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Abstract: The inclusions formed in 304L stainless steel for nuclear power produced by the electric arc
furnace (EAF)-argon oxygen decarburization furnace (AOD)-ladle furnace (LF)-continuous casting
(CC) process were investigated by thermodynamics calculations and experimental results. The
results showed that the inclusions after AOD and LF refining were almost the same as the slag
composition. The types of inclusions (sizes larger than 5 um) were mainly CaSiO3 with high
SiO; content at the end of AOD, and Ca;SiO, with high CaO content at the end of LE. The Al,O3
and MgO content of inclusions increased from AOD to LE. There were two types of inclusions in
the tundish: CaO-5i0,-Al;03-MgO and CaO-5i0,-Al,03-MgO-MnO inclusions with MgO-Al,O3
spinel precipitation. The content of Al,O3 in the inclusions increased rapidly with the decrease
in temperature from the end of LF refining to continuous casting, as calculated using FactSage6.3
software. The rapid increase of Al,O3 in the CaO-5i0;-Al;O03-MgO-(MnO) inclusions promoted the
precipitation of MgO-Al,O3 spinel in continuous casting tundish, suggesting mechanisms for the
formation of inclusions in the 304L stainless steel.

Keywords: 304L stainless steel for nuclear power; oxide-inclusion evolution; MgO-Al,Os
spinel; precipitation

1. Introduction

With good corrosion resistance, favorable mechanical properties, and excellent cold and hot
processing properties, austenitic stainless steel is used in the petroleum, chemical, aerospace, and
nuclear industries [1,2]. As a typical austenitic stainless steel, 304L stainless steel is widely used
in harsh environments, including nuclear power plants and storage and transportation containers
for cryogenic liquid [3-7]. For safe use in these harsh application environments, the purity and
content of carbon and nitrogen, and the impurity elements of 304L austenitic stainless steel must
be strictly controlled. Non-metallic inclusions in 304L stainless steel must be removed if it is to be
used for nuclear power applications, since the presence of these inclusions can cause deterioration of
mechanical properties, promote surface defects, and serve as initiation sites for corrosion-fatigue cracks,
potentially leading to operational complications [8-11]. Therefore, the effective control of non-metallic
inclusions is very important for the production of 304L stainless steels for nuclear power applications.

The evolution mechanism of inclusions in austenitic stainless steel has been widely studied [12-20].
Inclusion evolution during refining and continuous casting of 316L stainless steel was described by
Yin et al. [15]. The authors reported precipitation of harmful crystals of MgO/ Al,O3 spinel within the
steel melt and within the calcium silicate matrix of existing inclusions occurred as the temperature
decreased from the tundish until solidification. The compositional evolution of oxide inclusions in
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austenitic stainless steel during continuous casting was reported by Choi et al. [16]. The authors found
that the basicity (%CaO/%5iO,) of the inclusions decreased with decreasing inclusion size, and the
manganese oxide content (%MnO) increased as inclusion size decreased. Park and Todoroki [17]
reported that for Si deoxidation, most actions resulted in the formation of silicate type inclusions
with lower melting temperatures. Lowering MgO and Al,Oj3 in the slag helped to eliminate the
most influential oxides. Yan et al. [18] found that in the slag-steel-inclusions reaction system, the top
slag-steel reaction affected the molten steel chemistry, consequently influencing the compositional
evolution of inclusions during the ladle treatment. Similar results were presented by Ren et al. [19],
who found that a low basicity slag resulted in lower [Al]s in stainless steel, which helped to avoid the
formation of Al;O3-rich inclusions and improve the deformability of inclusions.

However, the oxide-inclusion evolution of 304L stainless steel produced for nuclear power
applications remains poorly understood. Although previous investigations have described the
crystallization behavior of the spinel phase during the stainless steelmaking process, there has been no
comprehensive study of the evolution of inclusions, including their detailed characteristics, and no
examination of the thermodynamic parameters of the formation mechanism of spinel inclusions in
304L stainless steel for nuclear power. In this study, the inclusions in 304L stainless steel produced by
a 100ton electric arc furnace(EAF)-110 ton argon oxygen decarburization furnace (AOD)-110 ton ladle
furnace (LF)-continuous casting (CC) process were systematically investigated by microanalysis and
thermodynamic analysis.

