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Abstract: In this study, two silicon-containing steels with different P contents were used, and
reheating tests were conducted in an industrial furnace in a hot strip plant. The effect of P on
the microstructure and melting temperature of Fe;SiO; in silicon-containing steels was investigated
using a backscattered electron (BSE) detector and energy-dispersive spectroscopy (EDS). The melting
process of Fe;S5i04 was also observed in situ for the two steels with different P contents. The results
show that the addition of P could lower the melting point of the eutectic compound Fe;SiOy4/FeO,
which is helpful for descaling the oxide scale. The melting point decreases with the increasing P
content, and the melting point of Fe;SiO4/FeO can reduce up to 954.2 °C when the content of P
reaches 0.115 wt %. Furthermore, P-compounds form in the dispersive particles located in the iron
matrix near the interface between the matrix and inner oxide scale when the P content is relatively
high. In addition, a method of in situ observation was proposed to study the effect of P on the melting
point of Fe;SiO4/FeOQ in silicon-containing steel. The results are of more practical significance for the
descaling of oxide scale in silicon-containing steel.
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1. Introduction

The eutectic compound Fe;5iO4/FeO is the main inducement of red scale in silicon-containing
steel. In general, the formation of the red scale is related not only to the content of Fe;SiOy, but also to
its morphology and distribution. The formation mechanism of red scale has been reported in several
studies [1-8]. Silicon reacts with oxygen diffusing into steel and precipitates as SiO,, which combines
with FeO and then forms a separate phase called fayalite (Fe;SiO4). The theoretical melting point of
Fe;Si04/FeO is approximately 1173 °C and liquid Fe;SiOy irregularly penetrates into FeO and the
matrix. It is difficult to completely wipe off the FeO layer after descaling due to the very high strength
of the eutectic compound Fe;SiO,/FeO. Following the cooling process, the remaining FeO scale is
oxidized into red Fe,Os.

To eliminate the red scale defect, many studies on Fe;SiO; of silicon-containing steels have been
conducted. Suarez et al. [9] reported that the amount of Fe,SiO, increases with the silicon content and
the liquid Fe;SiO4/FeO is distributed in the net-like form between the iron matrix and the inner oxide
scale when the temperature is higher than the melting temperature of Fe;SiO, /FeO, resulting in more
red scale. Mouayd et al. [10] reported that the penetrative depth of the eutectic FeO/Fe;SiOy in the
scale increases with the silicon content. In the present authors’ previous study [11] on the relationship
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between silicon content and morphology of Fe,;SiOy, it was shown that Fe;SiO4 appears in a net-like
form in the innermost layer of oxide scale close to the iron matrix when the silicon content is 1.21 wt %.
However, no obvious net-like Fe,SiOy, is observed when the silicon content is less than 0.25 wt %.
In addition, the effects of chemical compositions on the scale were investigated by Kizu et al. [12].
They found that the blistering of the scale was promoted by increasing C, Mn and P contents and
suppressed by increasing the S content at any temperature. Furthermore, Yu et al. [13] took the
chemical compositions into account while investigating the tertiary scale characteristics of hot rolled
strips. They pointed out that P can be enriched at the interface between the substrate and tertiary
scale, which is beneficial to decrease the adhesion of the tertiary scale. However, Si enrichment at the
interface between the substrate and tertiary scale increases the adhesion.

It is noteworthy that Fukagawa et al. [14] suggested a new method to decrease the red scale
from the perspective of the effect of chemical compositions on the Fe;SiO4. They demonstrated that
the addition of P lowers the binary eutectic temperature of FeO/Fe,SiO4 oxides (1167 °C, close to
the theoretical melting point temperature of FeO/Fe;SiOy4) formed during slab soaking, because
the sarcopside (Fe3(POy),) crystallizes in oxide scale when the content of P reaches a certain value.
This leads to the formation of a ternary eutectic FeO/Fe;SiOy4/Fe3(PO4); having a low melting point
of 890 °C. The appearance of Fe3(PO4), lowers the binary eutectic temperature of FeO/Fe;SiOy.
Therefore, the liquid eutectic compound in the scale/steel interface during the descaling improves
the hydraulic-descaling-ability. However, in their studies, the measurement of melting points of
FeO/Fe,SiOy4 and other analyses on the oxide scale were based on differential scanning calorimetry
(DSC) on the different reagent powders of Fe, Fe304, SiO; and P,Os. Meanwhile, the research about
the effect of P on the oxide scale is scarce. Therefore, the present study focused on the effect of P on
the microstructure and melting temperature of Fe,SiOy. First, two low-carbon steels with different P
contents were used and heated in an industrial furnace. The chemical constitutions and experimental
conditions of oxide scale conformed to the industrial scenario. Secondly, an in situ observation method
was used to determine the melting point of FeO/Fe;SiOy; the melting process of FeO/Fe;SiO4 was
completely recorded. The results are of more practical significance and provide a useful reference for
the control of red scale defect in silicon-containing steels.

