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Thermodynamics of Liquid Iron Solutions
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Wz v e BuwEd. REOR o #HiE o—ifik
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{f + BERTHELOT r DRFWLETREDLET. HIAW
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Photo. 2. Pittsburgh at night.

Photo. 3. “Cathedral of Learning”
University of Pittsburgh.
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Photo. 5. U.S.S. Applied Research Laboratory.

Photo. 6. U.S.S. Fundamental Research Laboratory.
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Photo. 7. Entrance of U.S.S. Fundamental Research
Laboratory.

Rear view of U.S.S. Fundamental Research
Laboratory.

Photo. 8.

Photo. 9. Sketch of same area as Photo. 8 showing
new additions including to house milli-

on volt electron microscope.
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Fig. 1. Free energy change accompanying the

decomposition of a solution into two so-
lutions of infinitesimally different com-
positions.

BOOM [3IZ DI & aHMILOWMDICIEHLTCVET. &
@ stability BIEDHZ & 5/, Fod € 7-JEH Bk H
DpOBELI EZBHLIIITE2LDTT.
HICIEDE & 5720 T IEEILRKEWE &5 2

Stability

E23d D ET. Sbility [ 325 F @ISO
W OWS S FamT A E—  (partial molal free

energy) H» 5\ i3{k# K 7 & v v (chemical poten-
tial) DOIETE D IILET.
d*F  d°F dF _ dF,
dNZ dN? d(N?) d(N3)

SEpEEE L LT oo sability 252, 3 OHEIC
FOXINEBETTHPEVIT & #FEALTHELE
5. 3 LR E - B OEBE RO Jr DfE, (central
region) %% x %755, 1£8) (transfer) g = % 0 ¥ —
Li-#->7T stability L L ANS VLD &F 2 4.
ISR LT, b UIELY — 5 DfieEFE X575 51,
BEEB A v F— Na-JfFz ClOsite IZ§F U720,
F 7o Cl-ET-% Na o site [ZfBhS w5 2 2 iCH
ST ABEET ANMFE =), L7cAD T stability {33550 5
KEVLDEEZE

LWL o OEfE THCVILEL X D,
X 1600°C i 31 % iAEL Fe-O % stability 2731 T
WEF. 20 data 3IFFICIHRLE -2
FesOp IZ#EY T HHE O E 2T AZH D, Er2T 2Ll
Y25 FeO OHEBEO L ZAILHIET. LiznD
TING 220 — 2\ TWHHITL(LFHE 2 )i 5T W
ENHHUMOE ZAITELLERLET. Ll FeOy
DK OB S € — 723 St 2 &, bR

Stability =—

Fig. 2

(peak) 23
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Fig. 2. Stability of liquid Fe-O solutions at 1600°C
(data cf DARKEN and GURRY).
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Fig. 3. Stability of liquid TFe-5i0Q; solutions at
1365°C (data of ScHuMANN and Ensio).

Fe;Op W55 stability 133 s U THSSEME T &
CEELTWHZ EE2RLTVWEY. ZORREERT
HOEQTEDEETRLTVWETS, ZORITIEZ DOHE
B2 Wi b b axm LTW EF. Fig. 3 X
FeO-SiO, RICP4 5 stability 2@REL7-LDTH Y
3. WO ITEBERO stability 52 ORI —
HIITRENTWET. ZORCIEKOBESL<abh
CVw5H7 74754+ (fayalite) OHBIC % 53 5 1E
HEsiE 2FeO-Si0: MK IC stability 0L E— 4
HdH Y F3. Fig. 413 CaO-8i0; FRICEFT HRERAEEN
ZRLTCVWET. ZOMT HIEEER 2Ca0-510: 1TH
[T AMERICE LY — 255, FERIC x 2 EEIE CaO-