2. Experiments

2.1. Experimental Procedure and Sampling

In this work, 304L stainless steel materials were produced by the EAF-AOD-LF-CC process. First,
waste steel, nickel iron, and ferrochrome were melted in an electric arc furnace, and then poured
into the AOD converter. After decarburization in the AOD converter, ferrosilicon was added for
reduction when the content of carbon reached the target value, allowing the desulphurization process
after reduction. The aluminum content of the ferrosilicon was 1.3%. After completion of the AOD
process, the liquid steel was transferred to LF (the refractory material is magnesia-calcium) for refining.
Lime and fluorite were added for secondary refining, with a target value of basicity of 2.20. When
the composition and temperature reached the target value, the molten steel was transported to the
continuous casting platform for casting. The main component of tundish fluxes was 85 wt% MgO,
1.27 wt% CaO, 2.65 wt% 5iO;, 0.01wt% Al,O3, and 0.59 wt% C.

Separate steel samples were removed after the AOD treatment, LF refining, and casting process,
and the inclusions were analyzed. Additionally, slag samples were removed after AOD treatment and
LF refining. The composition of the molten steel, composition of the slag, and size and composition of
the inclusions were measured and the results were presented as the mean values of measurements
from 18 samples.

2.2. Analysis of Samples

The steel samples ($ 30 mm x 10 mm) were cleaned by machining the surface before chemical
analysis. The chemical composition of the steel samples was determined by the direct reading spectrum
(ARL4460, Thermo Fisher Scientific, MA, USA). Cylinders (¥ 5 mm x 5 mm) were machined to
measure the C, S, O and N contents. The contents of C and S were analyzed by a C/S analyzer (CS-800,
ELTRA, Haan, Germany). The contents of O and N were analyzed by an O/N analyzer (EMGA-620W,
Horiba, Kyoto, Japan). The Al and Ca contents in the steel were determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES). The composition of 5 g slag samples was analyzed
using an X-ray fluorescence spectrometer (ARL PERFORM’X, Thermo Fisher Scientific, MA, USA).

The 15 mm X 15 mm x 10 mm samples for scanning electron microscopy (SEM; Merlin Compact,
Zeiss, Gottingen, Germany) were made by cutting, grinding and polishing. The morphology and
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composition of nonmetallic inclusions of the steel specimens were analyzed by SEM with an energy
dispersive spectrometer (EDS; X-Max 80, Oxford Instruments, High Wycombe, UK). The element
maps of inclusions were analyzed by electron probe microanalysis (JXA8230, JEOL, Tokyo, Japan)
(EPMA) with wavelength dispersive spectrometer (WDS). Inclusions smaller than 5 um did not affect
the properties of the steel. Additionally, the interaction volume could spread into the steel and excite
electrons from the surrounding environment for inclusions smaller than 5pum. Therefore, for more
accurate analysis of inclusions, only inclusions larger than 5 um in size were studied.

3. Results

3.1. Composition of the Molten Steel and Slag

The average chemical compositions of molten steel and slag at various stages were determined
and are listed in Tables 1 and 2, respectively. The binary basicity (CaO/SiO,) of AOD slag is 1.85,
whereas that of LF slag is 2.20. The levels of Cr;O3 and FeO in slag after LF refining were much lower
than those after AOD treatment. The total oxygen (T.O) content decreased during the steelmaking
process. The levels of Mg and Al increased in the steel from the AOD to LF stages and the MgO and
Al,O3 content also increased in the slag.

Table 1. Chemical composition of 304L at different stages (mass fraction %).

Stage C Si Mn Ni Cr Al Mg Ca T.O
After AOD 0.011 0.14 1.50 8.12 17.99 0.003 0.0006  0.0011  0.0152
After LF 0.015 0.37 1.59 8.21 18.14 0.004 0.0008  0.0006  0.0047
Tundish 0.015 0.38 1.58 8.27 18.10 0.004 0.0008  0.0006  0.0040

Table 2. Chemical composition of 304L slag at different stages (mass fraction %).

