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Formation Mechanism of Inclusions Containing MgO - Al,O, Spinel in Type 304 Stainless Steel

Yasuhiro EHARA, Seiji YOkovAMA and Masahiro KAWAKAMI

Synopsis

: Inclusions in the commercial SUS304 slabs that differed in the aluminum content were observed to clarify the formation mechanism of

spinel, MgO - A1, O, in the stainless steels. In addition, the formation of spinel in the synthetic CaO-Si0,~A1,0,-MgO inclusions was stud-

ied. In the experiment on the synthetic inclusion, its melt was cooled at the same cooling rate at which the molten steel was cooled in CC. It

was found that the spinel could precipitate from the CaO-SiO,—A1,0,-MgO melt when the composition of the synthetic inclusion was in a

primary phase region of spinel. In the observation of inclusions in SUS304 slabs, the formation of spinel was influenced by the content of

aluminum in the slabs. In the slab that contained 19 ppm of Al, the spinel inclusions were formed by the reaction of Al, Mg and O that were

dissolved in the molten stainless steel. In the slab with 8 ppm of Al, the spinel inclusions were formed by the precipitation from the molten

Ca0-Si0,-Al,0,-MgO inclusions. In the slab with 6 ppm of Al, the spinel inclusion was not formed. These results revealed that spinel

formed not only when the composition of steel was in the region of spinel formation in the phase stability diagram of the system of Al , Mg,

Ca, Si and O in molten steel, but also when the composition of CaO-Si0,~Al,0,~MgO inclusion was in the area of primary phase of spinel

in the phase equilibrium diagram of the system of CaO, SiO,, Al,0; and MgO.
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Table 1. Chemical composition of artificial slaggy inclu-
sions (mass%o).

i":]d_ Ca0 | SiO2 | Al203| MgO | Primary crystal

A 18.7144.3127.0} 10.0 [ Spinel

B 21.1]|48.6|20.5| 9.8 | Anorthite
Anorthite/
Cc 22.6(52.2(15.0( 10.3 Diopside

Table 2. Chemical compositions of slabs (mass%).

No. C Si | Mn| Ni | Cr Al Mg Ca Or
Slab1 (Al=19ppm) |0.06 | 0.6 | 1.0 | 8.0 | 18.2{0.0019]0.0003 | 0.0003 | 0.0024
Slab2 (Al=8ppm) |0.06| 0.6 | 1.0 | 8.0 | 18.2|0.0008|0.0003|0.0004 | 0.0031
Slab3 (Al=6ppm) |0.06 | 0.6 | 1.0 | 8.0 [ 18.2] 0.0006|0.0003 | 0.0002|0.0020
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Fig. 1. Schematic illustration of specimen in slab.
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Fig. 2. Surface of specimens observed by SEM (a) (b)
specimen A, (c) (d) specimen B, (e) (f) specimen
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Fig. 5. Composition of inclusions in slab 1 (Al=19 ppm).
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Fig. 6. Composition of inclusions in slab 2 (Al=8 ppm).
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Fig. 7. Composition of inclusions in slab 3 (Al=6 ppm).
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Table 3. Number ratio of each type of inclusion in
SUS304 stainless steel slab.

Slag . Slag+
Slab @ type* (b) Spinel (©) Spinel

Slab1 (Al = 19ppm)]  0.20 0.05 0.75
Slab2 (Al = 8ppm) 0.82 0.00 0.18
Slab3 (Al = 6ppm) 1.00 0.00 0.00

* Slag type: CaO-Si0,-Al,0,-MgO
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Table 4. Chemical composition of SUS304 used for calcu-
lation (mass%).

Si Ni Cr Ca (0]

0.60 8.0 18.0 | 0.0003 | 0.0020
Table 5. Standard free energy of reactions.>!3~!
Reaction AG® (J/mole) Reference
ALO(s) = 2Al + 30 1225000-393.8T 13
SiO,(s) = Si+ 20 576440-218.2T 13
MgO(s) = Mg + O 49902-157.8T 14
CaO(s)=Ca+0 645200-148.7T 3
MgO-AL,Oy(s) = ALOs(s) + MgO(s) 18828+6.3T 15
Ca0-ALO;2Si0,(1) 4180+73.6T 15
= Ca0(s) + 28i0,(s) + ALOy(s)

Table 6. Boundary of stability diagram.

Boundary Reaction AG®(J/mol) Reaction constant
4MgO(s)+2Al Apgono, v [%Mg]®
MgO/MgO-Al,O, = MgO-ALOL(s)+3Mg 255,878-85.9T —g——g——aﬁgo ARTINE
3MgO-Al,O4(s)+2Al a;’u,o;st-[”/oMg]a
AL MgOALO: | "2 o (eyvamg 331,190-60.7T B T AT
CaO-Al,O;2Si0, E:aO-AIzos-ZSioz(s)+§m 971.956+357.4T al\igo‘fCa'[Voca]'fAlz'[E%Aﬂz' fSi:‘[%Si]Z
/' Mgo = 8MgO+Ca+2Al+2Si aca0A1,0,250, " fmg *[%Mg]
CaOAI,0,2S10; | 3CaOALO,2SI0(s)+10Al 7182204434 5T a ,5,7?,- fc§~[%Ca]3'£s.5 : [%ii]s
1 AlLO, = 8Al,0,+3Ca+6Si a&ao0a10,250, Fal " [%Al]
. 2 0, 2 o, RT3
Ca0-Al;052Si0, Ca0-Al,0,2Si0,(s)+2Mg+2Al afigoa0, fea [%Cal fsi® [%Si]
1 MgO-ALLO, = 2MgO-AlO4(s)+Ca+2Si ~460,200+185.3T acaoa,0,250, Ty [%Mgl faf -[%AI]?

ayx : Raoultian activity of X

fx : Henrian activity coefficient of X based on infinitely dilute solution in liquid iron

[%X] : mass%X



Table 7. Interaction parameters e/, (/) of elements in lig-

uid iron 3,8,13,14,16-21)
i J Si Ni Cr Al Ca Mg [¢]
S 0103 |-0.009 ™| -0.021"| 0.058 | -0.066 - 0.119
! (0.0002) | (0.00043)
N 0056 |-0.0173" 0012 0043 | -0.047 | -0.13%| -1.98
(0.00021)
ca | 009 |-0044 0.020™ -0.072 | -0.002 -2500%
wg | 00887 | 00127 00477 0127 43077

All data without notation are from Ref. No. 13
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Fig. 8. Phase stability diagram of MgO, Al,0,, MgO-
Al,O; and CaO- Al,0,-2Si0, in SUS304 stainless
steel melt at 1823K.
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Fig. 9. Number ratio of inclusions containing MgO- AL,O,
spinel in SUS304 slab.
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