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Non-Metallic Inclusions in Calcium-Aluminum Complex

Deoxidized Steel

Synopsis:

Toshio SHIRATWA and Nobukatsu FujiNo

In order to reveal the relationship between composition of non-metallic inclusion and condition of
deoxidizing by calcium and aluminum, several middle carbon steels (S 45C) were prepared and sam-

pled from furnace, mold, ingot and forged bar.

Non-metallic inclusions in these samples were investigated on micrographical appearances, cleanli-

ness and the compositions.
electron probe microanalysis.

Compositions of

representative inclusions changes
It is found that composition of inclusion is not changed during solidi-

from quantitative

fication and forging, and the composition of oxide inclusions changes from Mn-Si-O to Al,Oq through

Ca-Al-Si-O, Ca-Al-O with the increasing amount of aluminum deoxidizer.

In case of using rich

aluminum deoxidizer, calcium forms CaS or (Ca, Mn) S instzad of oxide.
From results of the present experiments, the order of the tendency of reaction between elements is

moltzn steels are as follows;
Tendency to oxygen : A1>Ca>Si>Mn,

sulfur : Ca>Mn>Al,
calcium : 0 >8S,
manganese : 3> 0,

These tendencies are also explained from thermochemical standpoint.
(Received Apr. 7, 1971)
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Table 1. Condition of deoxidation.
o . Amount of deoxidation
Mark Deoxidizer Ca-Al | Ca-Al | o o: | pog; | Met. | Total | Total
(A (B) ami | re Al Ca Al
S Fe-Si 0 0 0 0-80 0 — —
C Ca-Si 0 0 4-4 1-00 0 0-99 —
A Al 0 0 0 2-90 0-3 — 0-300
CA-40 Ca—Si+ Met. Al 0 0 4-4 0 04 0-990 0-400
CA-22 Ca—Si+Met. Al+-Ca—Al (B) 0 1-0 36 0:90 0-2 1:000 | 0-400
CA-02| Ca—Si+Ca—Al(B) 0 10 | 36 0 0 1-000 | 0-200
CA-04| Ca—Si+Ca—AI(A) 1-9 0 36 0 0 1-000 | 0410
C A-06 Ca—Al(B) 0 3-0. 0 0-15 0 0-580 0-610

Table 2. Composition of deoxidizer (wt%).

Deoxidizer Ca Al ‘ Mn Fe
Ca-Al(A) 10-0 | 21-5| 8-2 | 29°5 —
Ca-Al(B) 194 20-2| 135|238 —
Ca-Si 224 — 44-5 — | 28-9

V3 BB F-£5{% (back-scattered electron), JLELIVIIF
MXRTDHY, TEHFTFERLDObETRLE. 20
EEEVE PHILIBERT QW IFHIE & PooLe-TrHOMAS
FFESRERZTRE>THEILLDTH 5.

LD ESENIEAERRE & D EmE Rk R T
T3, Si REROIEEICIE SiI0: OFWH T AEDOEELT
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Table 3. Chemical composition of specimens and inclusion analysis.