Stage CaO SiO, MgO Al,O3 CryO3 FeO
After AOD 55.97 30.21 447 1.37 1.49 2.36
After LF 58.69 26.63 6.08 1.89 0.07 0.13

3.2. Type of Inclusions in the Smelting Process

Nearly 20 inclusions were selected for characterization with samples taken at different stages.
The morphology of the inclusions in molten steel during the AOD-LF-CC process was characterized,
as shown in Figure 1. WDS element maps of typical CaO-5i0,-Al,03-MgO inclusions in molten
steel during the AOD-LF-CC process are shown in Figure 2. The main inclusion was spherical
Ca0O-5i0;7-A1,03-MgO, with the size ranging from several to tens of microns at the end of AOD
smelting (Figure 1a). These inclusions contained a small amount of magnesium and aluminum
(Figure 2a). At the end of LF, the types of inclusions less than 20 um in size were essentially
the same as that of AOD, as shown in Figure 1b. WDS element maps of typical homogeneous
Ca0-5i0;-Al,03-MgO inclusions are shown in Figure 2b. In Figure 1c, in addition to the spherical
Ca0-5i0;-Al,03-MgO, there were CaO-5i0;-Al,03-MgO-MnO inclusions in continuous casting
tundish, with an average size less than 10 um. WDS element maps of typical inclusions are
shown in Figure 2c. The results indicated that the spinel phase can be crystallized in the
Ca0-5i0;-Al,03-MgO-MnO and CaO-5i0,-Al,03-MgO inclusions in the tundish.
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Figure 1. Morphology and composition of typical inclusions in samples: (a) typical inclusions at the
end of AOD; (b) typical inclusions at the end of LF refining; (c) typical inclusions in the tundish.
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(c1)

Figure 2. The WDS element maps of typical inclusions in samples: (a) typical inclusions at the end of
AOQOD; (b) typical inclusions at the end of LF refining; (c) typical inclusions in the tundish.

3.3. Number Density and Size of Inclusions in the Smelting Process

The variations of the number density and the size of inclusions during the AOD-LF-CC production
process were determined and are shown in Figure 3. Small inclusions (<10 pm) were dominant in all
the samples. Larger inclusions (>10 um) decreased in number density during the different stages of
steelmaking. Large inclusions with a size larger than 20 pm were present in liquid steel after AOD
treatment, but were all adsorbed by the slag after LF refining, so there were no large inclusions from
LF refining to the continuous casting tundish. Most inclusions were smaller than 10 um at each stage,
and their number density decreased throughout the process.

B < 10pm
2L I 10um-20pm
- 20um

inclusion number density/ (number/mm’)

AOD LF Tundish

Figure 3. Size distribution of inclusions at different sampling locations.

3.4. The Composition of Inclusions

The composition of inclusions in the 304L stainless steel in the AOD-LF-CC process was
determined and is shown in Figure 4. The composition of inclusions was mainly CaO-SiO,, with
a small amount of Al,O3 and MgO in the AOD stage. The basicity and (Al,O3 + MgO) content of
inclusions in LF were higher than for inclusions in AOD. In the tundish, there was a significantly
higher content of (Al;O3 + MgO) in inclusions than that at the LF refining stage.
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Figure 4. Composition distributions of inclusions (size larger than 5 um) at the different stages.

4. Discussion

4.1. Oxide-Inclusion Evolution in the Steelmaking Process

To determine the characteristics of the inclusions of the AOD and LF stages, the compositions
of inclusions in steel specimens were converted into the mass percentages of CaO, SiO,, MgO, and
Al,O3, and then were plotted using CaO-5i0O,—-Al;O3 ternary system phase diagrams, as shown in
Figures 5 and 6. The phase diagram of the CaO-5i0,-Al,O3 system at 1 873 K was calculated using
FactSage 6.3 (Thermfact/CRCT & GTT-Technologies, Aachen, Germany) software. It can be clearly
seen that the composition of the inclusions was in good agreement with the slag composition. The
inclusions are mostly made up of slag components, resulting from slag entrapment. During the cooling
process, additional inclusions were formed, such as CaSiOs, containing a higher content of SiO,, and
Cay5i0y, containing a higher content of CaO precipitate. In addition, the Al,O3 content, MgO content,
and the basicity of the LF slag were higher than those in AOD. Additionally, the Al,O3 content, MgO
content, and the basicity of inclusions in LF were also higher than those in AOD, which is generally
consistent with the change of slag composition. Overall, most inclusions during the AOD process
were CaSiO3; with a high SiO, content, and most inclusions during LF were Ca,5iO4, with a high CaO
content. At the same time, the amounts of Al,O3 and MgO in inclusions in the AOD and LF stages
were lower, similar to those in the slag. Therefore, it can be concluded that the inclusions formed in
304L stainless steel during the AOD and LF processes are mainly derived from the entrapment of the
top slag. The strong argon stirring during AOD smelting and LF refining eventually allows inclusions
to eventually reach equilibrium after action between the molten steel and slag. Thus, effective control
of inclusions can be achieved by the careful control of the slag composition. The content of MgO in the
slag in LF is higher than that in AOD (an increase from 4.5% to 6%), suggesting that slag and molten
steel corrode the lining in the LF refining process. The erosion from the molten steel is more obvious,
and results in a significant increase in the content of MgO in inclusions, so a key control strategy will
be to inhibit the erosion of the lining during the refining process. It is worth noting that the Al content
comes from the ferrosilicon present in the reaction, so lowering the Al content in the ferrosilicon will
limit the formation of Al,O3 inclusions.
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Figure 5. Chemical composition of inclusions and slag at the final stage of the AOD process.
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Figure 6. Chemical composition of inclusions and slag at the final stage of the LF process.