2. Materials and Methods

2.1. Industrial Oxidation Experiment

Tested materials were taken from two silicon-containing steels commercially produced in a hot
strip plant (Baosteel, Shanghai, China). The chemical compositions of the two steels with different
P contents were determined by a carbon sulfur analyzer (CS-8800) and infrared spectrometer (IS50)
and are presented in Table 1. The samples were polished to remove the scale before heating in the
furnace. The industrial reheating procedure is presented in Figure 1la. The samples were heated
to 1260 °C by a segment heating route and held for 40 min, followed by air cooling to ambient
temperature. The heating atmosphere in the furnace contained approximately 2% oxygen, 13% carbon
dioxide, 11% water vapor and 74% nitrogen (vol %). After the oxidation experiment, three or more
specimens of each steel were cut using a wire-electrode cutting device (HFang, Taizhou, China)
whose flow velocity of lubricant was controlled in a relatively lower value for keeping the integrity
of oxide scale. Moreover, a cold mounting method was used in the preparation of the samples for
microscopic observation. The conventional hot mounting method was not utilized in the present
study due to the strong compressive stress during the mounting process which is harmful for the
protection of oxide scale. The cold mounting material is composed of 60% acrylic powder and 40%
liquid hardener. The cross-sections of mounted samples were ground and polished. Subsequently,
the microstructures were observed using a backscattered electron (BSE) detector on a Nova 400 Nano
scanning electron microscope (SEM) (Hillsboro, OR, USA), operated at an accelerating voltage of 20 kV.
Energy-dispersive spectroscopy (EDS) was applied to analyze the compositions of the oxide scale.
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Two acquisition techniques, including point analysis and selected area elemental mapping, were
employed. To obtain a better intensity of spectral lines, the acceleration voltage was selected to
be a relatively low value as 18 kV. Appropriate long acquisition time was used to ensure sufficient
acquisition counts (cts). For example, the acquisition time and counts are 155 s and 272,926, respectively,
according to the following result of selected-area elemental mapping.

Table 1. The chemical compositions of the tested steels (wt %).

Steels C Si Mn P S Ni Als Ti Fe

SiP-1 0.069 1.310 1.240  0.020  0.001 0.012 0.037 <0.004 Bal
SiP-2 0.070 1.300 1260  0.115 0.002  0.010 0.035 <0.004 Bal
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Figure 1. (a) The industrial heating procedure; (b) The schematic diagram of a sample for in
situ observation.

2.2. In Situ Observation of the Melting Process of Fe;SiOy

The melting process of Fe;SiO4 was observed in situ using a VL2000DX laser scanning confocal
microscope (LSCM) (Lasertec, Yokohama, Japan). The samples for in situ observations were prepared
after the industrial oxidation experiments. The specimens were machined into a cube-shaped structure
with dimensions of 4 mm X 4 mm X 4 mm. To maintain a level observation surface, the cross-section
of the oxide scale and its opposite sides of the samples were conventionally polished. The polished
surfaces were perpendicular to the observation direction. The Fe,;SiOy4 layer still adhered to the
polished sample (Figure 1b). The specimen chamber was initially evacuated to 6 x 10~3 Pa before
heating, and argon was used to protect the specimens from surface oxidation. The specimens were
heated at a fast heating rate of 5 °C-s~! to 800 °C. Furthermore, to clearly observe the melting process
of Fe;S5i0y, the specimens were then heated at a slow heating rate of 0.15 °C-s~1 to 1200 °C followed
by 0.2 °C-s~! to 1260 °C. Finally, the specimens were maintained at 1260 °C for 2 min and then cooled
to an ambient temperature at 2 °C-s~!. The LSCM images were continuously recorded at 15 frames-s !
at a magnification of 500x during the whole heating treatment. A video showing the melting process
of Fe,5i0,4 was simultaneously recorded.

