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Abstract: The properties of MnO—Al,05—Si0,-based plasticized inclusion are likely to change during soaking process due to its low melting
point. In this study, the evolution of the MnO—-A1,05—Si0,-based inclusion of 18wt%Cr—8wt%Ni stainless steel under isothermal soaking process
at 1250°C for different times was investigated by laboratory-scale experiments and thermodynamic analysis. The results showed that the inclusion
population density increased at the first stage and then decreased while their average size first decreased and then increased. In addition, almost no
Cr,O;-concentrated regions existed within the inclusion before soaking, but more and more Cr,O; precipitates were formed during soaking. Fur-
thermore, the plasticity of the inclusion deteriorated due to a decrease in the amount of liquid phase and an increase in the high-melting-point-
phase MnO—Cr,O; spinel after the soaking process. /n-situ observations by high-temperature confocal laser scanning microscopy (CLSM) con-
firmed that liquid phases were produced in the inclusions and the inclusions grew rather quickly during the soaking process. Both the experimental
results and thermodynamic analysis conclude that there are three routes for inclusion evolution during the soaking process. In particular, Ostwald
ripening plays an important role in the inclusion evolution, i.e., MnO—Al,0;—SiO,-based inclusions grow by absorbing the newly precipitated
smaller-size MnO—Cr,0Oj; inclusions.
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1. Introduction

Ultra-thin stainless steel strips are increasingly applied in
many fields, such as home applications, instruments manu-
facture, and the automobile industry due to their outstanding
complicated properties. Controlling a perfect surface quality
for the ultra-thin stainless steel strip is difficult since non-
metallic inclusions have many opportunities to become ex-
posed on the steel strip surface, which is one of the main
causes for the generation of strip surface defects. Many re-
searchers [1-10] found that the surface quality of stainless
steel strip can be effectively improved by controlling the
nonmetallic inclusion as low-melting-point MnO-ALO;—
SiO,-based inclusion instead of CaO-SiO,—AlO;-based
ones, and the MnO-AlLO;-SiO,-based inclusion can be
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achieved by applying low-basicity refining slag and con-
trolling low dissolved aluminium ([Al]s) content in steel dur-
ing the smelting process.

Moreover, the MnO-Al,0;-SiO,-based inclusion has a
very low melting point that it can fully exist as the liquid
phase or partly exist as the liquid phase at a soaking temper-
ature between 1150 and 1250°C, indicating that this inclu-
sion type is more likely to react with the steel matrix and
evolve to other types of inclusion. In addition, stainless steels
contain many alloy elements such as Cr and Ni; thus, an in-
teraction can likely be induced between MnO-ALO;—SiO,-
based inclusion and the steel matrix. Many researchers have
noted that the nonmetallic inclusion would change in shape,
size, and/or composition during heat treatment. Takano et al.
[11] found in the 17Cr—9Ni stainless steel that a large num-
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ber of MnO—Cr,0; inclusions precipitated during heat treat-
ment, and this kind of small-size inclusions could pin austen-
ite grain boundaries. In particular, in a special issue on ISLJ
International (2011, vol. 51, No.12), regarding “Fundament-
als and applications of nonmetallic inclusions in solid steel”,
the behavior of inclusion in solid steel including stainless
steel during heat treatment was intensively discussed. Shibata
et al. [12-13] discovered that inclusions transferred from
MnO-Si0, to MnO—Cr,0; during heat treatment, and they
analyzed the effects of Si, Mn, Ni, and Cr contents on the in-
clusion evolution. Taniguchi et al. [14] studied the inclusion
change in martensitic stainless steel and proposed three
routes for nonmetallic inclusion phase transformation during
heat treatment. Ren et al. [15] also reported that MnO-SiO,
type inclusion would transform to MnO-Cr,O; spinel-type
inclusion during the soaking process, and they proposed that
the modification was due to Cr reducing the SiO, in
MnO-Si0,-based inclusion. Wang et al. [16] tried to illu-
minate its thermodynamic and kinetic mechanisms. In addi-
tion, other researchers [17-20] have noted that sulfide inclu-
sion would also be transformational during the heat treat-
ment process. However, to date, the behaviors of nonmetal-
lic inclusion during heat treatment are still not fully under-
stood; the thermodynamics of the chemical reactions and in-
clusion evolution mechanism are not very clear, and the
present proposed mechanism does not well explain some
phenomena such as the inclusion size change and composi-
tion evolution.