Specimen ‘ Chemical composition (wt%)
Mark :
Deoxidizer Position*! C Si | Mn e | s | ca N |sol al| 0O,
¢ T 049 | 028 | 057 | 0015 0-016| 0-0010 0-0076 | 0-002 | 0-0046
S . Fe-Si M 043 | 028 | 057 | 0-014 0-014 |<0-0005 0-0068 | 0-001 | 0-0074
B | 045 | 028 | 0:56 | 0-015, 0-015|<0-0005 0-0074 | 0-002 | 0-0067
f T 048 | 030 ' 055 | 0-009 ! 0-020 | 0-0046, 0-0088 | 0-008 | 0-0078
B | CaSi | M 0'47 | 029 | 055 | 0009 0-021 | 0-0053 0-0083 | 0:006 | 0-0114
‘H B 0'47 | 0-30 = 055 | 0-009| 0-019 | 0-0044 0-0080 | 0-006 | 0-0099
| LT 049 | 0-28 | 0'58 | 0-011| 0-016 |<0-0005| 0-0080 | 0-018 | 0-0042
A Met. Al M 045 | 028 | 0'58 | 0-010 | 0-014 |<0-0005 0-0084 | 0-018 | 0-0049
B 045 | 029 | 059 | 0-010| 0-014 |<0-0005 0-0082 | 0:020 | 0-0054
Ca-Si+Met.| T 048 | 03¢ | 064 | 0010| 0-020| 0-0040| 0-0086 | 0-030 | 0-0064
CA-22 |Al+ M 046 | 03¢ | 063 | 9010 0-020 | 0-0036| 0-0087 | 0-031 | 0-0058
Ca-Al(B) B 047 | 03¢ | 063 | 0010 0-019 | 0-0040| 0-0086 | 0-036 | 0-0058
Ca-Si T 047 | 038 | 076 | 0-015| 0-021 | 0-0036 0:0098 | 0-024 | 0-0033
CA-40 + M 044 | 039 | 075 | 0-015| 0-021 | 0-0033| 0-0096 | 0-026 | 0-0038
Met. Al B 045 | 037 | 075 | 0-015| 0-021 | 0-0037| 0-0100 | 0-028 | 0-0038
Ca-Al(B) T 049 | 030 | 064 | 0-014| 0-017| 0-0030 0-0082 | 0-018 | 0-0061
CA-02 T+ M 046 | 030 | 063 | 0-014| 0-015| 0-0028 0-0084 | 0-020 | 0-0068
Ca-Si B 047 | 030 | 063 | 0-014] 0-015 0-0033’ 0-0080 | 0-018 | 0-0055:
Ca-Al(A) T 044 | 028 | 075 | 0-015| 0-017| 0-0034 0-0102 | 0-056 | 0-0029
CA-04 + M 042 | 028 | 075 | 0-015| 0-018 | 0-0032 0-0100 | 0-048 | 0-0051
Ca-Si B 042 | 028 | 075 | 0-015| 0-018| 0-0032 0-0098 | 0-052 | 0:0070
T 049 | 028 | 064 | 0-012] 0-021| 0-0015 0-0092 | 0-042 | 0-0056:
CA-06 | Ca-Al(B) M 046 | 028 | 063 | 0011 | 0021 | 0-0014 0:0092 | 0-042 | 0-0041-
B 047 | 028 | 063 | 0011 | 0021 | 0-0016| 0-0092 | 0-050 | 0-0057
* Ingot position; T : top, M : middle, B : bottom.

d . 4 : ‘ L———lz O}L
s % 1 |

(a) Sampled from molten steel in furnace : glassy silicate (Mn-Si-Al-O), see Photo 6 (a).

(b) Sampled from molten steel in mold : cristobalite in glassy matrix (Mn-Si-Al-O), see Photo 6 (b).
(c) Sampled from ingot : glassy silicate (Mn-Si-Al-O).

(d) Sampled from forged bar®*: silicate (A; type, Mn-Si-Al-Q), see Photo 6 (c).

(e) Sampled from forged bar : sulfide (A, type, MnS), see Photo 6 (d).

¥  Square contamination is due to the electron beam scanning of EPMA.

Photo. 1. Micrographs of non-metallic inclusions in sample “S”.
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Inclusion (wt%;) Cleanliness (%)
Si0; Al Oq Type A Type B Type C Total
0-0010 0-0008 0046 0 0 0-046
0-0012 0-0005 0-067 0 0 0-067
0-0014 0-0002 0-071 0 0 0071
0-0008 0-0011 0-038 0 0-017 0-065
0-0009 0-0007 0-063 0 0004 0-067
0-0003 0-0004 0046 0 0-004 0-050
0-0005 0-0037 0-058 0 0-008 0-066
0-0006 00033 0°063 0 0 0-063
0-0005 0-0031 0-063 0 0-004 0-067
0°0004 0-0130 0-046 0 0-021 0067
0-0003 0-0132 0-096 0 0-025 0-121
0-0004 0-0137 0-063 0 0-017 0-080
0-0004 0-0092 0-038 0 0-017 0-055
0-0002 0-0075 0-083 0-004 0-038 0-125
0-0001 0-008! 0-063 0 0-025 0-088
0-0005 0-0102 0108 0] 0-021 0-129
0-0019 0-0128 0088 0 0-013 0-101
00002 0-0117 0-096 0 0-029 0-125
00001 0-0132 0046 0 0-050 0-096
0-0002 0-0155 0-025 0 0-075 0-100
00002 0-0150 0-008 0 0-075 0-083
0-0001 0-0130 0-096 0 0-008 0-104
0-0001 0-0145 0-046 0 0-029 0-075
0-0002 0-0137 0071 0 0-017 0-088

Sampled from molten steel in furnace : glassy silicate (Mn-Ca-Si-Al-O), sec Photo 7 (a).