3. Results and Discussion

3.1. Microstructural Characterization of the Oxide Scale

Figure 2 shows the SEM images of the oxide scale in the two tested steels obtained with the
backscattered electron (BSE) detector. As depicted in previous studies [15,16], the oxide scale mainly
consists of three different layers, i.e., the upper layer Fe;Os, middle layer FeO + Fe304, and inner layer
FeO/Fe;Si0;4. The outer layers of Fe;O3 and FeO + Fe3Oy are brittle and easy to wipe off, but the inner
layer of FeO/Fe;SiOy strongly adheres to the metal matrix and is retained completely. The dark phase
close to the scale-metal interface is a mixture of Fe;SiO,4 and FeO. The red area in thumbnails located at
the bottom left of Figure 2a,b is obtained by an image-processing software, Image-Pro plus 6.0 (Media
Cybernetics, Rockville, MD, USA). Initially, the total area of Fe;SiOy in the inner layers is isolated
and measured by the auto-discernment function of color aberration in the software. Subsequently,
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to obtain the areas of Fe,SiOy in unit widths, the total areas are divided by the width of the measured
images [11]. The red area represents the distributions of solid Fe;SiO4 and the measured area can
represent the amount of Fe,SiO4. Figure 2c shows the contents and penetration depths of Fe;SiOy in
the two specimens. Only the penetration depth of Fe,SiOj into the FeO layer is considered because
the formation mechanism of red scale is mainly related with the “anchor effect” between the upper
FeO and lower Fe,SiOy. The result indicates that the contents of Fe;SiO4 in both the two tested steels
have no significant difference. In addition, the penetration depths of Fe;SiO, are almost the same.
This is because the content and penetration depth of Fe,;SiOy are related to the silicon content [17-21],
and the silicon contents in two tested steels are basically the same. Furthermore, the reasons for
the net-like distribution of Fe;SiOy4 can be explained by compressive stress at the oxide layer/metal
interface [22]. The compressive stress at the oxide layer/metal interface is larger than that at the
outer position when the Pilling-Bedworth Ratio (PBR) is more than 1 [23], resulting in the pressure
differences between the interface and outside oxidation layer. The pressure difference always exists
along with the displacement of the oxidation reaction interface [11,16,22]. The pressure difference in
the liquefied Fe,SiOy4 phase at a temperature higher than the melting point of Fe,SiO4 forces a part of
Fe;5i04 to permeate into the inner scale. The liquid Fe;SiO4 phase distributes along the FeO grain
boundaries and the net-like Fe;SiO, phase forms after its solidification. Moreover, the net-like Fe;SiO4
phase may also be related to the possibility of Si diffusion through FeO grain boundaries and possible
oxidation there.
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Figure 2. SEM images of the oxide scale obtained with the backscattered electron (BSE) detector.
(a) SiP-1; (b) SiP-2; (c) The contents and penetration depths of Fe;SiOj in the two specimens.

3.2. Distribution of Chemical Elements in the Fe;SiO4 Phase

The distributions of chemical elements in the Fe;SiO4 phase are illustrated in Figure 3. To observe
the phase of spectrum such as the area of spectrum 1 in Figure 3a with greater clarity, the magnification
of Figure 3b is larger than that of Figure 3a. Figure 3a shows that the oxygen content gradually
decreases from the upper layer (spectrum 2) to the inner layer (spectrum 1). The oxygen content
is relatively higher than the standard of iron oxide, probably because the oxygen sensitivity of the
applied method (EDS) is not very good, resulting in a variable oxygen content. However, the Mn
content increases from the outside to inside of the scale as a result of Mn diffusion from the metal to
the oxide [24]. In addition, the contents of P in Fe,SiO4 of steel SiP-1 are much smaller, because of
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less P content in the steel SiP-1 (Table 1). The P content changes within a small range when it is quite
small due to the limited sensitivity of the detectors in the EDS units. The maximum values for spectra
1 and 2 in Figure 3a are 0.02 and 0.03 (at %), respectively, demonstrating that the concentration of P
element is very small. The atomic percentage of Fe:Si:O in spectra 1 and 2 (Figure 3a) is calculated
to be approximately 2:1:4. Therefore, the dark gray district (net-like area) in Figure 3a is mainly the
Fe,;5i04 phase and no Fe3(PO4); phase is detected. On the other hand, the elemental distribution of
spectrum 2 in Figure 3b is similar to that of Figure 3a. There is more P element in the spectrum 1, seen
as a bright gray district in Figure 3b. The atomic percentage of Fe:P:O in spectrum 1 is calculated to
be approximately 2.5:2.0:7.0, which is near to the standard atomic percentage of the Fe3(POy), phase.
According to previous studies [12-14], P only exists as the Fe3(PO,), phase which has an orthorhombic
system as the Fe;S5iO, phase and aggregates at the interface between the scale and substrate. Therefore,
it can be inferred that the phase in spectrum 1 of Figure 3b is mainly Fe3(POy),. Therefore, there is
only the Fe;SiOy4 phase in the sample with less P content (Figure 3a), whereas there are two phases,
Fe,SiO4 and Fe3(POy);, in the sample with high P content (Figure 3b).
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m Spectrum o Si Mn Fe P f/ Spectrum (9] Si Mn Fe P