In the present study, steel samples containing mainly
MnO-ALO;-SiO,-based inclusions were prepared, and they
were subjected to isothermal soaking for different times at
1250°C to reveal the nonmetallic inclusion evolution process.
Furthermore, high-temperature confocal laser scanning mi-
croscopy (CLSM) was also performed to deeply understand
the behavior of the inclusion during the soaking process. Fi-
nally, a thermodynamic analysis was performed, and Ost-
wald ripening was introduced to explain the inclusion evolu-
tion mechanism.

2. Experimental
2.1. Materials

Steel specimens were taken from an industrial
18wt%Cr—8wt%Ni stainless steel continuous casting slab as
mother alloy. They were machined firstly into the cubic
samples with the size of 15 mm x 15 mm % 15 mm and were
then used for laboratory-scale isothermal soaking experi-
ments. To obtain the MnO—Al,0,-Si0,-based inclusion, the
industrial 18wt%Cr—8wt%Ni stainless steels (detailed com-
position as shown in Table 1) were smelted by a low-basi-
city refining slag (mass ratio of CaO/SiO, approximately
1.5). The composition of MnO-Al,0;—SiO,-based inclusions
was obtained by scanning electron microscopy/energy-dis-
persive spectroscopy (SEM/EDS, EVO 18/X-Max Extreme)
before soaking treatment.

Table 1. Stainless steel composition in the present experiment wt%
C Si Mn P S Cr Ni Al T.0 Fe
0.054 0.408 1.190 0.033 0.001 18.170 8.040 0.0009 0.0035 Bal.

Note: T.O represents total oxygen in stainless steel samples.

2.2. Isothermal soaking experiments

The soaking experiments were carried out in a muffle
furnace with four MoSi, electrodes. The whole experimental
process was protected in an argon atmosphere with a rate of
200 mL/min. First, the temperature was raised to 1250°C at a
heating rate of 10°C/min. Then, the temperature was held for
0, 30, 60, and 120 min, corresponding to steel samples
marked as 1#, 2#, 3#, and 4#, respectively. After the soaking
process, the samples were quenched in the water. The heat-
ing history of the soaking experiments was schematically
shown as Fig. 1. The quenched steel samples were ground
and mirror-polished for SEM/EDS observation. At the same
time, an automated inclusion analyzer (EVO18, Zeiss, Ger-
man) was applied to determine the inclusion morphology,
size, and composition evolution during the soaking process,

in which the area of 5 mm X 5 mm in each sample was de-
tected in a stated path. Moreover, Cr element was usually de-
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Fig.1. Schematic of the heating process in soaking experiment.
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tected in the inclusion by EDS, but it is not easy to confirm
whether the Cr element was in the inclusion or not since the
steel matrix contained 18wt% Cr. This issue should be con-
sidered by additionally using SEM-mapping and/or line
scanning. In addition, some unclear spots detected were se-
lected and excluded before the inclusion analysis.

2.3. In-situ observation by CLSM

To further clarify the nonmetallic inclusion evolution
during soaking process, an in-situ observation method was
applied using CLSM (VL2000DX-SVF17SP, LASERTEC
Inc., Japan). The CLSM technique can achieve the real-time
and continuous observation of the heating or cooling process
on the steel sample surface at high temperatures. First, steel
specimens were machined into a thin spherical wafer (7.5
mm in diameter and 2.5 mm in height), and then, they were
ground and mirror-polished for further observation. The steel
samples were heated from room temperature to 1250°C and
held for 30 min to simulate the soaking process. Afterward,
the samples were rapidly cooled to room temperature by in-
troducing He gas (the cooling rate was about 300°C/min).
Real-time videos of the entire inclusion transformation pro-
cess were recorded and saved in a built-in system.

