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Equilibrium Temperature
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Synopsis:
The equilibrium relationship between solid and liquid has been studied for Fe-Mn-Si ternary system.
The solid-liquid equilibrium temperature can be related to the concentrations of Mn and Si in liquid
iron alloy as follows:
£, (°C) =1538—4.73[9%Mn (1)1 —11.4[%Si(])]
From measured solid-liquid equilibrium distribution ratio, the activity coefficients of Mn and Si in 6—
iron are calculated. The results obtained are as follows:
In y§,(s) =0.44 exn(s)=-—0.9
Inyg;(s)=—6.83 esi(s)=10.4
exs (5) =e¥1(5) =—13
where pure solid Mn and Si are taken as the standard states.
Using these results, the composition of d—iron in equilibrium with liquid Fe-Mn-Si alloy can be calcu-
lated.
log[%Mn (s) ] = —0.144+ log[%Mn ([)1+0.004[%Mn (s) ]
—(4.69/T)[%Mn(1)1+0.12[%Si(s) ]
+(—1838/T +0.964)[25Si(I)]
log[%6Si(s) 1= —0.152-+1og[2,S5i({)1—0.086[24Si (s) ]
+0.074[95Si(£)14+0.057[2%Mn(s) ]
+(—939.6/T +0.495) [26Mn (I)]

T=t,+273
[%i(s)] : Weight percentage of component i in solid phase (d-iron)
[%i(l)] : Weight percentage of component i in liquid phase
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Table 1. Equilibrium distribution ratio between
liquid and solid in Fe-Mn-Si alloys.

Composition of Distribution
liquid iron alloy ratio
No mn(2) | sicz) |o@em | Tme | Tsi | %e °c)
K-15 | © 1.990 9 ——1| o0.72 | 1517
R-19 o 1.967 9 —— | 0.73 | 1515
-6 0.26 | 0.660 14 0.77 1 0.73 | 1531
K-25 0.32 |0.762 0.751 ©0.76 | 1524
X~10 0.43 | 0.582 13 0.74 1 0.73 | 1529
K-8 0.47 | 0.432 18 0.74 | 0.68 | 1534
K-7 0.52 | 0.431 20 0.74 | 0.75 | 1532
K-23 0.64 |0.690 0.73 | 0.74 | 1527
K-21 0.67 | 0.237 30 0.75 | 0.77 | 1523
K-22 1.01 |0 34 0.71 | —— | 1534
K-13 2.56 |0 19 0.73 | —— | 1527
K-12 2.62 [0 19 L-o.7o — | 1526
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Table 2. Activity coefficient and interaction parameter of Mn in liquid Fe-Mn alloy.

Mn

Investigator T;\orm 1) 4 600% Eun D) 1600 Method
Kbrber & Oelsens)(1932) 1 o] Deoxidation equilibrium
Turkdogan & Pearson7)(1953) 1 o] Deoxidation equilibrium,
Sanbongi & Ohtani®) (1955) 1(1590%) 0(1590°¢C) EMF
Chipman & Elliott®! (1963) 1 0 Estimation
Hultgren et al.'®) (1963) 1.38(1590%C) | -0.64%1590°%) | Estimation
Elliott et al.*) (1963) 1.3(1590%) | -0.5%1590%%) Estimation
Chipman11)(1964) 1 0 Estimation
Schultz et al.'?) (1966) 1(1538°¢C) 0(1538°¢) Vapor transport
Schwerdtfeger ') (1967) 1.2% -0.3% EMF
Hultgren et a1.14)(1973) 1.33(159OOC) —0.57&1590°C) Estimation
Steiler et al.15)(1973) 1.47 -0.7 Vapor transport
Janke & Fischer16)(1976) — 0.786 EMF
Arita & Pierze'’) (1976) 0.667 7.3 Vapor transport

x Esitmation in this work
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Table 3. Activity coefficient and interaction parameter of Si in liquid Fe-Si alloy.

(1520°C)

Investigator rgi(l) 1600%C
Gokcen & Chipman18)(1952) 7.7 x 1073
sanbongi & Ohtani'?) (1953) 1.3 x 1072
Chipman et a1.29) (1954) 7.2 x 1073
ohtani?") (1955) 4.3 x 1073 (1540%)
Matoba et al.22)(1959) 1.1 x10-2
Chipman & Pillay?3) (1961) _

