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Characteristics of MnS Particles in the Unique Processing
of Grain Oriented Silicon Steel from their Cast Slabs

Mahito Koizumr, Tuyosi KikuTi, and Seisiro BANDO

Synopsis:

In an attempt to produce grain oriented silicon steel sheets without conventional high temperature
slab reheating and hot rolling processes, series of experiments were carried out using two types of cast
slabs of 5mm and 40 mm thick. Relationship between the magnetic properties and the morphology
of MnS was investigated for various processing conditions.

In the cast slab of 40 mm thick, the changes in magnetic properties were examined after processing
without reheating to an exceedingly high temperature for solution of MnS.

In the cast slab of 5mm thick, good magnetic properties were obtained without slab reheating or
hot rolling. This is due to the fine MnS particles distributed uniformly in the matrix by rapid cooling
in the solidification process. In the conventional casting, coarse MnS particles and segregation bands
are formed due to the slow cooling rate in the solidification process which necessitates a high tempe-

rature slab reheating to dissolve these particles.
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Fig. 1. Equilibrium solubility of Mn and S in
ferrite phase, which was calculated from
wriedt’s equation for solubility product
of MnS in 39 silicon iron as log[%,Mn]

-meSJ=:i%?9~+4xpz

Table 1. Chemical composision of steel A, which
was cast into slab with a thickness of 40
mm or 80mm (wt%).

Steel (o4 Si | Mn P S |Sol Al|Total.O

A 0.0250 | 296 | 0.044 | 0.003 | 0.016-( 0.004 | 0.0048

DED P BRDI MY, S% Ofik &b, 8 OMK
9% Mn, SILifEy: Table 1 o Steel A & L.
T LT—H UTEVRE CABE Lc Table 2 ofilgT
B OBHOFEC, BETFBBSE T MnS 2L L3
FToked, FeC 7L, a BT E 7

Table 2. Processing for steel.

I. Melting in air
2. Casting: Plate casting with a thickness of
40 mm or 80 mm
3. Scarfing: Both side shaving about 3mm thick
4. Hot rolling:
Prerolling:
34 or 74mm — 10mm slab
(H) Reheating 1 250°C x 20 min
(L) Reheatings 950°C x 10 min
Finish rolling:
10mm — 2.3mm hot band
(I) Solution treatment 1350°Cx 1h
(I) Non-Solution treatment
Finish hot rolling at 950°C
5. First stage cold rolling:
2.3mm — 0.75mm (67% reduction)
6. Intermediate annealing:
850°C X5 min in dry H,
7. Second stage cold rolling:
0.75mm — 0.35mm (53% reduction)
8. Decarburizing: 830°Cx5min in wet Ar
(dew point+30°C)
9. Coating of annealing separator: MgO
10. Final anneal: 1170°Cx15min in dsy H,

/Center of 80mm

1200} thick
[¢]
1000}
2
5
= sl /
600 Center of 40mm thick

« Center of 5mm thick
400+

] 1 - I
20 5 10 15 2

Time (min)

Fig. 2. Comparison of cooling curves in the plate
castings with various thickness of 39, sili-
con steel.
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SICHEEERED 0.025% & Lic. #khx Table 20
IO KAKEML, Ar FRASAWEHR T B 4
L, B 40mm, 80mm OfFPEH & Lic. SH 0%
Hiphie s Fig. 2 @R L. BEFEEL#IL Table 2

X 0.75mm THREBELE L & 1L X AEREGEYITV
0.3mm t Lich D& DT Ty, FTHMELME -
LTS D O TR OWCHE L. EX 0.3mm
¥ CHE LIr Table 3 0k 3@ EOBETREL

. OMEY (H-T, H-T, L-1, L-T) oTHREOWT [ UL Bk E L, MgO B, & gEcE LogT
S ZHp TECRALED, MnS OREZETEME T E4EL, BRKERORMEHE L.
. TN, BT 4 X EHBREE TN, X DIt XX
! X oviROESGEBOENLEFH . B 0.35mm F 3. RBERLIUER
THIELBEREOMETELAC L S Chifgcs 3.1 EX 40mm, 80mm DRFEHHR EZHEFEM &
N L, MgO %7, {EEBi7cd LOKTHEEYBL, HKHL Licime
& fl DGR FIE L. Steel A DL2ERSHK T, EX 40mm & 80mm
ﬁ 2.2 BBOEREEZESIal— LI8AEEEE  OFTHL L, Table 2iiLe H-1, H-T, L-T,
. FMELEH ’ L-T oPH#» o#ETEC W AR TR EH
ZMik Table 3 o X 5 W HZEEMR LT, SMBUEET ¥ ® MnS DIREEE BT S TR~ R Photo. 1~
TR KSR b CEEE L, B 5mm O\ 6 DX 5 ThHS. S OBHNIN vEL, HHKEO
a B R E T, BRWREN &2, HRNEY DOER < 7 m BT L, OB S AT, EIF RO
> BEET A BREN D, His MoS o+4lkEdY  Brkb MoS HTFOREE, SEREOREZ LA
: EER LD, (LFERSHEKIE Mn, S % L35S Eicus, gEA1iE Photo. 1 X 31 1 ~2p LT
) L, Table 427k L7z Steel B & U7z, F8EEMHRIT 230 MnS BFRHE LTV, 1000AFod b
PGSR TREOBELE LT a-y BEELFHALT,
“ IHR7 =54 MREBMALT 500, RREFERR Table 3. Processing for Steel B.
TRERToRRERE L W EEEL, 0.06% ¥ HiE 1. Melting in vacuum
LUt KIC Si AFBIEERIES Lisu e, @y 2. Casting: Thin plate casting