3. Results
3.1. Inclusion composition in steel before soaking process

Fig. 2 shows the inclusions composition in the
18wt%Cr—8wt%Ni slab  projected
MnO-AlL,05-SiO, ternary-phase diagram which is calcu-

in an isothermal
lated by FactSage. Their main components were SiO,, MnO,
and ALOs. The contents of other components, such as CaO,
MgO, and TiO,, were very small; hence, these components
are not projected in the phase diagram. In addition, most of
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Fig.2. Composition of nonmetallic inclusion of the slab mat-
rix projected in isothermal MnO-ALOs;-SiO, ternary-phase
diagram.
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the inclusions were located in regions with melting point
lower than 1300°C, indicating that the inclusions were well
plasticized since they were likely to soften during the rolling
temperature. In addition, most of the inclusions were smaller
than 5 pm in size.

3.2. Morphology, composition, population density, and
size evolution of inclusions during soaking process

Fig. 3 shows some typical individual inclusion morpho-
logies observed from the examined steel samples and their
main components. It should be pointed out that a small num-
ber of other components, such as CaO, MgO, and TiO,
(lower than 10wt%), are not displayed in the figure. As
shown in Fig. 3(a), the inclusion had an analogous spherical
morphology, approximately 3 um in size, and was com-
posed of 44wt% SiO,, 19wt% ALO;, 22wt% MnO, Iwt%
Ca0O, and 7wt% MgO, similar to the composition of the in-
clusion in the slab before soaking, as displayed in Fig. 2. No
or very low Cr,O; content was detected in most inclusions in
the samples. Fig. 3(b) shows a typical inclusion in the steel
sample after soaking for 30 min (sample 2#), in which many
small-size Cr,0;—MnO-based inclusions with irregular mor-
phologies were observed surrounding the primary inclusion
that consists of SiO,—ALO;MnO-Cr,0;. More Cr,O; con-
tent was detected in the main inclusion, which is different
from that in the slab or in sample 1#. As shown in Figs. 3(c)
and 3(e), the Cr,O; content in the inclusion matrix further in-
creased after soaking for 60 and 120 min, and some Cr,0;-
concentrated regions could be also detected. In addition, fa-
ceted MnO—Cr,05(—Al,05)-based inclusions were also detec-
ted. They were much smaller in size and became <1 um and
1-2 pm after soaking for 60 min and 120 min, respectively,
as depicted in Figs. 3(d) and 3(f).

Fig. 4 shows the evolution of the average inclusion com-
position during the soaking process. As the soaking proceeds,
the average Cr,O; content gradually increased while the SiO,
content decreased. During 30 to 120 min of soaking (2#-4#),
the MnO content in the inclusion remained almost the same.
In addition, the CaO content also presented a slight decrease,
and the TiO, content exhibited a small increase. The ALO;
and MgO contents were fluctuant and their contents did not
show significant change tendency during the soaking pro-
cess.

Fig. 5 shows the inclusion population density and the
evolution of average inclusion size during the soaking pro-
cess. After soaking for 30 min, the inclusion population
density increased as a large number of small-size
Cr,O;—MnO-based inclusions precipitated during the soak-
ing process so that the average inclusion size decreased cor-
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Fig. 3. Morphologies and compositions of some typical inclusions in different steel samples from the soaking process: (a) 1#; (b) 2#;
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Fig. 4. Component evolution of nonmetallic inclusion during
soaking process.

respondingly. With the soaking time rise, the inclusion popu-
lation density decreased and their average size increased
gradually. Ren et al. [15] also observed similar inclusion
number evolution and size distribution as those in Fig. 5. The
inclusion growth followed the Ostwald ripening manner: the
small inclusions dissolved, and the larger inclusions grew by
absorbing the small ones.

