triangular crystal system α-Fe. From the grain orientation
distribution map of the oxide layer, it can be found that the microstructure of the double-
layer Fe3O4 in the oxide scale is different. The outer layer of the oxide scale has a columnar
crystal structure, while the inner layer of Fe3O4 has more refined grains, and the shape is
isometric. The IPF diagram of the grain orientation of the oxide scale Fe3O4 intermediate
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layer shows that the crystal grains are columnar microstructures, and the interface is the
Fe3O4 seam layer. This two-phase heterogeneous structure is under high-temperature
oxidation conditions, and the oxide scale grains grow laterally. The resulting residual FeO
is transformed into Fe3O4 with a columnar structure.

Previous studies have shown that at high temperatures, the particle-shaped FeO is
elongated along the oxide/steel interface, and after cations and electrons diffuse, they re-
main intact at the interface. Therefore, for high-strength steel, when the temperature is
higher than 570 ◦C, the FeO eutectoid decomposes into columnar Fe3O4 in the oxide layer.
As shown in Figure 6, however, at a lower reduction rate and cooling rate, the texture of
Fe3O4 lacks a strong peak, which means that the controlled rolling and controlled cooling
process not only affects the grain size of the steel matrix but also has an important influence
on the texture orientation distribution of the oxide scale.

Figure 7 shows the distribution of grain boundary misorientation of the oxide layer.
The selected oxide scale sample has a rolling reduction rate of 15% and a cooling rate of
18 ◦C/s. It can be seen from the grain boundary misorientation distribution graph that
Fe3O4, which is dominated by a cubic crystal system, has its first largest peak at 53.5◦ and
a cutoff point at an orientation angle of 62.5◦.

Figure 7. Distribution map of grain boundary misorientation of different phases in the oxide scale,
the sample with the reduction rate of 15% and cooling rate of 18 ◦C/s, (a) all boundaries. (b) high
angle grain boundaries with misorientation >15◦.

For the triangular crystal system α-Fe2O3, it can be seen from the figure that there are
obvious peak changes at 31◦, 64◦, and 73◦, although the high-intensity peaks of α-Fe and
α-Fe2O3 are at 55◦ and 60◦ orientations. The difference returns to the low peak, but the high-
density small-angle grain boundary appears in Figure 7b. Generally, for polycrystalline
metal materials, the appearance of low-angle grain boundaries can provide barriers to the
propagation of cracks, that is to say, the low-angle grain boundaries minimize the solute
effect, and the interaction between the grain boundary interface and the fissile dislocation
is also reduced [17].

It can be concluded that these low-angle grain boundaries of α-Fe2O3 can effectively
improve the surface quality defects of the oxide scale caused by the mismatch of the Fe3O4
lattice. In addition, under different reduction rates and cooling rates, the grain size of each
phase is generally less than 4.5 µm, as shown in Figure 8a,b. Although there are some
abnormal grains with a grain size larger than 4.5 µm, FeO and Fe3O4 have similar grain size
distribution with a steel matrix, while α-Fe2O3 has a larger grain size when the reduction
rate is low (Figure 8b). It can be inferred that α-Fe2O3 alternately grows into the cracks.
Indeed, hematite grains gradually wedge into the surface of magnetite in the deformed
oxide scale at a lower thickness reduction. This suggests that the oxygen diffusion is
facilitated due to the cracking within the thin outer-layered magnetite, and therewith



Metals 2021, 11, 312 9 of 15

magnetite is further oxidized to hematite. The higher thickness reduction of 27% tends
to result in at least 80% density for porosity in contrast with the former two thickness
reductions of 10% and 15%. This is because the strain can now be relieved by substrate
yield, so there will be little scale cracking, and corresponding hematite remains on the
outer layer.

Figure 8. Histogram of oxide phase grain size distribution for (a) FeO, (b)Fe2O3, (c) Fe3O4, (d) Fe and the steel with the
thickness reduction of 10%, 15%, and 27%, and a cooling rate of 11, 18, 27 ◦C/s.

3.4. Microtexture Evolution Process of Deformed Oxide Layer

The pole figures of FeO, Fe3O4, Fe, and Fe2O3 obtained under different processes are
shown in Figures 9–11. When Fe3O4 reduction rate is 10% and cooling speed is 11 ◦C/s,
from Figure 9a, it can be concluded that Fe3O4 rormeda {114} fiber texture component,
and with the increase of the reduction rate, Fe3O4 gradually formed a stronger {112}
fiber texture on the surface of the oxide layer (Figure 11b). Its intensity was f(g) = 18.51.
This change in texture type confirms that polycrystalline materials require longer oxidation
time than iron single crystals [18].