Spectrum 1 49.19  12.85 0.95 36.99  0.02 Spectrum 1 60.56 1.42 1.03 22.71 18.28
Spectrum 2 47.30  12.06 0.81  39.77 0.06

Figure 3. The distributions of chemical elements in the Fe,SiO4 phase (a): SiP-1; (b): SiP-2.

In addition, there were many dispersive particles located in the iron matrix near the interface
between the matrix and inner oxide scale. In previous studies [5,6,11], these dispersive particles have
been proven to be silicon dioxide in steels containing less P content. Figure 4 shows the results of
selected-area elemental mapping on the dispersive particles located in the steel matrix near the interface
between the iron matrix and inner oxide scale for steel SiP-2 containing 0.115 wt % P. P element can
also be detected in these particles. Figure 5 gives the chemical compositions of the dispersive particles
obtained by the point analysis method of EDS. It clarifies that not only silicon dioxide exists in these
dispersive particles, but also P-compounds can be found when steel contains a higher P content.

...

Electron Image 1 O Ka1 Fe Ka1

..

Si Ka1 P Ka1

Figure 4. (a—e) The selected-area elemental mapping on dispersive particles located near the interface
between the matrix and inner oxide scale.
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Figure 5. The chemical composition of the dispersive particles obtained by the point analysis method
of EDS (a) the morphology of dispersive particles; (b) the elemental constitution of spectrum 1; (c) the
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3.3. In Situ Observation of the Melting Process of Fe;SiOy

6 0f 9

Figure 6 presents micrographs showing results from in situ observations of the melting process of
Fe,SiOy for steel SiP-1 (1.31 wt % Si; 0.020 wt % P). Figure 6a shows the morphology of oxide scale
before melting. Fe,;SiOy is distributed in the net-like form. Figure 6b illustrates that the Fe,SiO4 phase
begins to melt at 1170.6 °C, which is close to the theoretical melting temperature of Fe,SiOy4 (1173 °C).
It demonstrates that the melting point of Fe;SiO; is close to the theoretical melting temperature
when P content is relatively low. In earlier studies [1,3,5,9,25], the melting temperature of Fe;SiO4
was approximately 1173 °C because the P content was less than 0.051 wt %. Figure 6¢c shows the
morphology of liquid Fe;SiO, during melting; the FeO phase is still in the solid state due to its higher
melting point (1370 °C). The end of the melting process of Fe,SiOy is presented in Figure 6d. The time
taken for the entire melting process of Fe;SiOy is approximately 136.4 s.

Bl Time: 2908.62Sec
Temp: 1183.6°C

f Time: 2826.81Sec
Temp: 1170.6°C

f Time: 2963.22Sec
Temp: 1190.4°C

Figure 6. Micrographs showing results from in situ observations of the melting process of Fe,SiOy for

steel SiP-1 (a) before melting; (b) at the start of melting; (c) during melting; (d) at the end of melting.
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The micrographs showing results from in situ observations of the melting process of Fe;SiOy4
for steel SiP-2 (1.30 wt % Si; 0.115 wt % P) are given in Figure 7. Figure 7a shows the morphology of
oxide scale before melting, and Figure 7b shows that the Fe,SiO4 phase begins to melt at 954.2 °C.
The melting point of Fe;SiO4 /FeO of steel SiP-2 is obviously lower than that of steel SiP-1 as well as the
theoretical melting temperature of Fe;SiO4/FeO (1173 °C). It demonstrates that the melting point of
Fe;S5i04/FeO decreases with the increasing P content. Therefore, this is an effective and practical way
to decrease the Fe;SiO4 melting temperature with the addition of P element. By this way, the Fe;SiO4
phase is in a liquid state and can be removed easily when the descaling temperature is higher than
the melting temperature of Fe;SiO4. Figure 7c illustrates the morphology of liquid Fe;SiO4 during
melting. The end of the melting process of Fe;SiOy is shown in Figure 7d. The time taken for the entire
melting process of Fe;SiOy is approximately 1458.5 s.