3.3. Line scanning and SEM-mapping of inclusions dur-
ing soaking process

Fig. 6 shows images of the line scanning results of Cr
element in the two typical inclusions in steel samples 1# and
2# to further confirm the content of Cr-containing oxide at
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Fig. 5. Evolution of population density and average size of
nonmetallic inclusion during soaking process.

different stages of the soaking process. As shown in
Fig. 6(a), no Cr-enriched part existed within the inclusion at
the beginning of soaking, while Cr-containing oxide-en-
riched part was detected in the upper corner of the inclusion
with lighter color after soaking for 30 min. This confirms
that Cr,0O; is wusually absent in the inclusion in an
18wt%Cr—8wt% Ni stainless steel slab before soaking and
precipitates in the inclusion gradually during the soaking
process. It should be pointed out Cr element is usually detec-
ted in the inclusions of stainless slabs by EDS due to the dis-
turbances of the steel matrix composition.

Figs. 7-10 shows SEM-mapping images of some typical
inclusions in the steel samples at different stages of the soak-
ing process. From Fig. 7, Si, Ca, Mn, Al, and Mg elements
were distributed almost homogenously and no Cr oxide-con-
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Fig. 6. Line scanning of Cr element in inclusions at different stages of soaking process: (a) 1#; (b) 2#.

centrated region existed within the whole inclusion, indicat-
ing the inclusion is a CaO-MgO-MnO-Al,0,—Si0, multi-
component inclusion. As shown in Fig. 8, some blocky
MnO-Cr,05(-ALOs)-concentrated regions were observed in
the outer layer within the inclusion, and the other parts were
CaO-SiOs-enriched in composition after heat treatment for
30 min. As shown in Fig. 9, when the steel sample was
soaked for 60 min, the inclusions mostly comprised
MnO-Cr,0;-concentrated regions and only a small amount
of CaO-SiO,-concentrated region in the top-left corner. In-
terestingly, a ring-like CaO-SiO,-concentrated region was

detected in the inclusion after soaking for 120 min, as shown
in Fig. 10, and a MnO—Cr,05(—AlL,05)-enriched region was
detected in the central part of the inclusion. Among the in-
clusions shown in Figs. 8-10, the MnO—Cr,0O;-enriched re-
gion and the CaO-SiO,-concentrated region seem incompat-
ible and complementary.

3.4. In-situ observation of inclusion evolution during
soaking process by CLSM

As shown in Fig. 11(a), only some small inclusion
particles, marked by white arrows, were observed. With tem-

Fig. 7. SEM-mappings of typical inclusion in the steel after shocking for 0 min (1# sample).
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Fig. 8. SEM-mappings of typical inclusion in the steel after shocking for 30 min (2# sample).

300 nm| 300 nm

300 nm 300 nm

Fig. 9. SEM-mappings of typical inclusion in the steel after shocking for 60 min (3# sample).

Fig. 10. SEM-mappings of typical inclusion in the steel after shocking for 120 min (4# sample).

perature rise, the inclusions grew gradually and austenite
grain boundaries were observed. When the temperature rose
to approximately 1100°C, high-temperature ferrites () began
to precipitate, as shown in Fig. 11(b). When the temperature
was kept at 1250°C, the inclusion size further increased and

high-temperature ferrite and austenite grain boundaries also
grew further. During the soaking process at 1250°C, liquid
phases surrounding the inclusions were observed, as shown
in Fig. 11(d). The present CSLM observed results confirmed
that MnO-Si0,—Al,0s-based system inclusion existed in the
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Fig. 11.
(¢) 1129°C; (d) 1250°C.

liquid phase, or part of them existed in the liquid phase dur-
ing soaking at 1250°C; thus, the interactions between the in-
clusion and steel matrix were much intense. In addition,
some small inclusions disappeared with the other inclusion
growth as well as the ¢ during the temperature rise and soak-
ing process, which is the typical feature of Ostwald ripening.