It can be found in Figures 9, 10 and 11c that the crystallographic texture of the steel
matrix is weak, mainly manifested as a shear component. This type of texture often appears
when rolling the surface area of the steel in the past, and it also appears in the dynamic
transformation process of deformed austenite under different cooling conditions [19].

Figures 9, 10 and 11d show the evolution process of α-Fe2O3 texture in the oxide scale
as the reduction rate and cooling rate increases. It can be seen that when the reduction
rate is 10% and the cooling rate is 11 ◦C/s, α-Fe2O3 has a mixed-orientation component of
{−12−10}<10−10> and {01−10}<2−1−10> texture (Figure 9d), with density strength f(g) = 7.26.
It can be concluded that the reduction increases to 27% (Figure 11d) and α-Fe2O3 has a fiber
texture component close to {0001}<2−1−10> while retaining {01−10}<2−1−10> texture.
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Figure 9. Polar diagrams of the oxide layer and steel matrix on different crystal planes for (a) FeO,
(b) Fe3O4, (c) ferrite, and (d) (0001), (10−10) and (11−20) PF for Fe2O3, with a TR of 10%, and a CR
of 11 ◦C/s.

Figure 10. Polar diagrams of oxide layer and steel matrix on different crystal planes for (a) FeO, (b)
Fe3O4, (c) ferrite, and (d) (0001), (10−10) and (11−20) PF for Fe2O3, with a TR of 15%, and a CR of
18 ◦C/s.
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Figure 11. Polar diagrams of an oxide layer and steel matrix on different crystal planes for (a) FeO,
(b) Fe3O4, (c) ferrite, and (d) (0001), (10−10) and (11−20) PF for Fe2O3, with a TR of 27%, and a CR
of 27 ◦C/s.

The Schmidt factor is very important for model predictive analysis, mainly because it
involves the critical slitting stress of the material, the geometric relationship between the
slip system and the force axis. The Schmidt factor is also called the orientation factor, and its
analysis is based on the slip system in the crystal, which is based on the energy consumption
of the specified crystal shape. According to the tensile deformation mechanism and
critical deformation of metal single crystal, i.e., the force law, the yield strength has the
following relationship:

σ0.2 =
τ

(cosϕ ∗ cos λ)max
(1)

where τ represents the critical resolved shear stress, determined by the nature of the sheet
material, ϕ is the angle between the force axis and the normal of the sliding surface,
λ represents the angle between the force axis and the slip direction.(cosϕ*cosλ) is called
the Schmid factor, denoted as ms.

We can therefore calculate the Schmidt factor based on the texture result obtained
after hot rolling.

3.5. The Formation Mechanism of Fe3O4 Joint Seam Layer

The changes in the grain orientation of Fe3O4 in the oxide scale under different thick-
ness reduction and cooling rates are evaluated by the Schmidt factor. When the reduction
rate is 10% and the cooling rate is 11 ◦C/s, the Schmidt factor in {114}<110> grains direction
has the value (ηs = 0.4389). On the contrary, when the reduction rate is 27%, {112}<−1−21>
texture component of Fe3O4 has the largest Schmidt factor value (ηs = 0.4945). When the
reduction rate is 15% and the cooling rate is 18 ◦C/s, the Schmidt factor falls somewhere in
between, and the value is 0.4621. With the increase in the reduction rate, the fiber texture
components of <110> and <111> of cubic crystal system materials continuously increase.
Under normal, the important slip system of Fe3O4 crystal structure at room temperature
is {111}<110> and {114}<110> texture, that is to say, it usually produces {110} fiber texture
component [20,21]. When the reduction rate is 27%, {112}<−1−21> slip system shows the
lowest Schmidt factor value. The results show that during the high-temperature rolling
of the steel plate, other textures around the grains are consumed, so that {112}<1−1−2>
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texture components can be maintained. The main reason is that this type of texture compo-
nent is the most effective in resisting local plastic deformation. The development process of
{114}<1−10> texture to {112}<−1−21> also reflects the deformation substructure in-grain
deformation. When the crystal grains undergo plastic deformation, the high Schmidt
factor crystal grains will be plastically deformed earlier than the low Schmidt factor crystal
grains, so that the low Schmidt factor crystal grains present higher storage strain energy.
That is to say, under the condition of higher reduction rate and sharing of plastic de-
formation, the lower Schmidt factor grains are more difficult to operate than the high
Schmidt factor grains; that is, more strain energy is stored. For Fe3O4 grains deformed
by high-temperature shaping and rolling, the {112}<−1−21> direction texture will first
consume the surrounding grains during the deformation process, which is shaped by
storage determined by the strain energy of deformed grains. In addition, the anisotropy of
strain energy is proportional to the reduction rate.