To elucidate the characteristics of the inclusions of the tundish, the compositions of the
analyzed were converted into mass percentages of CaO, SiO;, MgO and Al,O3; and were plotted
on CaO-5i0,-Al,03 and CaO-Al,O3-MgO ternary system phase diagrams, as shown in Figures 7
and 8. As above, the phase diagrams of the CaO-5i0,-Al,03 and CaO-Al,03-MgO systems at 1 873 K
were calculated using the FactSage6.3 software. The content of Al,O3 increased significantly in the
tundish, showing obvious deviation from the composition of the slag at the end of LFE. In the tundish,
due to the decreased temperature, inclusions contained the Ca,Al;SiO; and MgAl,Oy spinel phase
with a high content of Al,O3 precipitate, so the content of Al,O3 increased significantly [21].
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Figure 7. Chemical composition of the inclusions during the AOD-LF-CC process.
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Figure 8. Chemical composition of inclusions in the tundish.

4.2. The Effect of Slag on the Als and Mg Content in Steel during the AOD-LF Process

It can be seen from the above results that the levels of Al;O3 and MgO in the LF slag were higher
than those in the AOD, and the levels of Al and Mg in the LF were also higher than those in the AOD.
The MgO content in the slag is derived from refractory material according to reaction (1), and the
Mg content in the steel originates from slag and refractory material, according to reactions (2)-(3).
The Al content in steel comes from the ferrosilicon, and the increase in the Al content during refining
results from an increase in slag basicity. The effect of slag on the Al and Mg content in steel during the
AOD-LF process was calculated using the Factsage 6.3 software. The FTmisc and FToxid databases
were used, and the calculation module was equilibrated with 100 g of molten steel. Figure 9 shows the
effect of the slag on the Als content when the temperature varied from 1550 °C to 1650 °C. The Alg
content in steel increased from AOD to LF at the same temperature. After the LF stage, the Als content
increased as the temperature decreased. Figure 10 shows the effect of the slag on the Mg content in
steel when the temperature varied from 1550 °C to 1650 °C. The Mg content in the steel also increased
from AOD to LF at the same temperature. During the AOD-LF process, the Mg content decreased as
the temperature decreased.

Mgorefractory = Mgoslag )
3(Mgo)slag +2Al = (AIZO?))slag +3Mg (2)
3NIgOrefractory +2A1 = (A1203) slag+3Mg 3)

00016

0.0014 |- N

0.0012 | —i— After AOD
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o
=
]
S
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8

R H'_.*.,_—l’l’""’*.
! L . . I
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Temperature/ T

Figure 9. Effect of the slag on the content of Al in steel.
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Figure 10. Effect of the slag on the content of Mg in steel.

4.3. The Effect of Temperature on the Inclusion Contents in the Tundish

It can be seen from the above analysis that the compositions of the inclusions present in the
continuous casting tundish are quite different from those present after LF refining. No external
elements were added to the molten steel from the end of LF refining to the continuous casting process,
so it can be concluded that the reduction of temperature plays a leading role in the composition change
of inclusions. Figure 11 shows the influence of temperature on the equilibrium composition of liquid
inclusions as calculated by the Factsage 6.3 software. The FTmisc and FToxid databases were used, and
the calculation module was equilibrated with 100 g of molten steel. With the decrease of temperature
from the end of LF refining to continuous casting, the content of Al,O3 in the inclusion increased
rapidly, while the content of CaO, SiO,, and MgO decreased, but the content of MnO increased slightly.
The rapid increase of the amount of Al,Oj3 in the CaO-5i0;-Al;,03-MgO inclusions provides favorable
conditions for the precipitation of the MgO-Al,O3 spinel phase in the continuous casting tundish.