Syui Tszen-Tzsi et a1.24)(1961) —
Chipman & Elliott?) (1963) 1.1 x1073
Chipman & Baschwitz2>) (1963) 1.25 x1073
Turkdogan et al.2®) (1963) 1.26 x 1073
Niwa & Shinmei??) (1963) 7.0 x 1074
Smith & Taylor?®) (1964) 8.5 x 1074 %
Schwerdtfeger & Engellzg)(1964) 2.5 x 10-3x
Murakami et al.>®)(1967) —
Woolley & Elliott3") (1967) 1.35 x 1073
Fruehan2) (1970) 4.57 x 1073
sakao et a1.33)(1971) —
Hultgren et al.'?)(1973) 1.32 x 1073

tgi(l) 1600°¢C Method
— Deoxidation equilibrium
—_ EMPF
3.4% Ag-Fe distribution
12%1540%C) EMF
37 Fe—SiOz-Hz/HZO equilibrium
36 Fe—SiOz-HZ/HZO equilibrium
17.8 Vapor pressure
—_— Estimation
13 Bg~Fe distribution
14 Ag-Fe dist. & Si3N4 equilibrium
10 Estimation
13.2% Ag~Fe dist. & 5i0, + 2C = §i + 2CO
9.3 % EMF
17 Ag-Fe distribution
12.7 Heat of mixing & estimation
9.8 EMF
9.1(1560°C) Fe-Si0-H,~H,0 equilibrium
8 * Estimation

¥ Estimation in this work
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Fig. 1. Relation between (In g, (s) +e¥a(s) - Ny (5))
and Ny (s) in Fe-Mn alloy.
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Fig. 2. Relation between (Inyy,(s)-+esni(s)- Ngi(s))

and Ng;i(s) in Fe-Mn-Si alloy.
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Fig. 3. Relation between (In y2,(s)+e8i(s) - Ngi(s))
and Ngi(s) in Fe-Mn-Si alloy.
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M TEAMALE LTI (23-2) ROBELZERHALLTH
[E9A>Y 4N

UL, Fe-Mn-Si 3 /3R E T 5 Si DEIWT-E
SR Bk DT FELOFERICIEN L D DRREBH T E
h, &K HIE Fe-Si 2 iR ki 5 St OER
SELLDIRERF WD 5 0-#kh D Si DIEEREEHEE
FTL5OBREVIFE LW EIXESETHRER V.

Table 413, 43 KB WTZDX ST LTELN6-
ko Mn X O Si BT HEI)FEHI T X — & —
DEZ—FELTRT.

4-4 BMEXY o-%%hD Si OMVE/ERABREEOD
1B M

B, —W*NE Fe-N-j 3 gl RiBHkic > 1600°C
D e & 1200°C HAH T 1000°C oA ~25F4 b
ETHAND EPERBSLE J KEHLTREDLDTX
VEBBERERTCEERBE L. —F, KF, WE®
13 SiO = AR LT A{LETFE AR LT 6-gkh o
Si oFBICkXIET 7 =54 MRKEH#ETE V,Cr,
Mo 3 X' W & #FH~, 1400°C e k1T 5 edi(s)
DEZRPE L. FOfRICIE, % (1600°C)

ceenees (23-2)
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Table 4. Activity coefficients and interaction parameters of Mn and Si in dé-iron.
Eq. (16) £m(s) -0.9 (t2) sy | - 0.004 : < 1.9%Mn(s)
Eq. (23-2) | gai(s) 10.4 (¥ 4.7) SHO) 0.086 : < 1.4381(s)
Eq. (17) fii(s) - 13 (% 2) ef,hil(s) - 0.12 : < 0.6%5i(s)
Eq. (17) egr(s) - 13 (+2) ept(s) |- 0.057 : < 0.5%Mn(s)
Eg. (17) 1nT§n(s’)‘ 0.44 ( * 0.08 ) v 0.72 ( * 0.06 )
o) X
Eq. (23-2) { InYg (s)| - 6.83 ( % 0.08) L‘S’i 0.70 ( * 0.06 )
* Standard state : Pure solid manganese
*x Standard state : Pure solid silicon
o LRELITNG LIBRTW5B. Fig. 4 [CidE#A, 2
20 o ABDORF DIEHEENT VB, ZD X 5 InfHnmix
1 cmeo B EEED s, 72RO 3:(s), e8:(s) Off
39) - N »
/Sifg);){w IR RATERVEE R TN2Zd D (e8:(5)=33.6
N2 SR IR R a6, ™, &8, (s)=—927%) b5, Fig. 4 1w Li-tHRE
¢ 10 Q ORFHCE LTS S5 %T — & ~OEREET 5.
= 4-5 Fe-Mn-Si %(C#(F5 Mn, Si QEAFEBRO
) Cr“) > 5215;-5?!) - .
. 36) 39) I 4.3 CRE L 0~8FD Mn IO Si T 5E
) | \ -
Vim0 HHEWINT A — 2 —FHANEZ ik b, £5D Mn,
o7 —© | 32 SijREIc 1% Fe-Mn-Si FRO[EHM (3-8 -HARRD
| TR 5 2 L BATRETH B, b bk
| @ This work (1527°C) RS2 5.
-10 O Other investigators .
® Mn [ | Mn (L) =Mn(s) woeeveneeemennnneneennnennnnnnns (24-1)
| 0 __
L 5 % log L= log([1%Mn(s))1/1%Mn())1)

€40 1g00¢c

Fig. 4. Relation between interaction parameters
of Si dissolved in liquid iron (at 1 600 °C)
‘and in S-iron (at 1400 °C).

