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Effect of Oxide Inclusions on MnS Precipitation in Low Carbon Steel
Yoshiyuki UESHIMA, Hidetoshi YUYAMA, Shozo MIZOGUCHI and Hiroyuki KAJiOKA

Synopsis :

It has been known that precipitates of MnS become effective nuclei of intragranular ferrite during As
transformation and improve the ductility of steels. The objective of this work is to investigate the effect
of oxide inclusions on MnS precipitation after solidification in order to obtain uniform distribution of
precipitates. Various deoxidizing elements were added to low carbon steel melt of 1kg. This steel melt
was solidified in an alumina crucible after some killing time. The nonmetallic inclusions were analysed by
two-dimensional X-ray microanalyser on a cross-section of the ingot specimen. Among deoxidizing ele-
ments, the number of oxide inclusions of Hf, Ce, Y or Zr was greater and the distribution was more uniform
than that of Al or Ti. The precipitation of MnS was followed effectively on those oxide inclusions between
1100 and 1 400°C. The kinetics of precipitation was analysed by a precipitation model taking into account
solidification and 8/ 7 transformation. The low diffusivity of Mn causes the depletion of Mn around MnS
precipitates. It was considered that this Mn depletion promoted ferrite nucleation.

Key words : diffusion ; inclusion ; interface ; microscopy ; phase transformation ; precipitation ; segregation ;

solidification.
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Table 1. Chemical composition of specimens for

various deoxdation experiments (wt%).

No. [KiWatme] ¢ |'si [ma| P | s x Total
Al-1 30 |0.096|0.19 | 0.93 {0.014(0.004|Al <0.003] 0.0071
Al-2( 600 |0.087|0.19 | 0.95 |0.013|0.004|Al <0.003| <0.0010
Ti-1 30 |0.091|0.21[0.99 |0.014[0.004|Ti 0.024| 0.020
Ti-2| 600 [0.081/0.20 091 [0.0130.004{Ti 0010] 0.0026
Zr-1 30  [0.100{0.20 | 0.98 {0.014/0.004|2r 0.010| 0.0057
zr-2| €00 [0.090]0.22 | 0.96 [0.015/0.004|2r 0.002| 0.0045
La-1 30 [0.086[0.20 [ 0.97 |0.014[0.004[La 0.04 | 0.0081
La-2| 600 [0.068|0.22|0.94 [0.0150.004|La<0.02 | 0.0024
Ce - 1 30 [0.075[0.20 | 0.98 |0.015/0.004{Ce 0.02 | 0.0082
Ce-2| 600 [0.067|0.21 | 095 |0.015/0.004|Ce<0.02 | 0.0029
Hf - 1 30  [0.088(0.19 | 0.97 |0.014]0.004|Hf <0.001| 0.012
Hi-2| 600 [0.085[0.21|0.93 |0.002(0.004|Hf <0.001| 0.0061
Y-1 30 |0081(0.20 | 0.94 |0.015/0.004]y o003 | 0.012
Yy-2| 600 |0070| 022095 |0.014/0.004]Y <0.02 | 0.0020

Table 2. Condition of the measurement of preci-
tates by two-dimensional X-ray microanalyser.
Identification
Distribution
Ti added Zr added
Beam size
(Ilmf) 0.013 0.040 3
(Auf:é‘) 12.8X9.216| 40.0x28.8 1500X1 500
Integration time
(ms) 200 200 30
Elements Ti,Mn, S | Zr, Mn, S, Si g"e";gfv,‘}" Ti, Zr, La,

BAZnFhEMT0.02% #HEISHRMUCHEREL,
—ERMRE L -REBREY > TH2 3P THAL 72,
BICMEOEELFANL -0, HEEOREHBEIX 30
s & 10min D _K#EE L B2 CHMLEA
Ty b owGHMBE, BEFBEICLD 1500°C L
Tix 8°C/min, 1500~1 000°C TixF 35°C/min T
7.
EBRAHDOILZER S % Table 1 I2RT. RiczoA
YTy PEKEHFEICYUINL, K25 15mm OAED
FREAr s, £ 10mm A0SR FHRMLE. o0
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WoRE, NEIMOBE, e, I7aREtiTo
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Table 3. Chemical composition of specimen for
unidirectional solidification experiment.