D3%SiME v {EDEBEL Lic. B Smm OFFH X
BT BAMSE & EPMA CEAIIE O MnS N, ki<
g ommEmayAd LEl D, EX4.5mm Opkts L.
R gEE Lo 2 OWAEE Y Fig. 2 R Loy,
#) 600°C F TIL XD T HEL, 80°C/s BETHAX
N, FRUBITEL BT Edbns. KGHEN O
A3, 600°C LT LaEm 3N, MovE» LT, EE
MTEehole. UL, B ORSEAW SRR
L LT MnS o4 FBREOZERCHE L. B o
BRIEBCHHMEELTCEE 2.2mm & L, Rk
BEls ¥ La R 1150°C F7-1x 1050°C o= bh D
IREET MnS O HMEZ T, DBIEZZREGHEEET
2.2mm HHEBEHESEERX 0.3mm L Licdnd, B

(Steel mould or water cooled copper mould)
3. Scarfing: Both side shaving 0.25mm thick
4. First stage cold rolling:
4.5mm — 2.2mm (51% reduction)
5. Precipitation anneal: 1150°C, 1050°G
5 or 10min
6. Final cold rolling (Secnod stage cold rolling):
2.2mm — 0.3mm (869, reduction)
(2.2mm — 0.75 mm, 65% reduction)
Intermediate anneal: 950°C, 5min in dry H,)
(Third stage cold rolling:
0.75mm — 0.3 mm, 60% reduction)
7. Decarburizing: 850°C 2min in wet gas
(Ny: 25%, H,: 75%, dew point 30°C)
8. Coating of annealing separator: MgO
9. Final anneal: 1200°Cx20 hours in dry H,

Table 4. Chemical compositions of steel B used for the thin plate casting (Wt%).

Steel C Si|Mn| P S |Sol Al [Total.NTotalO Note

B—1 | 0056|292 0088| 0003|0017 0010 |0.0017]0.0010

B—2 | 0049|292 0.090]0.003|0023| 0.007 |0.0015 | 0.0010 .
Cast into

B —3 | 0055|290/ 0.087| 0003|0027 0004 |0.0013]0.0010 | Steel mould

B — 4 | 0.053| 295 0.093| 0.003| 0.034| 0.004 | 0.0012| 0.0010

_ Cast into copper mould
B 5 0.049 | 3.14 | 0.066 | 0.003 | 0.023| 0.013 | 0.0016 | 0.0096 with water jacket
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Photo. 1. Transmission electron micrographs show-
ing distribution and shape of MnS ex-
tracted from the specimen,which was
cast as a plate casting of 40mm thick.

Photo. 2. Transmission electron mlcrogf:etphs, show
ing distribution and shape of MnS ex-
tracted from the specimen, which was
hotrolled from 40mm to 10 mm at 1250
°C.
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(A), (B) : H-I Solution treatment at 1350°C prior to hot
rolling to 2.3mm
(G), (D) : H-II Non-solution treatment

Photo. 3. Transmission electron micrographs, show-
ing distribution and shape of MnS ex-
tracted from 10 mm to 2.3 mm at 950°C.
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ElllkchetELbhR 5. ££6oT Photo. 4 DORFED
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(A), (B) : H-I Solution treatment at 1350°C prior to hot Size of MnS particles (A in diameter)
rolling to 2.3mm Case || Non - solution treatment (10% in thickness)
(C), (D) : H-II Non-solution treatment » 200 30
’ Photo. 4. Transmission electron micrographs, show- s 1:32 25 o
] ing distribution and shape of MnS ex- H s
tracted from the specimen, which was Z a0 20 3
decarburized at 830°C for 5 minutes. £ 300 15 :
- % 200 10 3
~ B2z %. —J%, Photo. 3 ® H-TI TH¥ A XbALLH 5 100 5
- ST - £
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. gecix, I, D& MoSRFilnbnhHigd o XD Fig. 3. Number of MnS particles in each size and
L OMNELE LTS, Zhui Photo. 3 o H-1 Tix% a/A of MnS particles in the electron mi-
| - . e s Ry crograph for hot rolled specimen.
- 5T IHRIG ORT b £ DB OBIETHERSh, PG a : the area of MnS particles in each size
" Bk h b L, £ LTC—WMORTrnAA 7K A : the total area of MnS particles
= Table 5. Relationship between processing condition and magnetic property.
Thickness of casting 40mm ' 80 mm
1st stage |[H (L) ()] (L) .
- hot 1250°C 950°C 1250°C 950°C
rolling
L Processing Solution o o o o
o e | Eroatment [1350°C| — l1350°C) — j1350°C) — 1350°C| —
Finishing . o
hot 950°C 950°C 950°C 950°C
rolling
By (Testa: Induction 1173|179 170|175 | 170 | 175} .74 } 177
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Fig. 4. Number of MnS particles in each size and
a/A of MnS particles in the electron mi-
crograph for decarburized specimen.

