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Effects of Composition and Cooling Rate
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Abstract

The effects of C, Mn and S contents and the cooling rate on the solidification
temperature range of carbon steel were investigated in this work. The liquidus
and the peritectic temperatures were measured by means of thermal analysis. The
solidus temperature was determined from the Fe — sulfide eutectic structure in
quenched samples.

The liquidus temperature T, (C) decreased with increasing C, Mn and S
contents(wt%), while it was not influenced by the cooling rate varied from 0.5 to 14.
8 ('C/min). These results were formulated as follows :

T.=1542~68[C%]—4.3[Mn%]—34[S%]1.

The solidus temperature Ts('C) decreased as C and S contents increased, while the
effect of Mn was complicated. In a low Mn range, the increase of Mn content
produced a remarkable temperature rise, although the temperature decreased in a
high Mn range. On the other hand, the solidus temperature dropped as the cooling
rate V('C/min) increased, and the degree of the temperature drop was accelerated for
the steel with low C, low Mn and/or high S contents. These effects were summarized
as follows !

Ts=1360—130[C%]+94[Mn%] —120[S% 1+ (—50[C%]—4.1[Mn%]+
340[S%]) [Mn% 12+ (14+1.2/[C%] —4.6/[Mn%] —620[S%]) [V°C/min]
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BE) OBRIZOWTIZHEIEED L WETERSBEL N T BY, L s, BEAGEE CPE
BEEHETIRE) 120V TR Z0BRIZEOREES W 2 IHERH DL, L ENbn@ERIEFL
(R ->Twb, UTIZZOBZBAT 5,

EFELDF, Fe—X (X 3o mHh) £t RFHERERIOEEGODE L R s L2k T
EAEMIRIE T (C) L Ml (wt%) OBIfREEL 7,

Ts= (Fe—C R EMMIBE) —20.5[Si%] —6.5[Mn%] —2[Cr%] —11.5[Ni%]
—S.S[AI%J—SOO[P%]—700[5%] .......................................... (1)
—F, RS, FESRICBECTETENBERTEIEAEE ky 2ElL, ZoELFESIC
$oTEZNTEASXIZL 2HMENRERTRE 2 DE?D S, BHEEOEERTHRES
by=ayx/ky ¥ L TR, ROREFRELL,
Ts=(Fe Mfl&) —a[C%]—16[Si%] —6[Mn%]—1.7[Cr%] —3.9[Ni%] —93[P%]
_1100[5%] .............................................................................. (2)
T, a=327) (ouEE)
a=135 (ykER)
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HOfE#EE NS,
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KEVHICEBMTHE S N BE L EEN TSI T E v, 2oz, BEHNFE
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2. WOHFEEAREIME CH 20T, % EREOMRK L BEIC H o CEEEIT 5 %
LiIE, KRELBELEL B,
3. ERMTIE, U UIEEREIC & RS (B85 +MnS &1 240 ¢, MnS B5ib
MERBHT LI EMLENT WS, Lal, RETEBEDEEBEICVILTHA W), (2)
R CRERFEREROBERTIRE, T4bbRERGRTIERELHET 52 LIIARTE
Th b,

FN0 AR TIE, HROBBEGEEEHROBEAMIEI N T2, Thbb Lok
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Fig. 1 Schema of Fe-Mn-S phase diagram.
(a) Projection of eutectic line on the horizontal plane.
(b) Composition of sulfide conjugating with eutectic liquid.
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ZLORACHL D LT, I E TICEETREEER TIREDEIEI BEI N T
EW I EER, TOWUENCHIICHETH LA ERL TS, B TR, HERBIC L - T
HY 55T A4 XHWHEEIC L > TH LB T 22t 2FHLT, ZoRELTRL &
D EL, UTIRZnEEE L BRI FEIZDWTHENE,

Fig. 113, Fe—Mn—S Z0RKERY 0FERRTH 2, @BUIACFEE oI n gz,
(DR F RS 5 ST 2O S IBE A 2N FIUR L T b, 81, Mn—MnS &
T EEICIEE Y, Fe a—F—{hA 2 2H L T Fe—FeS R BHICE LY, ZDOBEFP DA
PCOEREBELSRL, SNTMnREMEIMEZRT & v ) RERLBELFD, AGIE, [Rln—
B +MnS ] OEEREIRIIREKEETH L E L LI, [MBE-8&+FeS K] HFERX
BRI BRERETLH D, #-C, HAGTIE (M-85 +MnS &+ FeS &] n @& RE
R b, MIHMRRA ORITLIZEE OBEITICHE RS B L DD, HEELOEABIZED -
TMn &SZBELTW, ABICELREL 2R M-85 -+MnS &] o BERE 25T %
B, BT > THEGIZID » THREIL, A TRIIIENEERT S, (-7, 2ok J e
B 2 BEHRTEERRERMEOWRIEE, T 4oLbEERERTERELL LTI LN TES,