o} Si Mn P S Cu Ni Al
wt% | 0.077 0.20 1.01 0.016 0.0043 0.01 0.01 0.022
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BT R AN 2 Al 2V, REOILERS %
Table 3 IZ/RY. —HMEEEBROEE & kI BHY
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L Lz
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killing time

600 sec

30 sec

Al

Zr

The white network structure corresponds to microsegregation of
Mn and the white spots are precipitaes. The precipitates for Zr
deoxidation are more numerous and uniformly dispersed

Photo. 1. Distribution of the precipitates.
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Fig. 2. Relation of the numbers of oxysulphide
and oxide inclusions.
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Fig. 3. Relation of the mean diameter of oxy-sul-
phide inclusions and the number of oxide inclusions.

(a) Electron reflection image

| S
(b) Characteristic X-ray image 10 Hm

MnS precipitates forms partly on Ti-Mn complex oxide inclusion

Photo. 2. Compound precipitate in the case of Ti

deoxidation.

LA LV IZ &, BA MnS ORI S D &
I ThHDH. BALY LA MnS ORZBEOBFRICIE, B2

D7-HHBIRERD S o /.

Fig. 4. Ratio of the numbers of oxysulphide and
oxide inclusions for various deoxidation elements.

(a) Electron reflection image

—_
(b) Characteristic X-ray image 10Hm

MnS precipitate covers partly Al oxide inclusion
Photo. 3. Compound precipitate in the case of Al
deoxidation.
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(a) Electron reflection image

—
(b) Characteristic X-ray image 10pm

MnS precipitate covers Zr oxide inclusion
Photo. 4. Compound precipitate in the case of Zr
deoxidation. :
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Fig. 5. Fraction area of MnS precipitates at va-
rious temperatures obtained in a unidirectional
solidification experiment.
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(1AAEFYFI4 MVEEBEL, —RKERDOAERT
5.

(2)EEFRE, o/y RET, BELERITFHIELT 5.

(3)BELE BRI TIIY—EET, BHATT
Fo4 bORFERMHET 5.

(4)BREELTEOh-BEREXR(1)-(2)IC
AL TRD - HEAHBRIEE, BLU, A, BERBEREIE
BEBTEZONZBEL-KTA L), BERREE
oy RE % BB X ¥ 5.

T.=1536 —78[%C] — 7.6 %Si] —4.9[ %Mn]

—34.4[ %P1 —17.6[ %Til—9.1[%Zr] (°C)
.......................................... (1)
T, A DORX™ 12, Fe-Ti, Fe-Zr LA FHIKE
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B 28 BRFES o - HMHKRERERTREZEMLZ D
DTH5b. :
Ta=1392+1120[ %C]1—60[ %Si]+ 12[ %Mn]
—140[ %P1 —167[ %Til—58[ %Zr] (°C)

Ta, DFREIE TN T Fe-X ZIRPHEIRER 25 3
EL7.

(5 )BRAbH LA OB FFEER L BRI DR DT,
A(3), (4)»oFE SN PFHEMERELI RS
IR/t As. ¢, TiB e LCizilkE
SHICED, Tix03 THAHAI L EHBELTVES,

2[Ti]+3[0]=Ti.0s

AG°=—256193+82.6 T (cal) «+--emeeee (3)*
[Zr]1+2[0]=ZrO,
AG°=—194649+56.1 T (cal) «eereeeeeee (4)®

FHEICHW O, Ti, Zr OFESERE K L L8R
D X Table 4 I27RY. ZOMMOTEICO WTIIEHRY

Table 4.

calculation.