L 0-8k (1400°C) DD &b 1TiX, dHEEDOMEE
M DTFEDFED B iz, ,

F ZTAMEIC BV TE LN 81(s) IRV 81
rrhs e LCAhBE Fig. 4 0Xk5itind. &
7= S5D52) | NS9O s I (f CBN B LT, R L DF
c X v -gkHPIc B B ETLEDOERICH XIET SiD
MEBFR LN TED, INLrLEH L 4.() &
R ey b LTHE. HERECEIDL DD,
I X VB Z R LTV S D EHRBLT & BTE
A.

B, HITE | NEREITROG AT E D
CTEVEEBGRE R T, BARITLED CE Z ORHE»

+exn (s) - [%Mn(s) 1 —ein (1) - [%Mn(l) ]
+ena (5) - [%S1(s) 1—esia (1) - [9651 (1) 1
cenee . .............(24~2)
TZEEWT, Ly, RREZES/ S— 2 PCRDbLE
WIRTTHIFAR R FEROKEET L oG D (24-1) RDF
BEE, el (s), e () W EhLhEME X OCWMERIc s
A HEEERBIRETS 5.
Si iz owWTd Mn & RROBEBRRSBELT 5.
log L = log ([%Si(s)1/[%Si(}) ]
+e81(s) - [9%Si(s)1—e81 () - [%Si() ]
+ 687 (s) - [%Mn(s)1—e¥5 (1) - [%Mn ()]

(HH)RE 242K, (5)X & @5-2)X L oxtisr b

i (o]
* B#LO Fig. 6 Xb eo ()= —8.02 2K eqi(s) CHEIL Iz
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hEh > T DORERIKLT 5.
In Ly = AGY yin/RT+1n 7%, (1) —In 75, (5)
R 2 =)
In L8, =4GY s /RT+In 78, (1) —In 78, (s)
ceereneeenen (25-8)
T DRI AR ORER A THIL,
Lin=0.72(£0.06) «oorreveerevverennunnanneeen. (24-4)
L =0.70(=0.06) «+rerrersrmrrvrererenaaanans (25-4)
L7eA 0 CEMEANER R D% (24-2), (25-2)Ric
AT B E, TNhrh(24-5), (25-5) R &7 5.
log[%Mn (s) 1= —0. 144+ log [%Mn (1) ]
+0.004[2%Mn (s) ] — (4.69/ T') [%Mn (1)
+0.12[%Si(s) ]
+(—1838/T40.964) [%Si([)] ---- (24-5)
log[%Si(s)1=—0.152+ log[%Si (1)]
—0.086[%5Si(s)] +0.074[%Si()]
+0.057[%Mn (s) ]
+(—939.6/T+0.495) [%Mn(I)] - (25-5)
T: EHCPHRE (K) T=f+4273
IhbS7e DR & PEIREHER (1) R & 24
LD, fEED Mn 3100 Si 2D Fe-Mn-
SiRVERMSR G4 & PHTT 5 0-khod Mn 3 X U8 Si i

EMREETE 5.

ZNHDONIT I NIE, Fe-Mn 2 iy Rickir 25 Mn
DEW T 3B Ly 13 Mn PRI, L
PO TUEEIARTE LT5T,  Lagn=0.72 TIEE—o2C
BB, ZHICH LT, Fe-Si 2 KARICHITS Ls 13,
7o & ZIE 0.59%8i(l) T Lg;=0.715, 124Si(l) T Lg;=
0.725, 294Si(l) T Lg;=0.741 k75D, Si JEEIC KA
LTEILT 5 208k 5.

MR ASTRE LT, H50RETMI E LTaH
SNLHTEO R, SWHAEIC ERES 5 LIS
D, EITCHD IR OHERE & 75 5 H R0 5B i B
LTREE S OmEDBD 5. %7 FHERIRAER O E M &
WARRR & DBISRD B b S B OB H S TTRETH 5.
PHGHRGEEI BT B Mo X0 ST OEBCTHIS
RELIT DO\ T,  AEBEER & LN & & b 5 &
Table 5D X 5127 %. Ly, ®¥413 Hume-RoTHERY
& BuckLEY®D 5 X (8 Fiscuer & FRYESDOD{E |z, Lg;id
413 UBELACKERS® O {2 3.