Sampled from molten steel in mold : tridimite in glassy matrix (Mn-Si-O), see Photo 7 (b).
Sampled from ingot : glassy silicate (Mn-Si-Al-Ca-0O).
Sampled from forged bar : silicate (A; type, Mn-Ca-Si-Al-O), see Photo 7 (c).

Sampled from forged bar : sulfide (C type, Mn-Ca-S), see Fig. 7 (d).

Photo. 2.

Micrographs of non-metallic inclusions in sample “C”.
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(a) Sampled from molten steel in furnace : alumina cluster

(b) Sampled from molten steel in mold : alumina cluster, see Photo 8 (a).

(c) Sampled from ingot : alumina cluster,

(d) Sampled from forged bar : alumina (B type, AlzOj), see Photo 8 (b).

(e) Sampled from forged bar : sulfide (A; type, MnS) and slumina, seezPhoto 8 (c).

Photo. 3. Micrographs of non-metallic inclusion in sample “A”.
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a) Sampled from molten steel in furnace : aluminate (Al-Ca-Q) and calciu;xl Vsulrﬁdr -

(204,

e, see Photo. 9 (a).

b) Sampled from molten steel in mold : aluminate (Al-Ca-O) and silicate (Al-Ca-Si-O), see Phcto. 9 (b)*

d) Sampled from forged bar : aluminate C type (Al-Ca-O) and calcium sulfide.
e¢) Sampled from forged bar : complex sulfide-oxide (C type Ca-Mn-Al-O-S), see Photo. 9 (c).

Photo. 4. Micrographs of non-metallic inclusions in sample “CA-40".

(
(
(c) Sampled from ingot : aluminate (Al-Ca-O) and calcium sulfide.
(
(
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(a) Sampled from molten steel in furnace : aluminate (Al-Ca-O) and calcium sulfide, see Photo. 10 (a).
(b) Sampled from molten steel in mold : corundum and aluminate (Al-Ca-Q), see Photo. 10 (b).

(c) Sampled from ingot : aluminate (Al-Ca-O) and calcium sulfide.

(d) Sampled from forged bar : alumina (B type, Al;O3) and aluminate (Al-Ca-Q), see Photo. 10 (c).
(e) Sampled from forged bar : complex sulfide (C type, Mn-Ca-Si-Al-S-Q), sce Photo. 10 (d).

Photo. 5. Micrographs of non-metallic inclusions in sample mark “ CA-02”.

ThHh, Al FiEETlx ALO; 4524 —%4£LTHD,
Ca |z} 5T CaO 2 EHT B Lhbrb.
F ik EmE Al oF Vw30 Tk CaS Ho X
BEAFEMHBE VLV O FFHEERD D L LB TE /.
3.2 BREARLIUBHRIONEHOEI

BALEORE 25 70 Photo, 1~5 TR L7
REONEWORAK - MARERTT L TR OFELZED
7z

BiEEE RIS Shv: MEWITE BN OB D Hh3%
<, FRMBKESHEANNEMEGRES I LA EE LD
ZEbrb. i K UHENERREE R O
ARBIE IR E, FANEDCH BRI DR Shi
WREBASTFET 5. bbbt chy, Mk
R B D7e b DA E V. EBIK, HTHM O
EL ST BRI EL O L O TH o &
DEITDWTIHKEITHEET 5.