Fig. 2 M BEEF 1 %C—0.6%Mn—0.03%S 7 &% 2 °C/min THH L 8 KIG#T D
BEA33C) oML L En#ERT, 2T, MR T & i e b E
PEFEL CEEI N, EREHEBCB W TEFNFNOY R 6 - BB O£ BEE T
IS LEEERD, L5 0EEEBRIBENRRE Fig. 21R L 72, BFEEIETT % &
HAR I EEmL, bRt L TRICIESCBEI N ko r, T OBEERI,
A A 2°C/min DEIE RIS, BEIFAG L2 L BICFNFIURERBIED 5 /B L2 & 2R
T 5, Tabb, RSO ERIIESENICBIT 2 RERBMNOERTH ), ZoMEOH
L BT L2 ErEHETLAZ L TED, £1L0Q 2, KR T Z nREBRME D
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Fig. 2 The decreasing process of fine MnS (residual melt) corresponding
to the increasing process of large MnS in 1%C-0.6%Mn-0.03%S
steel cooled at 2° C/min.

Te, Ts:eutectic and solidus temperatures.

HEU»BRES N AMEY, RUNIRELEZ e 5Bl L, INPHEETARESL L » TEHERT
WEE L7z, o8, BMn—E Sz sl 7ok &, Bk FeS R b8k MnS—FeS
AL BE I NL 2 Wb -T2, Z 5D FeS RO TELEIL, Rk oo a4 5 BUE [ R
— &k +MnS fi+FeS #] b2z BRG (A —gkih+FeS i) »d L7z L 2 E®RT 5,
RS DFEI000C LU F DIRE THE L 299 Z & X RER TOBMWIRE N #15007C 2> 51100C
Tho72Z &b, FeS RO L MnS RIS & B L < Aol B Iz BT % kiR
B D TR DRI & L 72,

MELOER R O, MSBEOF kR LITICR~ 5, #t8 SiICHFZHOEREMET VI F5D13
WTHI30 8 DA ERLL 721, 2 DI3WMELZ TIT 22012k W4T/ cm DIRELGREY 52, %
DEIFRE T TTHL D —agEE S iz, wHp oRge i 5, 50132 &4 58l
7J<EP AL, Zo&E, @MEFTEHLVID S LAKRPICERE 5FEHET 1T sLIRTITHN, 3

BEHTICL VEBICHERENL, 29 L THE L N ER25mm & 2 35mm O R A >~
oy I\ DFERE 1 9LER10mm X 10mm DERST DT, 40045 DOIESEMNEE & v THU200048 571
7z ) AR E BEEL 2,

BB TIEEOMUC, #vairic & ) EEBMIEE L RIRE D e TRk, 2L, b
DIREIZ DN TIL, BRI ESL 72 & 2 omERELHEL 72,

BRI R S LML & e HEE A Table 1IC/RL 72

Table 1. Composition (wt%) and cooling rate ("C/min) of ingots.

C Si Mn P S Sol.Al Cooling Rate
0.02 0.03 0.21 0.006 0.006 0.08 0.5
~1.06 ~2.62 ~0.110 ~14.8
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Fig. 3 Effect of carbon content on the solidi- Fig. 4 Effect of manganese content on the
fication temperature range. solidification temperature range.
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Fig. 5 Effect of sulfur content on the solidifi- Fig. 6 Comparison between measured and
cation temperature range. calculated liquidus temperatures.

3. R EE

3. 1 BEEEREICRIZTHEROE
() BEREE

S EEENREE X K35 C, Mn, SoO##% £ Zi Fig. 3, Fig. 4, Fig. 512" L7,
WHBEEIZTXT2C/min TH B, WTFNOBEICBWTLH, EEBRIREIL&ERSDRENE
e e LICERICET L 20T, Sla (wt%) LEEEBGIEE (C) DBk E — KB E
EE L TR ERFL,

TL=1542—68[C%]—4.3[MH%]—34[5%] ................................................ (3)

Fig. 6%, QRNFEEZRL T b, FEBRTRE S 72T TORERE FIMSERE  #BiR L,
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Table 2. Comparison with former results of liquidus temperature.