3.5. Phase evolution and deformation of the inclusions
after soaking process

Fig. 12 shows the variation of the liquid phase and
MnO—-Cr,O; spinel phase in the inclusions of the steel
samples with the different heat treatment time at 1250°C,
calculated by FactSage 7.2 based on the average composi-
tion of inclusions shown in Fig. 4. With increasing heat treat-
ment time, the MnO—Cr,0O; spinel phase in the inclusion in-
creased correspondingly due to an increase in the Cr,O; con-
tent. In addition, the amount of liquid phase in the inclusion
declined sharply, suggesting that the plasticity of MnO—SiO,—
Al Os-based inclusion would degenerate along with heat
treatment due to the change in inclusion composition.

Fig. 13 and Table 2 show some typical inclusion mor-
phologies and their composition observed in corresponding
0.3-mm thick cold-rolled strips subjected to soaking treat-

In-situ observation of the inclusion at different temperatures in the soaking process by CLSM: (a) 24.0°C; (b) 1100°C;
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Fig. 12. Phase evolution of the inclusion with the different heat
treatment time at 1250 °C, calculated by FactSage 7.2.

ment at 1250°C for about 120 min before the rolling process.
Inclusions (Nos. 1-3) are MnO—Cr,O;—Al,O; inclusions with
small sizes between 1 um and 2 pm; those were almost not
deformed during the rolling process. Inclusions (Nos. 4-9)
are MnO-SiO,~Al,05—Cr,0; based multi-component inclu-
sions with different Cr,O; content; some of the inclusions
(Nos. 4-6) were rolled into string-like small particles, and
some were deformed to different extents during rolling.
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No.1 No.2

6 um

No.3

5 um 3 um

Fig. 13. Morphologies of some typical inclusions in corresponding cold-rolled strips.

Table 2. Composition and size of some typical inclusions in the cold-rolled strips as shown in the Fig. 13

No Composition / wt% d/ um
’ AlO; SiO, CaO MgO Cn)0; MnO
1 21.18 0.00 0.00 0.00 39.74 39.09 1.0
2 20.84 0.00 0.00 0.00 41.10 38.06 1.0
3 2491 0.00 0.00 0.00 47.50 27.59 2.0
4 15.71 31.19 12.13 11.71 11.20 17.06 2.0
5 26.25 3243 11.33 0.00 13.10 16.79 1.0
6 21.04 33.92 12.23 0.00 12.98 19.83 0.8
7 38.20 2.16 0.51 0.00 34.92 2421 6.0
8 15.60 40.96 10.25 0.00 0.00 33.20 2.0
9 17.95 3.00 0.00 0.00 49.11 27.54 3.0

Note: d in the table means the inclusion equivalent diameter.

Some well-deformed inclusions, such as inclusion No.8,
were also observed in the cold-rolled strips, and these were
confirmed to be MnO-SiO,—Al,Os-based inclusions with a
very low or no Cr,O; content. This verifies that the plasticity
of inclusions deteriorated after the soaking process and the
Cr,0; content increased, which is consistent with the results
in Fig. 12.

4. Discussion

4.1. Thermodynamic analysis

Fig. 14 shows the stable phase of the nonmetallic inclu-
sion of 18wt%Cr—8wt%Ni stainless steel at 1250°C soaking
temperature, calculated by FactSage 7.2, in which the tetra-

gonal-spinel mainly consisted of MnO and Cr,O; and a small
amount of Al,O;. It can be seen that the MnCr,O, spinel is
the stable phase in equilibrium for 18wt%Cr—8wt%Ni stain-
less steel at 1250°C. This explains why MnO—Cr,0s-based
inclusions precipitated during the soaking process. Some re-
searchers [13,15] proposed that the formation of the
MnCr,O, spinel during the heat treatment process was due to
the reaction between Cr in solid steel matrix and
2MnO-SiO,-type inclusion, as shown in Eq. (1).
2[Cr]+2MnO - SiO= MnO - Cr, O3+ [Mn] +[Si] 1)
The Cr in the steel matrix has the possibility of reacting
with MnQO, SiO, and Al,O; in inclusions; thus, the thermody-
namic analysis of these chemical reactions should be per-
formed to better understand the inclusion evolution
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Fig. 14. Inclusion precipitate diagram of 18wt%Cr-8wt%Ni
stainless steel with different Mn and Si contents at 1250°C, cal-
culated by FactSage 7.2.

mechanism.