a : the area of MnS particles in ehch size
A : the total area of MnS particles
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&, FORFHARANA veEx— Lk LUCEL YA X
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* O WERANIT—EOR S I O—~KOEHOHTT

a : ZEFEDO MnS RFO LD 5 EH
A Z2OBEHEOBADTNTO MnS RTFOEROEE

Photo. 5. Transmission electron micrographs, show-
ing distribution and shape of MnS ex-
tracted from the specimen, which was
hot-rolled from 40 mm to 10mm at 950
°C.

(A), (B): L-I Solution treatment at 1350°C, prior to hot
rolling to 2.3mm
(C), (D) : L-II Non-solution treatment

Photo. 6. Transmission electron micrographs, show-
' ing distribution and shape of MnS ex-
tracted from the specimens, which was
hot-rolled from 10mm to 2.3 mm at 950

°C.
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FARDRS., DX 5 IoREBEIRER 0 & LEJE DS
HoMF kg B s, LasL, Table 5sbdo
75 L5, BRI Mo BELEEOL DL KETR

(1)

C D

\». Photo. 6, L-T @41, X5 Photo. 3, H-T[
EL DRTHEIERE OZENKESSBERD L5 5.
Lo LT DX 5 T8RS SRR BE /& U CILENHE
AT%, MnS DIkEEIL Photo. 6 LG lA L Ehb
¥, W1 REHESRECHRD.

3-1.3 SETREPCRT 2EGHEBOEL

WiZ, 4 Ve R —DENCERHECIZETS 5 —
DOORERERE LTE 2 il bis TR R
LEAHBAERET Lic. 2h¥ T Table 5 Bl
& MnS DIRRE & B —FENCHE O 7o 2 51384 C
BT E 5 h, TR RT »EAEMS T2
AT DD E 5 vE . Fig. 5 3z 0ERB O
BUEM F X O IER S X Ok BE7e £ LI D (200) £k 5
KThoT, ZoMETERCKT 5EAHEBEOE(LITE
HOTROBE ERERCT b Dk. BUEROF
DEOREFITEEIEREM 1250°C & 950°C 0B4
TETRERDD, T h bHEEGCLEES T
011} BhoDFRIH L A Th 5. TREEs %
L1y, HBYEREWRIRR L, & ek {110}<001)
FEEHEMR Lo, {100} 01 B ia s 2T
. RO THEATHM A &S, Table 5 OO
% MnS O Ve Ex —FREDREOHECEEZN

(2)

c ﬁ”

(1) First hot rolling after casting at 1250°C, finishing hot rolling at 950°C
(2) First hot rolling after casting at 950°C, finishing hot rolling at 950°C
(A) Center portion of the cross section of the hot rolled strip of 2.2mm thick
(B) 0.5mm inwards from the surface of the hot strip of 2.2mm thick

(C) Surface layer after final cold rolling

(D) Surface layer after decarburization annealing

Fig. 5. (200) pole figures of the specimens taken at the following stages of processing.
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DL T—IEDHMENEDND Z Lo Ay D f=. L A

L, DX VUEEEELDICIIRESEERHL a-7
ERREFIALT7 = 514 VRSN L, FRBE
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5<% LA MnoS SHEEAENIES 0% EH2 b
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32 BEOEEEEESIalb—bLi-asEgR%E
EMELige

FERRENT 2 &L, 7 =51 PR
Photo. 7 D X 51X bHd TN, QB X>T MnS
O—FRXEE R 7o, FH LT % MnS BFi
EHD THMI OB~ o LT 28R THOT, #
RI B OB SR ICBIERICERIBIC B B, DT
RO TR BT BBIER D2 L7y, WH%&tD
HTEIS R CH B EEX bR % o, BEFETED
MnS OXEyEHFT5—0D0FEELTLHAVSE &
PTEI. FIZ DX 5 i CEER LIS OB BT
VialV—btlichokdEr oL TES.