Const. C Mn S Author
1539 70 5 25 | Roeser etal.
1534 73 3 30 | Chipman
1534 91 3.5 — | Mitsubishi
1538 ST +HBLCKTL — C<0.5 4.8 — | Hirai etal.

44—21[C%]+52[C%]? 0.5<C<1 E
1536 100.3(C%1—27.4[C%]>—0.61 5.82[Mn%] +0.3[Mn%]? — | Daido
1536 78 4.9 38 | Kawawa etal.
1536 0.1+83.9[C%]+10[C%]1? 5.4 37 | Watanabe
1542 68 4.3 34 | Present work

ZNENOMEEGIRUARA L THHEI R #ERIcR L2, 721, 520 Tdwn
LHETEME S MEBOFE L —HERTERICH > THH L Twd, 20 & EDMHEEEHEEI20.92
EEL, ZHICENORDOBZEENIFHETE %, Table 212, Z#F TRD LN E L DHEAERE
REEHRY D) HEEVFRCEENTHDLDERL 2. 2L DBEERTREE, CHOETIZ
EAEDTUR, Mn DIET 3 ~5.4, SOIET25~38TH D, WTFNLB)RDIER L FEH» - 72,
2 8 & B K

Fig. 3, Fig. 4, Fig. 50Tz B8V TH SHEEIINI480TTH Y, Mngz8i
Litiedr o7z, ZRARERIC L AUFERIBEIX Fe— CRT1495C», Fe—Mn & T1473C7,
Fe— SHATI365C?Y Lik2 ThH b, - T, BRREIMIHPNC, Mn, SOBENEILICEL T
EbbIETThb, THICHL T, REBBRICBVWTBRIEENF—EIZ T -0, BESN
TR N E s fe 2D E BB,

ARG L 2 CIBERIL Fe— CTILRTIZ0.09= C£0.53wt%® Th 5 5%, REBER
TIE#90.7% C F Ttk Sz (Fig. 3). ZOHEIL, 0.5~14.8C/min D F s HEE I
BulbaheHbNl, W, ZORRIEZEFTEO M H 2N ISHOBEZ L2 L0TlE LW
M EEZ I, BREGEEL S CIBEHEIC RITTIETENBE F /2 Kagawa 52 O
Hickdes, S, Cr, Mo ld¥ikit#E & L ¢, 72 Mn, Ni, CuidfmHE s L TEHL, P,
S, THEHEG DL wEINT b, - T, FERICBY TEETEOBEIC L) 888
PRI N L3 E 2 v,

Jacobi 593, 2 N CRE L EFT 5#40g D% 12~30°C/min OFE THHIL,  DEEELE
REPREL 2, TR, FHER TR y&» &L L TRET MBI B TL, W kXL
WY UL EEE ORIy BRI T > TRIET A L 2RV L2, #5613, 2085 % Fig.
TITREN-BEEEREH A W THBE L, $%bb, 0.53%C LLED#KETIZ L/ yEE
SRR T L (y) OEIRBIC L/ 0nBEERDBART .. (8) B 20T, WHH»T, (6) LT
DIREE TEWNT 2 L BEESRIRBHEL, ZOBRINIEEyRICEERT S B2, Zhic
MLCHEOYIE, LEORME 2 013F TERE R EAICIIMERYVEED 2 A X CEBEL D
3 IREAET CERET 2 EHRETIE Jacobi LNBEL 2L ) TBEIZAR T &7 &R T
b5, LU, FEBRTCRHIBEEART C—FMEREE2IcL2rbb T, CS0.7Twt%BOHiF T2
BOBEFEIBE S N, Z0BEE, Jacobi 5 NBBEL 2 & D L HEAHOBRIC & B EESED
B THErELEMB IS, BN TCHEINBRELRI L2, 2OKRE, KEBRTHBE
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Fig. 7 Fe-C phase diagram with stable and unstable
solidification lines.