Physical properties for the numerical

elements KL KY/® D¥(cm?s) DY(cm¥s)

o 0.022 0.025 0.0371exp(-23050/RT) 5.75exp(-40300/RT)
Ti 040 03 68exp(-62400/RT) 0.15exp(-60000/RT)
Zr 0.032 05 25.6exp(~57600/RT) 10.8exp(-69600/RT)

K%L or K7, Equilibrium distribution coefficient

D’ or D" : Diffusion coefficients in & or 7 phase

K for O and Ti (Ref. 16) K for Zr (Fe-Zr phase diagram in Ref. 14)
D for O (Ref. 17) D for Ti Ref. 18) D for Zr (estimated from self-
diffusion coefficient in & and 7-Fe Dz,/Dr. (Fig. 12 in Ref. 18)

;:: T T T T

2 1401 Ti 0.02% .

>°<120 ' ]

g 02200ppm /lr

Q /

& 100 ]

£ 7

s |-

S 80 F —
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'8 60 - '‘0=50ppm /

£ |

S 40F -

k]

E 20| -

K=

]

E I | ! -
’ 0 60 100 150 200 250

Distance from the
center of dendrite (um)

Fig. 6+ Distribution of Ti-oxide calculated by a
mathematical model.

WKiRLEBDTHD.

I Ti BBRICBW T, EHRIRE, SBRER TIRE
FTIFY T4 ME (500 um) AT HE{LE
SREOFERERE % Fig. 6 IIRT.

i B Wil 8 R & A 200 ppm L BT, B oHAH iR
B—reh, ThiBIZEALOBILWIE, “bhwah—X
WRBECAERL L, BESICHET ABIEW D Thh
EhBlzOTHB. —F, HEERIBRFEES 100 & 50

‘ppm Tid, BEEXMOFTL FF74 FEI~D Ti LEBED

fRAT I AE > TR L E AT 5.

Zr BEEOGEOFBRICETE L7225, TiXhdbixsn
BRSNS DT, BERBIEERE A ppm TH —K
BEE TR T35, AEREMA T, REBETERNOB
HEEEEH 300ppm THY, Ti & Zr ¥ 560845
b—RBBTETL, BIEWOGTHHFH %5
Photo. 1 DAEREHMHATE 5.
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HotEE, B2 0xFVER—TH5, WROB
LR E 7 v & RIS, B 03K O [ R -8 4 E,
o/ y MRS, BAHNEEHEY T XTERL TV,
KBiMETO MnS OTHEZEFET S0 7KE
DHHAT 5.

(1)MnS OffrtHix, BAHAD Mn & S OEEFRFFE
BRI ELRICHAL, EMHFPO Mn & S0
WEEEIC X DERRICEET 5.

(2)MnS DY A Mid, ¥ FI4 FRIC3KRT
BICERBICE 2 5. EBICET Y FI4 PADBES
HIRE F—DBEERELFORELE X, TORLIH
HHY A4 M 5ERTA. ZOROBEEISHHBERICHEY T 5.

(3)MnS O F#HEFRERKIZ Wred 5 9 Turkpocan
520 Oz, Si REOWEHR LM KK THET 5.
T, ST B Si oMEEHBREE LT, B
B COMEIE D THEZPOE 5=0.072Y 2 F v
7=.

log[ %Mn][ %S1(8)=-—10590/ T + 4.302

_0_07[%Si] .................... B SRR (5)
log[ %Mn][%S](7)=—9020/ T +2.929
—(215/ T +0.097)[ %Mn ] — 0.07[ % Si]

FOMETEIFER L - YEEGEI RO LBYTHS, —

Bl LCATHIBIR % 150 pm & LA O, FRETO

MnS DEKBOFERERE Y Fig. 7 [OR¥. GHEER
—HMREERSLMEICH DY T 27, 54°C/min & L7,
COHOFHERBE» S ZEHEEIZEL S, MoS &
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30

Initial S content S0=0.005%

Cooling rate  27°C/min

Precipitation site distance
d Mg =150 pm

Weight of formed MnS (in ppm S)

0 1 ] ] 1
1000 1100 1200 1300 1400 1500

Temperature (°C)

Fig. 7. Calculation of MnS precipitation at va-
rious temperatures by a diffusion model.

1450°C THHH % BA%EL, 1150°C TETTHZ &ilhk
%. Fig. 51278 L7z 27°C/min TOERE & LbE+ % &,
B E D S 2T A HBOMEE X ITIT KL T
5.