The reaction between Cr in the steel matrix [Cr] and
MnO in inclusion (MnO), and its standard Gibbs energy
AGS, is expressed as Egs. (2) and (3) [21]. Eq. (4) is the ac-
tual Gibbs free energy AGmo of the reaction (2).
2[Cr] +3(MnO) = (Cr03) + 3[Mn] 2)

AG® = -84310+40.035T 3)

3
AN HCr203)

AGMnoy = AG® +RT ln[ @)

a[cr] a(MnO)

where R is gas constant, 8.314 J/(mol-K); T represents tem-
perature, i.e., the soaking temperature, 1250°C in this study;
and apm and g are the element activities in the steel mat-
rix relative to 1wt% standard state. Solid 18wt%Cr—8wt%Ni
steel can be considered as a solid solution at the heat treat-
ment temperature 1250°C; hence, in the present calculations,
apny and gy, are taken as mass percentages of Cr and Mn in
steel, as well as agg;, since activity coefficient could be taken
as unity on the basis of the criterion of the component activ-
ity in a solid substance [22]. Moreover, apmo) and @cpos) In-
dicate the MnO and Cr,0; activities in the inclusion. Since at
the soaking temperature, the Al,0;—SiO,~MnO-based inclu-
sions or most of them were in the liquid phase, the activities
of the MnO and Cr,O; were calculated by applying of the
thermodynamic database F-oxide in the software FactSage
7.2 [23].

Similarly, the Gibbs free energies of the reactions
between [Cr] and SiO,, and between [Cr] and Al,O; can be
obtained according to their corresponding standard Gibbs
free energies, as shown in Table 3. Table 4 shows the aver-
age content of the AL,O;—SiO,~MnO-based inclusion and the
corresponding activities calculated by FactSage 7.2 [23].

Fig. 15 shows the Gibbs free energy change of the three
typical possible chemical reactions with different Cr,O; con-

Int. J. Miner. Metall. Mater., Vol. 27, No. 3, Mar. 2020

Table 3. Some possible reactions and their standard Gibbs
free energy
Standard Gibbs free
Chemical reaction energy (AGS)/  Reference
(J-mol™)

2[Cr] + % (Si02) = Cr03 + % [Si] 57350+ 30.525T [21]
2[Cr]+(Al,03) = Cr,O3 + 2[Al] 417690 —35.975T [21]

Table 4. Average composition and thier calculated activities
of Al,O3-Si0,—MnQO inclusion at 1250 °C
Composition Content / wt% Activity a
Al O, 16.9 0.057
Si0, 39.5 0.28
MnO 43.6 0.21
s 150000
2 100000 |
=
G 50000 |
b
5 of
Q
8
o —50000 -
& —*—AGuno)
£ ~100000 - —e—AGig0,
© —150000 - AG(A1203’

0 0.2 0.4 0.6 0.8
Mass fraction of Cr,0,

Fig. 15. Gibbs free energy change of the typical possible chem-
ical reactions vs. Cr,O; mass fraction in inclusions at 1250 °C
soaking temperature.

tents in the inclusion at 1250°C. With increasing Cr,O; con-
tent, the Gibbs free energy increased, indicating an increase
in the difficulty of the occurrence of these chemical reac-
tions. The Gibbs free energy for the reaction between Cr and
MnO (AGpmoy) 1s lower than 0 even when the inclusion has a
large Cr,0O; content, and the Gibbs free energy between Cr
and SiO; (AGsio,)) is larger than 0 when the Cr,O; content
in the inclusion exceeded approximately 20wt%. For the re-
action between Crand AL O;, the Gibbs free energy (AG(a1,0;))
is almost positive even when the inclusion has a very low
Cr,O; content. Hence, during the soaking process, the Cr is
most likely to reduce the MnO in the inclusion, followed by
the SiO,, but not the Al,O; content.