WIE0~3C &3, 0.7%CIEBIT BT, (y) &TL (0) DETHD 4THILEL L - 72,
2L, BHTICAV SN AEMHIAE Ilmm ATV HREE AN TSI BB s N
&, ESMOBEEGICHBICEREL 2 LISV, - T, EM 2 BN EIRERD 5
BAPSNIBEISEL Tl szl WIHIRROAL S, BB EEcROREEERL L
WO EZEEETHIEIZTEL Y,

BAED & 2 A ERBEBILADOFERIZWES I LB CWwdy, 0SR20k L TEELHE
ThiENOT, B%—FOBH*ETIHRETH L EEbNS,

() BRERTAE

i) CREOXE  Fig. 3o, CHEEXEREHETIRENRFRIC RIZTTIGE Mn BEOFEHIR
BENTWE,0.6%Mndic RN BB, #0.1%C e85 L CEBRKRTEERTORDE L
2o Tbb, £0.1% CLIT O HARGEEM TI3H9860C/[%Cl, ZNL En ClED R
SR Ry BUREE B Tl 40220C /(B CITH - 72, 21U, L/oMo CHEREDEI L/ yH o
& D ASL, ECHTREFNZITRME~OCPLFB LI 2tk b EE2 LN 5,

0.4, 0.6, 2.4%Mn OWFIND MnEBEIZEBWTY, CHEEEABETIC DI CEEER T IBE 2K
T4 o, BERTOCEREMRTFEIZ MniBEIBEIZEEL (, ZOFRHSUCLUTTIRE
Mn 813 SEEE A TIRE2ESWoIZT L, 2L CRE Tldsfic ik Mn 8813 & @& gER T
BEZRLT,

i) MniBEO&EE  Fig. 413, CBEZ0.6%CEZELRE &0 Mn iBE L BEKRTIRENH
BTH B, 0.0150.03WtBDSHFTR2HEELEOTIUTBEVTY, ¥ 1BEEN Mn 2818
TEBEKRTEERZESMHELT L2, 20k ) 2#8d, Fig. LIKRL L B ENIEPICE
WTRESBRELZRTEWIZERLEBHNZETH A9, Thbb, REBERME,HEHIET
b4 (Fig. 1o&AB) »#PooBns i3y, BETIUIREGRENSES 25138, 2oKkT
BELETTLEEFBICHRINL (VRN LQRNSHRL 2RO EHRA T, Mn BENREINZ E
MREREFHFICE TR 20ATH), FEBRBRICRONLI D XEBBELZTRTLOTIR
T, ZOFEREIE, NL0RNEROIEOHEMEE LT, EEPICELZHEREEEEL T
Tz kot b,
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Fig. 8 Effect of cooling rate on the solidification
temperature range.
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Fig. 9 Effect of cooling rate on the solidus tempera-
tures of various steels.

i) SBEMEE SR LB TIREOB RS, Fig. S5IZREN TV A, BEEMETIRED,
HFECEREIZ b S THI00C/[BS]oDEL2ET L EMIZ K -7, Fig. 3+ Fig. 4 04
LR D Fig. 5 TEMBIC T - 720, HEINBEEGHCR Mn 2 X7 S Tlddhd»r-
iz BN B,
3. 2 RERERBICREITSIRENCZE

Fig. 8 It BIMAIERE, CRIEE, HEATEECRIZTHHEENSE L, 0.2%C~0.6%
Mn—0.03% SEIc DWW TIRL 72, BIZEDEEINHEENHZE 22T kb o7z, ZHCHL
T, SERTEESHBEORME & LICIZITERNICET L2, BhoaitRrL720.6%
C—0.6%Mn~—0.03% SHOEEMA TIEE L I ZREDZEE /R L 7205, ZDOHEN30.2% CHiC
AT ThH - 72,

Fig. 93, #EMTIEE - SHEENBRICEET Mn & SOBENCBELRL T 5, BH
BEOEINAE » TEER TIEEET T 5 BEIZ, Mn BEEWZE (Fig. 9 —@), SEBE
HEIEE (Fig. 9 —0), HEL W bbb,
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Fig. 10  Effect of Mn and S contents on the degree
of the solidus temperature drop (4 Ts) with
increasing cooling rate (4V).

Closed marks: FeS, open marks: MnS.
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BT E B,