PO EBNEMOREOELE, TNV FH5D
ZWLOIEELERY ST TELT, SEOFARDEHRFET
¥3, Fe-Si Bifigd Saikte  Ca-Si i C3BciE
AN ATZOBIENEWHFRD i,

itmic oV Tik Ca ZHATWDH DD E DM
TWiRWERFHTH S,

MO EEREZ %KL LT Table 4 TRy

+ 20

-30

~100
©
£
) "50
=
o
©
N

—-200

-250

- 300 . : L
0 500 | 000 1 500

Temperature (°C)

Fig. 1. Standard free energy of formation as a
function of temperature®™,

— 135 —



1996 g X &

st 57 & (1971) EI132

B.S.E

Fe Mn

4., &E 2=

4.1 BiEEGI£MT3IERENTEDBER

LEIDOERZERIT Table 4 THLL X ST, AR
#]& LT Al, Ca, Si, Mn %2Ex 72545, Al [ifE0E
BEICIS U TELAE IR ALO, » 5 CaO %
LTI A~ b, T ALO; & CaO &iT SiO; A3
BB Lot 525, Mn 13AlL GCa ZHAW/EEED
WA EALBLME LTELTI LW

—7%, TemiEmIt+ois Al &L Ca ERFELC
Ak CaS 4L, Al LAl kbikohT, BV

Photo. 6 (a).

EPMA results (wt%) : glassy silicate (Si0; : 54, MnO : 34, Al.O;: 13)

Electron beam scanning images of non-metallic
inclusion shown in Photo, 1 (a).
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EPMA results (wt%) : Cristobalite (SiO; : 100) and glassy silicate matrix (MnO : 36, SiO; : 50, Al;Oj :15)
Photo. 6(b )Electron beam scanning images of non-metallic inclusion shown in Photo. 1(b).

Table 4. Identification of non-metallic inclusions in molten steels in furnace and mold
and in ingot and forged bar (EPMA results are shown in parenthesis, in wt%).
Primary inclusion|Inclusion sampled] Inclusion in
sampled from (from molten steel| ingot Inclusion in forged bar
Deoxidizer |molten steel in|in mold neclusto orged bar
(Amounts of [furnace
Mark Al and Ca,
kg/t) Reaction between|Reaction between|Solidification of|Oxide inclusion |Sulfide inclusion
oxygen in molten|increased oxygen|steel after equili-|(Type of (Type of
steel and deoxi~and molten steellbrium state inclusion) inclusion)
dizer
Fe-S1 Glassy silicate  |Crstokalite in| Glassy silicate | A, type glassy | A type sulfide
(5103:54, MnO:|glassy silicate silicate
S (Al :0) 34, Al,O;:13) matrix (SiO; 100 (8i03:51, MnO:| (MnS:100)
Ca :0 + (Si0;:50, Mn: 33, Al;0;:16)
36, AlgOa: 15) - :
Ca-Si Glassy silicate |Tridimite in glas-| Glassy silicate [A;. type glassy/C type sulfide
(810,:38, Al;O3:[sy matrix silicate '
C (Al: 0 29, CaO:31, (Si0; 100) + (810,:46, Al;O3:| (MnS:97,
Ca:1'0/ |IMnO:0'5,8:2°0)|(MnO:55, SiO,: 24, CaO:15, CaS:2-8)
41,Fe0:2-0) MnO:12)
Al Alumina cluster |Alumina cluster |Alumina cluster (B type alumina |A; type sulfide
A Al :0°3
Ca:0 ) (Al;O4:100) (Al;O4:100) (A1,05:100) (Al;04:100) (MnS:100)
Ca-Si+ Al Aluminate Aluminate Aluminate C type C type complex
+sulfide +silicate +sulfide aluminate-+sul- |oxide-sulfide
CA-40 (AI :0'4) (Al203:92, CaO:|(Al,04:90, CaO: (CaS) fide (Ca0:50, AL, O,:
Ca:1°0 9) -+ (CaS:100) [10) + (CaO:51, (Al,0;3:91, CaO:|45, MnO: 15,
AlyOy:44, SiOs: 9) (CaS:100) S:1-5)
2-1)
Ca-Al(B) + Aluminate+ Corundum + Aluminate B type aluminate| C type complex
Ca-Si- sulfide aluminate +sulfide (Al;04:100) + sulfide-oxide
CA-02 (Al;0;3:43, CaO:| (Al,O4:100) (CaS) (Al,05:90, CaO:|(Al;0;:59, CaO:
Al :0-2 55) + (CaS:100) | (Al;O;:90, 10) 34, Si0,:4°5,
Ca:l‘O) Ca0:9) MnQO:0-8,S:15)
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EPMA results (wt%) : Silicate (MnO : 33, SiO; : 51, Al,Ojy : 16)

Photo. 6(c) Electron beam scanning images of non-metallic inclusion shown in Photo. 1(d ).
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si Al
EPMA results (wt%) : Sulfide (MnS : 100)

Photo. 6(d). Electron beam scanning images of non-metallic inclusion in Photo. 1(c).