As shown in Figs. 4, 7-10, the MnO content in the inclu-
sion was almost constant, which indicates that they were
barely reduced, while SiO, and even CaO contents were re-
duced. This is not in agreement with the thermodynamic cal-
culation results, as shown in Fig. 15. In addition, if
MnO-Cr,0;-based inclusion is formed through the chemical
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reaction shown in Eq. (1), the inclusion size would be al-
most constant, but the inclusion diameter would significantly
change in the present experimental results (shown as Fig. 5)
as well as in the results of other studies [13,15]. In addition,
according to the classical unreacted core model, the Cr
should diffuse from the steel matrix to the inclusion, which
means the Cr-enriched layer would expand from the outer
layer to the inclusion center. However, some inclusions do
not obey this law, as demonstrated in Figs. 8-10.

Therefore, there might be other methods to drive the in-
clusion evolution during soaking processes including chem-
ical reactions.

4.2. Mechanism of inclusion evolution during soaking
process

Ostwald ripening is a very common phenomenon for
secondary-phase particle growth during heat treatment. Ac-
cording to the classical theory of Ostwald ripening [24], the
interface energy is generated with the secondary-phase
particle precipitation during the soaking process since a lar-
ger number of interfaces would be produced between the
secondary-phase particle and the steel matrix. At a specific
soaking temperature, the volume of the secondary-phase
particle is determined by the solution product of the corres-
ponding elements; thus, it is almost constant. Given the aver-
age inclusion radius 7, the volume of a single inclusion
particle is directly proportional to 7°; thus, the number of in-
clusions is negatively proportional to 7°, and the interface
area between a single inclusion and the steel matrix is dir-
ectly proportional to 2. As a result, the total interface energy
between all the inclusions and the steel matrix is negatively
proportional to radius 7, which indicates more interface en-
ergy within the steel would be generated when the inclusion
has a smaller radius r. There is a chemical-free energy incre-
ment for an inclusion with a radius r relative to an inclusion
with an infinite huge size, Au, which is the driving force for
Ostwald ripening, expressed as:

20V,

Cpl

Au

)

where ¢ is the specific interface energy, V, represents the
mole volume of the inclusion, and ¢, is the mole fraction of
the controlling element in equilibrium in the inclusion.

As a result, the driving force for Ostwald ripening is the
interface energy, and it features the dissolution of the smal-
ler inclusions and the growth of the larger inclusions due to
them absorbing the smaller inclusions during the heat treat-
ment. The present observations agree well with the features
of Ostwald ripening, as shown in Fig. 5: the inclusions popu-

lation density decreased and their average diameter in-
creased during the soaking process. In addition, during the
in-situ observation as in Fig. 11, inclusions grew following
the disappearance of some small ones.

According to the inclusions observation experiment and
the thermodynamic analysis, during the soaking process, in-
clusion evolution occurs in three routes: 1) many small-size
MnO—-Cr,O; spinel particles precipitate and grow normally;
2) chemical reactions between Cr and MnO-SiO,~Al,O;-
based inclusion; 3) MnO-SiO,—Al,O;-based inclusions and
MnO-Cr,0;-based inclusions grow in the manner of Ost-
wald ripening by absorbing smaller MnO-Cr,O; based
particles.

Considering the second route, many researchers [13—15]
have described the kinetic process based on an unreacted
core model. Generally, there are three steps for this route: (1)
Cr in the steel matrix and Mn*" and Si*" in the inclusion dif-
fuse to the steel-inclusion interface; (2) the chemical reaction
between [Cr] and the inclusion occurs at the steel-inclusion
interface; (3) the product of the reaction (Cr’") diffuses from
the interface to the inclusion matrix, and [Si] and [Mn] at the
interface diffuse to the steel matrix. For this route, the diffu-
sion of Cr in the steel matrix is usually considered as the
controlling step [15].

The third route, the evolution process by Ostwald ripen-
ing, is described as follows, based on Reference [24].

(1) Many small faceted MnCr,O, spinel inclusion precip-
itates surround the MnO-SiO,~Al,O;-based inclusion or ex-
ist in the steel matrix.