Fig. 912 81T 2 ZEBODECL, WHUEERICLE ) BEHR T IBEMETEE AT, Fig. 104,
ZOETEICKIZY Mn & SOBENRELRT, MPnE) D25l Do— 73 815IEIC FeS %
Wifbdhs, Miid MnS Rty e FnGH L c@ECh 2 2 2 2R7, BE D, £ﬂ:§il§i§?§‘7}ﬂ
IZfF 5 BT IREOE T 2% L VR Tl 20 C FeS AR bWA R T 2 ma2 A & 5
N5, FeS Riibiid, SIBEICHL T Mo EMERWETE 5 BT 59, BusiclEL T FeS &
WAt h S L @I BT L BERT £ TR L 2B 3 TXTombii MnS R T
Hofzl vy BEL, EWICBL CREBRMKPAHEEE T L 20A, T Mn»RE L
2T & RERT B, BGHEEE M BT 2B R Mn DRZ L, Fig. LIcRaENn2Fe—Mn—S =
ToHAEMMOTRKD S, e P L L IR PICREBMEOMEBEP AN @B T2 L0k - T
I b EWZ D, b SNEBEO Mn BEOBMI G & H WD & BT~ Mn DL
BAEIC & Y ETRRIC e 2 0™, Bia i Mo OHED R E v 5 ThH B, AN B_’@L_Lf’r'ﬁ{??i
id, AEEEERICERMAO MoS # RHTETICAGOEE S TRFL, 22T M-85
MnS &+FeS ] n@HERIGEFRIL, ZHICEEITH - T (M-8 1+ FeS &] D i
FUG %2 LC FeS Rt R L THE 282 5 & & 2 L1 b, I&EE P o Mn BEIZIE
BUCKTET 200, B EDRENMERE TRET 20 L MHEEICKET 5, 20, g
BB EE TieHIT 2854, ANEBBOBIIT FEREC N TEMn a2 ) Zeo5s LBERH
DEFED 5 H HFRED Mo OHE % 2T 20T, FOEEKRTIREID FHEEEED - 212 KK
TLwv, - T, BEOHEY AN ZIBET 23546, BEKRTREGHHBEENFEZE L |
FT 5, —F, BHOMBA ENICET RSB 287 372854, HudEmHEITL Bl
D Mn DRZIZEZ LT, EERTIEEIZSHEENRBE LI v, B0 EN
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Fig. 11  Comparison between measured and calcu-
lated solidus temperatures.

BT 508, HOMBEBICKET 2, T4bb, (EMn—ES OflZ A B ANIZIEW
NTEHL DB ENEZEBT S, —F, EMn—ESO#MIEBYAN2LEL SPIZIEVWD
T, SANZBEBBATLENCEBEIRT 7250, Hb20EBLTLZERPLWTHA ), UL
DL, WEHEENBINT S L2 0HERBRTEENMUTRIEMI-ESOMClIkEa(H
Mn—1{&S Tld/h& »w e nEBER %, gERFOXEMBOMEBEZEL, LB cE 5, 72, C
7" Mn & EIBROR 2R L 2 8iE, SCoKFIz L) &I Fe—8 ZaRl~ZE17 5% =
EREZDE, PIHMEREA & REROERE S v ) B 513 CIEEOBEINE Mn B E BN &
FLTHdZETHBESING,
3. 3 BRERTEEEHR
OB S M HEE D SEBERTEREE L2 RO 2HT N FE THEIN TR, fiE-7, &
EBHEREY o T TEUR, FEEEET IMOBER TEEZHETIRIZERTH
59 EBbNb, BEETIRECKITSOMBIHMTH - 720" (Fig. 5), CoOMBZHET
5 Mn DEEIZL -T2l (Fig. 3), Mn oEE I BEMTLRSHEL AT 25 ROMEL2RL,
BLICZOMBSHFSBECL - TEL(ELL 2 (Fig. 4), F72, HEEEORmIZEER
TEENVETZ2 L1256 Ly, FOBREIMOMBIC L » TFL (B L 2 (Fig. 8, Fig9).
L) ML R E R TERER TIREZ MR GHEEOMB TERTLLEE, LrbsNE
R OER L2 S i b vy, AFFERICE W TR ERINER Y A 2 89 2 B REIC K
DL eir-te, LeLad%s, BEKRTEREL V) BRIERICH L TEEIKEWEBLNLH
R AEBRERY L O ICEITHBEMICREL, BERRMTEEACTRORERD L,
Ts =1360—130[C%]+94[Mn%]—120[S%]

+(—=50[C%]—4.1[Mn%] +340[S%]) [Mn% >

+ (14+1.2/[C%] —4.6/[Mn%] —620[S%]) [VIC/min] = «rreverreeeecieeens (4)
ZoROBAGEIL, 0.02<C=<1.06, 0.21<Mn=2.62, 0.006<S <0.110(wt%), 0.5V <
14.8(°C/min) Th 3, OROEEIZ DT, Fig. 6 NP L EENFETFig . 1URL 72, 4
1200C LI T CRENIREL, Lo /2h, W BEALDT— ISR SEOERICH > T L7z, =
7 & & OMBREIZ0.88TH - 72,
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Fig. 12  Relation between secondary dendrite arm
spacing S, (#m) and cooling rate V (°C/
min).
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