RIC X PUTBG T E QBRI X D bR RIS
o BRPE U7z P4y o be iz FeX, zone melting 3z &
BEIERERITU < SFAK E DO E 75> T o b FE
L. UL, Mn, Si 2B L Tix zone melting 3

Table 5. Comparison of solid-liquid equilibrium distribution ratios of Mn and Si in binary iron alloys.

) Distributio‘n ratio of X Slope of liquidus
X Investigator I ° Method
X $X(s) line (Tc¢/3X)
Hansensg) (1958) 0.123 O~0.4 - 2.2 Phase diagram
Tillersg) (1959) 0.15 —— ——— Taken from phase diagram
Fischer & Uberoi®® (1962) 0.80 0.76, 0.77% — Zone melting
Chipman & Elliottg) (1963) 0.90 _— —_— Taken from phase diagram
Mn Elliott et al.“ (1963)61) 0.768 O~ 10 -~ 4.82 Phase diagram
Hume-Rothery & Buckley (1964) | 0.734 o~5 - 5.19 Thermal analysis
ooka et a1.%?) (1968) 0.85 0.1% — Zone melting
Fischer & Frye63) (1970) 0.73(£0.04) 0.042~O.2§ —_— Zone melting of alloyed steel
Metals Handbook64) (1973) 0.627 o~4.5 ~ 5.16 Phase diagram
This work 0.72(%0.06) o~1.9 -~ 4.73 Solid~liquid equilbrium
Kurnakow & UrasowGS) (1922) 0.66 O~ 2 - 11,37 Cooling curve
Haughton & BeckerGG) (1930) 0.67 o~3.4 - 14.0 Thermal analysis & Quenching
Osawa & Murata67) (1940) 0.81 5 — Thermal analysis
Hansensa) (1958) 0.60 o~1.2 - 11.7 Phase diagram
'I‘illersg) (1959) 0.7 —_ —_— Taken from phase diagram
Fischer & Uberoi®®’ (1962) 0.85 2.01, 2.03* —_ Zone melting
si Chipman & Ellig;:tg) (1963) 0.83 —_— —_— Taken from phase diagram
Elliott et al. ' (1963) 0.607 o~3 - 13.96 Phase diagram
UbelackerGB) (1967) 0.756 O~ 2 - 11.37 Balance magnétique
Hof fmann®?’ (1968) 0.80 0.004~5.1% —_ Zone melting
Fischer & Frye63) (1970) 0.77(+0.04) 0.83~3.81% o Zone melting of alloyed steel
. Metals Handbook64) (1973) 0.834 0~2.5 - 15.83 Phase diagram
This work 0.70~0.74 o~1.5 - 11.4 Solid-liquid equilibrium
(£0.06)

* Initial concentration

— 19 —




204 g &

w64 4 (1978) 2%

X BHIEES T BwE &, SREC X D ileEiEE
TS D DMENPL LN Z &k EOMEEIT X b ik
IHIETEY, COHARBLTRESSBOoBNEET
5.

5.

Fe-Mn-Si 52 &€ DV TR & HAE & o F- 2 Rl
L, Mn X Si ok FfEaittz k7.

ECT-#HRE t.(°C) VX, WehEdh o Mn, Si DRE
oA cRbshs.

£,(°C)=1538—4.73[9%Mn (1)1 —11.4[9Si(])]

18 Sz BT Be ke &R 0Bk 5, 0-gkiho
Mn 3 XU Si OIFREZRDOED X S s R 51572,

In7§.(s) =0.44  £}f2(s)=—-0.9

In7d,(s)=—-6.83 £5i(s)=10.4

enn(s) =¥ (s)=—13
EREOBEIREBIIEAOM Mn(d) Xt Si(dia.) T
H5.

Z DRSS, [EEO Mn, Si jBjED Fe-Mn-Si %
BRSRA 4 LT 5 -k Mn, Si OIREHFHE
TE 5.

log[%Mn (s)]1=—0.144+ log[9%Mn(l)]
4-0.004[%Mn (s)]— (4.69/T) [%Mn(I) ]
+0.12[%Si(s)]
4+ (—1838/T+0.964) [%Si ()]

log[%Si(s)1=—0.152+ log[2%Si(l)]
—0.086[2Si (s) 1+0.074[%Si (1)1
4+0.057[%Mn (s)]
+(—939.6/T+0.495) [%Mn (I) ]

T : EFERE (K) T=t.+273

i35, FHFOREO—HL, W 49 FEZHER
2B omc X oz EHEL CHEEREL £
F.
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