—|—ALD,
45 - —8-si0,
40 ——Ca0

. —&—MgO
3 ¥r —e— MnO

55‘*_“‘—*—*—*—*__*__*__*__’

0 L ' ' . ' ' L ' L
1500 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
e

Figure 11. Effect of temperature on the inclusion composition.

The above results and analysis were used to describe the evolution of the inclusions and
the formation mechanism of the inclusions during the smelting process of 304L stainless steel,
as shown in Figure 12. There are two main types of inclusions: CaO-5i0,-Al,03-MgO-MnO and
CaO—SiOz-Aleg,—MgO.

The CaO-5i0;,-Al,03-MgO inclusions are mainly slag inclusions after AOD treatment and LF
refining. During smelting, the size of the inclusions decreased, and the Al,O3 and MgO content
of inclusions increased. The increase in the Al,O3 and MgO content in inclusions is attributed to
enhanced formation of Al,O3 and MgO caused by the reaction between Als, Mg, and O. The content of
Aly,Oj3 increased rapidly as the temperature decreased from LF to the tundish of continuous casting,
resulting in MgO-Al,O; spinel precipitates. The reaction is shown in Equation (4).

(MgO) in inclusions T (Al 203 ) in inclusions — (Mgo Al O3 ) in inclusions 4)

Evolution of the CaO-5i0,-Al,03-MgO-MnO inclusions is similar with the first inclusion. The
Mg and Al content in steel increases from AOD to LF, and the levels of Al,O3 and MgO of inclusions in
LF are also higher than those in AOD. With the decrease of temperature, from the end of LF refining to
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continuous casting, the MnO content of inclusions increases slightly, and some CaO-5i0;-Al,03-MgO
inclusions change into CaO-5i0,-Al;,03-MgO-MnO inclusions. These inclusions containing MnO
mainly appear in the tundish. This is because the mass fraction of manganese in 304L stainless
steel is high (about 1.60%), and the binding ability of manganese with oxygen is lower than that of
silicon, so inclusions containing MnO do not typically form during the AOD and LF refining processes.
The appearance of CaO-5i0,-Al,O3-MgO-MnO spherical inclusions is mainly related to the decrease
in temperature that occurs in the transition from LF to the tundish. The rapid increase of Al,O3 content
in the CaO-5i0,-Al,03-MgO-MnO inclusions provides favorable conditions for the precipitation of the
MgO-AlL,Oj3 spinel phase in the continuous casting tundish, resulting in MgO-Al,O3 spinel precipitates.

L Ca0-5i0,-ALO;
Ca0-$i0,-ALO;MgO  C20-SI0-ALO:MZO  porp g

unsish

C20-Si0.-ALO;MgO  C20-5i03ALO:-MgO Ca0-S$i0-ALO;-MgO

Figure 12. Schematic illustration of the formation mechanism of the inclusions containing spinel
crystals during manufacturing of 304L stainless steel.

5. Conclusions

In this study, the inclusions formed in 304L stainless steel prepared for nuclear power
applications using the EAF-AOD-LF-CC process were systematically investigated by microanalysis
and thermodynamic analysis. The results were as follows:

1) The size of inclusions is mainly <10 um at various stages during the smelting process, and
their number density is decreased in turn during the process of smelting.

2) The inclusions at the end of AOD and LF refining were very similar to the slag composition.
The types of inclusions (size larger than 5 pm) were mainly CaSiO3 with high SiO, content at the end
of AOD, and CaySiO4 with high CaO content at the end of LE. The Al,O3 and MgO levels of inclusions
increased from AOD to LF.

3) The Als and Mg content in steel increased from AOD to LF refining, as calculated using
FactSage6.3 software. The increased Al,O3 and MgO content in inclusions is attributed to increased
formation of Al;O3 and MgO caused by the reaction between Als, Mg and O.

4) In the tundish, the inclusions are mainly spherical CaO-5i0,-Al,03-MgO-MnO and
Ca0-5i0,-Al,03-MgO with MgO-Al,O3 spinel precipitation. The content of Al,Os3 in the inclusions
increased rapidly with the decrease in temperature from the end of LF refining to continuous casting,
as calculated using FactSage6.3 software. The rapid increase of Al,O3 in CaO-5i0,-Al,03-MgO
inclusions provides favorable conditions for the precipitation of MgO-Al,O3 spinel in the continuous
casting tundish.
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