—%, 54°C/min M EFEE X 27°C/min 2T,
HERY 2EETTAEETH 557, ElEZ S H K
TFTe&HhoTWwD, 7, 1150°C AT THHHAS S
ETTAHEITHIWMER—HLTWEY, ZOREKE
LT, FEXBICE AT omEROHEICH LT
THIEOEE, MnS L HBEORFETOFEH»LOTH
SpE 2 SNLDPHETEZ Y. WTFRICE X, $HE
EAKEL DL, MnS DEFKRBIZZDEEL»S T
EnrL0b, 2ROABLEBLEITHAS.

EB5121000°C FTHMLAKBOT Y FI 4 MEO
MnS B ESAOETE L. L Lot
HM—ZHBLBE, YA FPHOMNEBEIZX ST,
MnS R iZIF¥— oM T AEEFBON. ZOFE
#EB1E, Photo. 1 IZ/RL7:& I IX Ti ® Zr DIFE, 8
4 MnS 2~ IC5HT AL FEMFIT TS,

Bt o @iz MnS OTEY 1 FORBRE RO 5.
2T, WELA-REFO 1.5X1.5mm? ICHEET S, B
AL OBEE(n) 1205 U T E DM (dyes= v1.5X1.5/n)
%3k, MnS ORFEXEE L/, Fig 8 (2 27°C/min
T 1000°C ¥ CTHHIL7-E D MnS RRICH XIFTEML
YRR OEEYRT. BICWREISS 3L, A
FOREBSE, L HBHDT, e ORI OREICLE
% Mn & S OHBEHATREL, REINEL LS. 20
FHEREE L Fig. 3 OEBREROMEN L —HL TV 5.
4-3 IFP SR8

— R Yo BEOKE L TR NAFERMTH 5 25,

Spacing of MnS precipitation (um)

200 100 75 50
8 T T T
27°C/min
S0=0.005%
6 dy=400 um -
1000°C

Diameter of oxy—-sulphide (ym)
FS

1 ! 1 1
00 200 400 600 800 1000

No. of oxide (1/1.5x1.5 mm2)

dp : Primary dendrite arm spacing
Fig. 8. Calculation of the diameter of oxysulphide
inclusion as a function of the number of oxide by a
diffusion model.

(MnS YFe
I T
14 5 . , "
27 °C/min 860
12} 1000°C §3
~ 10 A3 ] 850 <
R
~ «—Interface Mn ]
€ 08|
]
|5
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04 ~o002 ¥
5
02} S 0001 €
b 8
0 4 1 | 0 [72]
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Distance (pm)
Fig. 9. Calculation of the depletion of Mn around

MnS precipitate by. a diffusion model and Aj
temperature.
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IFP ¥ & % Bl RethiciE B L7z,
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72T, REBREMAICBITA MnS ORI Mn g5
SAEREE L7, Fig 9 3% EERE 27°C/min TORR
Thrb. yEEFD Mn OYEIES XhEBEVDT, Ko
L3 Mn ODRZBHFAERTH. 2O LX) % Mo iRE
DOEALITHIE LT Ay BRERE? RO LX) I kAL,
MnS OBERD S o SAVERT HWREL T IEZ LN
HIEkdbhot, L2aL, FTHPWOREMICZ Mn KZ
BEBRINTE R85 bd D, 4% 5ICERY
WCHEBH T A LB H %.

5. #&

BT O LoERS BRI ERK L LT,
MnS ##rih &€ 2HFE 2 T2 -/ER, DT OHKm» 5
Hh.

(1)Tig03, AlOs;, ZrO, HfO, Y,0; Ce;03 %
& LT MnS AT 5.

(2)smiEETTE, 412, HE, Ce, Zr, Y #IM TH,
AL EBA% <, HE& MnS OEELE 17,

(3)MnS 1349 1400°C ST AL, HTHER
#511050°C ¥ CHEmL 7.

(4)EFNEEI LB E, MnS OREEBE® y#Fic
Mn ORZRBVEAER L, A3 REOLALH725LTa
BOBI R AUREELD H.

A, # A S B R F B EEIRA R I,
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