Fe3O4 and FeO formed at the initial high temperature share the {100} fiber texture,
also known as the theta fiber texture [22,23]. This fibrous grain shape is rooted in the
Fe3O4 seam layer between the oxide layer and the matrix. This result indicates that the
strain lateral growth process exists in the high-temperature oxidation process. After the
hot rolling, the stress release appears at the interface, that is to say, there is almost no strain
at the interface. The Fe3O4 grains formed by the phase transformation are generated by
nucleation, and the grains grow by diffusion [24–26]. The preferential orientation growth
of the oxide layer grains reflects the energy balance between the internal stress state [27] of
the oxide layer and the ion transport in the steel matrix [28]. In this experiment, the oxide
scale is mainly composed of outer granular grains, middle columnar grains, and spherical
Fe3O4 grains near the substrate [29–31]. The formation of the equiaxed crystals of this
fine grain is closely related to the preferred orientation of the oxide layer. It also involves
the diffusion of ion vacancies in the oxide layer. The specific internal stress state caused
by these phenomena causes the inner oxide scale. The stress state changes are shown in
Figure 12 below.

Figure 12. Schematic diagram of the stress state of the interface between the oxide layer and the matrix.

For the two-phase isomerized Fe3O4 seam layer, when the rolling reduction rate is low,
the fiber texture of <110> appears along the growth direction of the oxide layer. This kind
of spherical grains preferentially nucleates and precipitates Fe3O4 at the Fe surface grains
<110>, which can minimize the mismatch behavior between the steel matrix and the oxide
Fe3O4 lattice. The high-strength steel matrix grains help to increase the deformation
between Fe3O4 and the matrix, this deformation will lead to the release of stress and even
lead to slight tensile stress [32] in the Fe3O4 layer at the interface [33].

The ion transport process is shown in Figure 13. The tensile stress in the oxide layer at
the interface inhibits the outward diffusion of cations in the oxide scale, and at the same
time, the diffusion of oxygen and anions is enhanced. Oxygen anion radius is about 1.4 Å,
and Fe(II) and Fe(III) ions’ radii are 0.74 Å and 0.64 Å, respectively. The radius of iron cations
is about half of that of the oxygen anion. Due to the difference in size, the oxygen anion
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in Fe3O4 tends to form a cubic structure, in which iron ions occupy part of the octahedral
space. Since the radius of iron cations is close to that of alloying elements, when the vacancy
concentration is lower than the critical concentration, the generated oxygen ion vacancies
form crystal defects. This oxidation process is greatly affected by oxygen vacancies because
oxygen vacancies promote the diffusion of oxygen anions.

Figure 13. Schematic diagram of ion transmission at the interface between oxide layer and matrix.

4. Conclusions

In the present research, the texture evolution of the oxide scale under different rolling
processes and cooling rates was studied through the EBSD analysis method and the
sample processing method combining mechanical and argon ion polishing. The results are
as follows:

(1) The Fe3O4 phase in the oxide layer has a two-phase heterogeneous morphology,
Fe3O4 in the oxide layer comprises columnar grains, and Fe3O4 near the substrate
comprises spherical grains. Fe2O3 is gradually wedged in the surface of the Fe3O4
layer when the rolling reduction rate is low.

(2) Fe3O4 and FeO formed at the initial high temperature share a {100} fiber texture.
Fe3O4 forms a <110> fiber texture at a reduction rate of 10%. The inner layer of the
oxide scale is spherical grains, Fe3O4 is preferentially nucleated and precipitated in
the direction of Fe surface grains <110>, which can minimize the mismatch behavior
between the steel matrix and the oxide Fe3O4 lattice. With the increasing of the
reduction rate, the {112}<−1−21> directional slip system shows the lowest Schmidt
factor value, that is, when the crystal grain is deformed, the grains with a higher
Schmid factor undergo plastic deformation before the grains with a low Schmidt
factor, so the grains with a low Schmidt factor will exhibit higher stored strain energy.

(3) The formation of the preferred orientation of the Fe3O4 spherical seam layer is the re-
sult of the joint effect of the stress state near the substrate and ion diffusion. The control
of grain boundary engineering can provide a certain theoretical basis for pickling-
free steel.
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