R.SE

: Si0; : 38, Al;O03:29, S:2°0)

EPMA results (wt%) : glassy silicate (MnO : 0°5, CaO : 31,
Photo. 7(a). Electron beam scanning images of non-metallic inclusion in Photo. 2(a).

ZERBTALY. 22T, SRIOERTERLIEE

1© GiBBs DAKE MR VE— (UG %35 2 TH.
BRI ED X S REHTHRILT 2 D1 E2EEE

Fig. 1 1X RicHarpsoN 5T X %ER{EMn ¥ X OBifbd:
B 4G LREOBEGRETRT S I 7 THLOD. oK LTRXS.
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1 600°C iz 35V CEIH L TH 7. 4G ofifiti KusascHE- (DX (DHFEDH
WSKIDD{E % Fi v 7. 3Ca0+2Al = 3Ca+AlL,O;+60°7x 108 .-.(3)
2Ca0+0; == 2Ca0—2111x108(kcal) - (1) 7=,
2A14-3-0, == AlLLO;— 256 0X 100 - (2) Mn 4+ 58, 7= MnS—35:3X 105 - cevevvoreens (4)

B.S.E Fe Mn Ca

N Si Al
EPMA results (wt9) : Tridimite (SiO; : 100) and glassy matrix (FeO : 2°0, MnO : 55, SiO; : 41)
Photo. 7(b). Electron beam scanning images of non-metallic inclusion in Photo. 2(b).

B.3.E

MnKa Ca S
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Si Al
EPMA results (wt%) : Silicate (MnO :12, CaO : 15, SiO;: 46, Al,03:24)
Photo. 7(c). Electron beam scanning images of non-metallic inclusion shown in Photo. 2(d).

EPMA results (wt%) : Sulfide (MnS:97, CaS:2'8)
Photo. 7(d). Electron beam scanning images of non-metallic inclusion shown in" Photo. 2(e).




EPMA results (wt9s) : Alumina (Al,Oj : 100)
Photo. 8(a). Electron beam scanning images of non-metallic
inclusions shown in Photo. 3(b).
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0

EPMA resu'ts (wt%) : Alumina (Al1;Oj3 : 100)
Photo. 8(b). Electron beam scanning images of non-metallic inclusion shown in Photo. 3(d).

EPMA results (wt%) : Sulfide (MnS : 100)
Photo. 8(c). Electron beam scanning images of non-metallic inclusion shown in Photo. 3(e).

Ca+-gSye= CaS—85 1108 o (5)  F72(3)R & (6)R LY
Lo T ()& (5)R LD 3MnS +3Ca0+2A1 = 3Ca$

MnS+Ca === CaS+Mn—49-8x 10 -« e (6 ) +ALO,+3Mn—88"7 X 103 +-eseivennes (9)
EF2(1)XXD LizBoT(XX 0 BMFOO I L US & OEHES

Ca-+90; == CaO—1050% 103 wverevevs- (7) 5, Al, Ca, Mn O®FETFTIE ALO, & CaS Lpss:
THH»5(7)KXE(5)IHX LD KT D EMIERAEN S,

CaS +-5 Ope=> CaO+-45,—20-0x 10 - (8) Al B2 TR FEE RS AE (9) ROEHET AT
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T CaO & MnS L34k L, EfOFRMNT CaO & » b

ALO; EMREICERITEHZS 5. 2A1+%32 = ALS;— 352X 108+ -merene e (10)
AFERIT IV TIE AlLS; OFFEEED Shioh Dk, (10), (5),(21,(1) & X v

INIRBUETEELTAHALS. ALS; @ 4G1swcc X Al,Oy+3CaS —= 3Ca0+AlLS;+159-4x 108

IRFTOIIH Lz {EP% v 5 & —35'2kcal/ mol T % TR §

Al Ca S (o]
EPMA rcsults (wt9%) : Aluminate (Al,03:92, CaO :9) and Calcium sulfide (CaS : 100)
Photo. 9(a). Electron beam scanning images of non-metallic inclusion shown in Photo. 4(a).