(2) The small MnCr,O, inclusions dissolve, and the Cr,
Mn, and O diffuse to the surface of the MnO-SiO,~Al,Os-
based inclusion.

(3) The MnCr,O, inclusions precipitate on the
MnO-SiO,—Al,0Os-based inclusion again and diffuse to the
other parts of the inclusion matrix to form Cr,Os-containing
multi-component inclusions.

(4) Some MnCr,0, inclusions would also grow by ab-
sorbing the neighboring smaller MnCr,0y, inclusions to form
a larger MnCr,O, spinel.

The controlling step for Ostwald ripening is much more
complex to determine. According to the experimental results
shown in Figs. 7-10 and 13, undissolved MnO—Cr,0s-con-
centrated regions were still observed within the inclusions
after soaking for 120 min or in the final products; therefore,
the dissolution of MnO-Cr,Os-based particles in
MnO-Si0,~Al,Os-based inclusion is deduced as the con-
trolling step.

The above three routes always occur simultaneously dur-
ing the soaking process; in particular, the latter two routes are
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even likely to occur on the same inclusion. Thus, distin-
guishing which route is the dominant mechanism for
MnO-SiO,—Al,0Os-based inclusion evolution during the
soaking process is currently difficult, and hence, further in-
vestigation is needed. However, according to the experi-
mental results and thermodynamic calculations, it can be
concluded that Ostwald ripening plays a very important role
in the MnO-Si0,~Al,Os-based inclusion modification dur-
ing the soaking process.

Furthermore, it should be pointed out that the
MnO-Si0,—Al,0s-based inclusion in a slab would crystal-
lize during the heat treatment; CaO and SiO, would form
some high-melting-point phases, such as wollastonite and
melilite, which are in a solid state during the heat treatment,
and other components such as MnO would form a liquid
phase, as shown in Fig. 11. During stage (3) for inclusion
evolution by Ostwald ripening during heat treatment, it is
much easier for the MnO—Cr ,O; based particles to dissolve
in the low-melting phase and much difficult to diffuse to the
solid phases, which are mainly composed of CaO and SiO..
As a result, the MnO-Cr,O;-enriched region and the
CaO-SiO,-concentrated region within the inclusions after
soaking usually seem incompatible and complementary, as
shown in Figs. 8§-10.

5. Conclusions

The evolution of MnO-Al,05—Si0O,-based inclusion of
18wt%Cr—8wt%Ni stainless steel under isothermal soaking
process at 1250°C was investigated by laboratory-scale ex-
periments. The following conclusions are obtained.

Firstly, during the soaking process, the inclusion popula-
tion density increased at the first stage and then decreased,
and their average size first decreased and then increased due
to a large number of MnO—-Cr,0; particles precipitating and
their subsequent growth.

Secondly, there are almost no Cr,Os-concentrated re-
gions before soaking, but more and more Cr,O;-enriched re-
gion precipitated as the soaking proceeded. Correspondingly,
the high-melting-point MnO—Cr,0; spinel phase in the inclu-
sion increased, and the amount of liquid phase in the inclu-
sion declined sharply, resulting in the degeneration in the
plasticity of MnO-SiO,—-Al,0;-based inclusion along with
heat treatment.

Thirdly, high-temperature CLSM observations  con-
firmed the production of liquid phases, and these phases ac-
celerated the inclusion growth process.

Finally, both the experimental results and thermodynam-
ic analysis show that there are three routes for inclusion evol-
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ution during the soaking process: 1) many small-size
MnO-Cr,0; spinel particles precipitate and grow; 2) chemic-
al reactions between Cr and MnO-SiO,—Al,Os-based inclu-
sion; 3) Ostwald ripening, i.e. the MnO-SiO,—Al,Os-based
inclusions and MnO—Cr,0;-based inclusions grow by ab-
sorbing smaller MnO—Cr,0;-based particles. Ostwald ripen-
ing plays an important role in the inclusion evolution during
the soaking process.
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