Steel B DX 4.5mm %57 5 Table 3 D HLE
TR >THEEIED, Bkx T LiiERE %y Table
6 IR F. ZAiuk Table 5 DfERENTIEEI X \WE
TH 5. REROZNGERICHE Y 5 KK D= [EI4IE
BT, & EHTHAERES 1050°C 04122255
FHE BT R OTH BN RELT 5B &2
5. $¢>T Table 3 Oz DERD I 5 ilEEkClie
FIOHIE L PTHAREZ Sy ic b DR EE OBEE OBE

Photo. 7. Solidified structure of thin plate casting
of 3% Si steel containing 0.007 wto,
aluminium.

TERIFAUCREZ LT 0L B, ARRos
BRI EEAEEAE 2 EE L, BMEETEY s
MTEBEEL b DERRTZEHTESL., AERT
AT GRG0 D ORBIT L Y —F I F A\, MnS
LA EEBERBCS D EE2 . LirL, ZhIZE
DG, Fig. 6-(1) WiRLZ X5, KEFHECEA
&, HRETEZhbD TELIBHLLEE TS EPMA ©
WA REZ: MnS R4 f54E LC\ iz, ¥/ Fig. 6-
(2) DL 5CMBEERNCEEE LAy, Fig. 2 o X
518k 80°C/s BE OWARE THA I hicd, &
R W% EPMA TEET 5 &, MnS ¥ 2388 H o
DEFIVCHEL TS, L LESHOR S EWEHCIT
W& Z AT Photo. 8 /R L7 X 5 7effkffi’s MnS %7
FORMNFLET D%, EPMA G BH X 7o
7c. EPMA THH X7 MnS 3, Photo. 8 It H 5h
LAERISA—EE L CRHEIh Db EETh TS L
Exzbh, RFEME CHETX Dok, L
2 U KESEERL & v fo & &3, Fig. 6-(1) DX

Table 6. Processing conditions and magnetic properties.

Processing of strip

Two stage method of
cold rolling separated
by annealing

Three stage method
of cold rolling sepa-—
rated by annealing

1st stage heat treat
| ment co

ndition

1150°C X 5min |1050°C X 5min|

1150°C X 5min{1050°C X 5min

Magnetic properties
(Thickness : 0.30mm )

By w"/so B w”/su

B (W% | B W%,

B—-1

B-2
Steel

B—-3

B-—4

1812 | 146 | 1.836 | 1.41
1816 | 148 | 1836 | 1.38
1.701| 187 | 1685 [ —

1542 — | 153 | —

1816 | 1.46 | 1.859 | 1.32
1871 | 1.27 | 1.866 | 1.27
1796 | 145 | 1874 | 1.23
1820 | 1.35 | 1845 | 1.32

B : Induction at 1000A/m (inT)
W', : core loss at 1.7T (in W/kg)
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(1) : Copper mould cooled with water (2) : Steel mould in vacuum
Fig. 6. Distributions of inclusions observed by EPMA for the thin plate castings of
39, Si steel containing aluminium of 0.007 or 0.013 wt?,.

o

Photo. 8. Transmission electron micrographs, showing distribution of fine MnS inclusions
extracted from the thin plate casting of 3% Si steel containing 0.007 wt?%;
aluminium.
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(1) 5% 1250°C LUF CBME L 3 s SE AR
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M2 L MnS o5& RET LD REGHREY EHD
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(3) EXS5mm OV SHRE LG TR
L, FERTLVCENER D BB LIBE LIZEAYR T
MRNBORD2 D, B O TR 5 BIER DR
Z Ein ), WHGFEOHMELRER & L CAEEETRE O
MnS o 28k 8535 FERELCHVWLC ENTE
o FRRRCZ DX 5 WSS OBEBEEEY:
DYIab—YaveidbELHZLLTE, E=xn
¥, BLEE SN SRR OBRF TR O-—
EbEZ bR,

£y ik

L) AINREA, 3 %), HWREMEE: &k &, 66
(1980), p. 1113

2) H. A. Wriept and H. Hu: Met. Trans.,
7A (1976), p. 711

3) M. F. LITTMANN:
p. 1041

4) C. W. HazeLerT: Brit. p. 688575

5) ATILIKES, FEEIEKES, O, EiIsEh: &
&OWH (FHRESE) (1972), p. 195[4.3%]

6) H. C. FiepLER: Trans. Met. Soc. AIME,
280 (1964), p. 95

7) J. W. FLowers, Jr. and §. P. Karas: J.
Appl. Phys., 38 (1967), p. 1085

8) C. ZENER, quoted by C. S. Smrta: Trans.
Met. Soc. AIME, 175 (1948), p. 15

9) #AR  #£: gk, 53(1967), p. 1526

Met. Trans., 6A (1975),

_ 78 —