B.5.E. te . Mn
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Al
: Aluminate (Al;O3 : 90, CaO : 10) and Silicate (Al;O; : 44, CaO : 51, SiO;z : 2'1)
Electron beam scanning images of non-metallic inclusion shown in Photo. 4(b).

EPMA results (wt%)
Photo. 9(b).
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EPMA results (wt9) : Complex sulfide-oxide, (MnO :1'5, CaO : 50, Al;0;45, S:1°5)

Photo. 9(c).

Electron beam scanning images of non-metallic inclusion shown in Photo. 4(e).

EPMA results (wt:) : Aluminate (Al;Oj5 : 43, GaO : 55) and Sulfide (CaS : 100) .

Photo. 10(a).

Electron beam scanning images of non-metallic inclusion shown in Photo. 5(a).
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Si Al
EPMA results (wt%) : Aluminate (Al;Qj : 90, CaO :9) and Corundum (Al,Oj; : 100)
Photo. 10(b). Electron beam scanning images of non-metallic inclusion shown in Photo. 5(b).

Ca Si Al
EPMA results (wt%) : Corundum (Al,Oj : 100) and Aluminate (CaO : 10, Al,Qj; : 90)
Photo. 10(c¢). Electron beam scanning images of non-metallic inclusion shown in Photo. 5(d).
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Photo. 10(d).
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Fig. 2. Change of total oxygen content in steel.

BT 5F 2 HEEPOREE VNV EERIIC ER L
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OTEY, WMILEEED EbDTERVWRIGT sol. Al
ERIGT 5. COBRFEIHABATHSWTERD LN, #aE
ST BV T sol. Al RBEF L TH D AEDIE ALO;
DILEAFE Licvy. [ERIC sol. Al oFET 588 TH
BB CA-40 331U CA-02 T3WT LML @R
(D BITC(B)RDIJET sol. Al ¢ —%f CaS X b
REgxh s Ca LRELTC ALCa-0O 2475 Zok
213 sol. Al 3 HREEHE LTV bbbk dCa

Al O
EPMA results (wt%) : Complex sulfide oxide (MnO :0'8, CaO : 34, Al;0;:59, SiO,: 45, S:1°5)

Electron beam scanning images of non-metallic inclusion in Photo. 5(¢).
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THo-
4.3 FESENEPOEMDREER

AR UERBRL D, WARCHFET SHEDD
WA EAEBRPICEELACDD LFA—DHMKTH
D, L2diEML 0EaEmA cESM, wWocAERAE
B XD CHRABERICIIEEER, BRI X 2T
EWHRECRED L0200 50T, NHEDOHARE
MOMECRESINSLEZD.

Licdso THNY 9 AREISHD X 5 IO MRS
HBCMORE 2 A AT 256 3BEEL © b Oz Hin
WEMZ O TIRETRIEL S

H oL LA B3V TR IEEBNTE D & HEH|
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5. #&

B b ERHR D O IEE B MO DR EZR
pEini-dicigmi e Lo C, Si, Mn & S45C i
ExE L, Al Ca ikl ZE{LI S8 DFEREITXL
Vv, ROFEREE

(1) S45C %A L LAMOBE, EEBENEME
AR HHEBRIOBREIRO T ELTREND

O+ L7 : Al>Ca>Si>Mn,
S L §E4 )+ Ca>Mn> Al

Ca rofhah: 0>S,

Mn > &7 S>0
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B E % o 7BERL LD TH D, TDOENEI
B, BEDDVIIRT Y, Wk EDNIEDD LR
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(3)  SeEBATEW DM IE R DEREE LAV ITH

Js LAl Ca, Si, Mn[HEAFIOGERIC X W Z(LE 25

TEBHRETH D, &<iThyy LREIERD XS KA
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