Time: 402.63Sec

<
"3&&@1’1""6-0@ ST

Figure 7. Micrographs showing results from in situ observations of the melting process of Fe,SiOy for
steel SiP-2 (a) before melting; (b) at the start of melting; (c) during melting; (d) at the end of melting.

Figure 8 shows the image of the FeO-5i0,-P,Os5 ternary eutectic system, which is reported by
Fukagawa et al. [14]. This FeO-5iO,-P,Os5 ternary eutectic system is a regional image of the whole
FeO-5i0,-P,05 ternary eutectic system which is obtained by the combination of three different binary
eutectic systems. There are three temperature scales in the whole ternary eutectic system. For easier
understanding of the ternary eutectic system, a regional image without temperature scales is used
in the present study. Moreover, the three characteristic temperatures are given in order to show the
relationship between the temperature and different phases. There are three different stages during the
cooling process. First, the FeO phase crystallizes when the temperature is relatively high (point M;
(~1200 °C)). Then, the Fe;SiO4 phase starts crystallizing when the temperature decreases to point Ey
(binary eutectic point (~954-1173 °C)). At last, the Fe3(POy); phase crystallizes when the temperature
decreases to the point Eyyy (ternary eutectic (~890 °C)). Therefore, it can be concluded that the existence
of Fe3(POy), phase can lower the binary eutectic point of compound Fe;SiO4/FeO. The results of this
study also demonstrate that the addition of P could lower the melting point of the eutectic compound
Fe;SiO4/FeO (Steel SiP-2), and a ternary eutectic compound Fe3(POy), /Fe;SiO4/FeO forms upon the
Fe,SiO4 phase area. It is easy to wipe off the red scale when the descaling temperature is higher than
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the melting point of Fe;SiO4/FeO. The melting point of the eutectic compound Fe;SiO4/FeO decreases
with the increasing P content, and it could reduce to 954.2 °C when the P content is 0.115 wt %.
In addition, the Fe3(POy), phase is detected in the net-like Fe;SiOy4 area, and P-compounds are in
the dispersive particles located in the iron matrix near the interface between the matrix and inner
oxide scale. Furthermore, the silicon-containing steels in the present study are commercially produced
and their oxide scale is formed during the reheating process in the industrial production. Therefore,
the results represent oxidation behavior of steel and oxide microstructures in actual production and
can provide some valuable reference from the viewpoint of industrial application.

E,— B L—FeO+Fe SiO,
E, :L—FeO+Fe,Si0,+Fe,(PO,),

Figure 8. FeO-5i0,-P,Os5 ternary eutectic system.

4. Conclusions

In this study, two silicon-containing steels with different P contents were tested. High temperature
oxidation tests were conducted in an industrial furnace in a hot strip plant. The effect of P on the
microstructure and melting temperature of Fe;SiOj in the two silicon-containing steel were investigated
using a backscattered electron (BSE) detector on a Nova 400 Nano scanning electron microscope (SEM)
and energy-dispersive spectroscopy (EDS). In situ observations of the melting process of Fe;SiOy4
were conducted. The results indicate that the Fe;(PO4), phase forms mainly at the interface between
the iron matrix and inner oxide layer with the addition of P which could lower the melting point
of the eutectic compound Fe;SiO,/FeO and the melting point of Fe;SiO4/FeO decreases with the
increasing P content. The melting point of Fe;SiO4/FeO could reduce to 954.2 °C when the content of
P is 0.115 wt %. In addition, when the P content is relatively high, P-compounds are formed in the
dispersive particles located in the iron matrix near the interface between the matrix and inner oxide
scale. Furthermore, the effect of P on the microstructure and melting temperature of Fe;SiO4/FeQO in
both the silicon-containing steels was investigated by in situ observation. This method may offer new
insights for the research on metal oxidation and other fields of corrosion science.
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