Ca0Q SiO.
a From data of Kar &
TaYLOR

o Computed from dotg
on Ca0-Si0.—-FeO
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Fig. 4. Stability of liquid CaO-S8iO, solutions at
1600°C(data of KAy and TAyLOR and froms
earlier compilation by DARKEN).
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Fig. 5. Stability of SO;-H:O solutions at 25°C

(data of GIAUQUE et al).
Si0; WHGT AR N — 2 5Bhb %Y. Fig.b
iEfEERic HoO-803 5 stability 2R L7cdDTH D
4. FiEE HoSO, G 5MMmO € — o 3Es R
COEDLDT—FELVLOTHVET. ZOFRTH
d D LRERTE {oXk{tE LTRLN TV S
BRCRS L TBIRTRHTS C— 228338 byl & T
HDET.

o X rFhAS “excess stability’’ ELIEYS, BREBEHT X
JUE — (excess free energy) D ENFRICET B 2 KiE
R E LCERE LERS 5>V THELTHEL
Xo.

Tihbb,

Excess Stability=

d2FXS J2FXS
N3 T dNT

dlogy, . dlog 7:
Nt = 4-606RT N

RT
= Stability —
14¥2

=—4'606RT
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Fig. 6. Excess stability of liquid Mg-Bi alloys
at 700°C (data of EcaN).

Sb : cd
20
{
1
1
\
\% —\_ /I
\S:
\Z
10 §\’
%O/
38 -
I 2"
0
-6

e} o2 04 0]°) 08 IO
Nea
Fig. 7. Stability and excess stability of liquid Cd-
Sb alloys at 500°C (data of ErrioTT and
CHIPMAN).

L#=H>>T excess stability & 3BT IR
RT/N\N; TRENDEBBEHOTEZELIFIVIZEDT
HLTENDHDEYT. INERENTVDHEED,
Fip—FORE OFE BRI D8 DEFIKD b
T

Mg-Bi % 700°C i #51F % excess stability O —7f|
% Fig. 6 12/ LE¥. AspyET
ces) ZFRICT S AKIT excess Stablhty BRI IRH IS
LWE— 2 pd 5 I, #RSCEVIRBOEST  (ter-
IRECEVTELTHDH I ETRD

ST LES. ARSIV (end) TiX stability

stability

F-{li (classical valen-

minal portions)

OFIAL P ICERIC LR L ETH, TOLAT ex-
cess stability ORi#ETIITLITHEE L TE D, F-WHuE
YTV EER  (terminal regions) T B3I L AL I —
EEEATRTRHECEE»rbOTVWET. ZOMBORAN
KIETHHEL VWY — 213 stability g B ST
BY— U LAEHCE AU THY £¥. Fig. 7 i3,
500°C 17 3517 % 1AFh Cd-Sb o stability X EAEANK
@ stability, LTI 2 ODEILH -5 excess sta-
bility @ 3 ooES#ErNTVEY. BHEAD, 2D
excess stability p#RAs & A4 IR WHEI T L IS
T, HH5VIBIELAEELTHB L, $XDOE—-S
Vv stability =DV T X 9 4 excess stability {T-DWT X
DIE2ED LRINTVH I ETAIPNLDETL XS
LOY— s ONEREAMERIIKT 2 I 5DTLEROAL
BP LT T, EEWIRE TR QMO PREFES
KETHDHEVHEEILL D TSNS L 5T, CdySb,
ARG DRI H D L FHETEL T, &
FiErofls LT 500°C 2k 5 iR Cd-Bi Ricov
T Fig. 8 127" L¥¢. terminal region |Z k1) %excess
stability 1I—FfHA & 52 ERFUORINTVET.
ORICE VTN E LY~ 2 2Cd-SbFRITKT D & [FlEk
CRUESEOFICAE L TWET. ORISR
EFBFELETADT, O ERELEINET L
THYET. LA THBIKEORITICL, WE 2
RR D IRAER 7> 5 VIRARE ORI ASE HIC AW 2 e BN L
TuvE. Fig. 9% 900°C 12351 5 ARL Ag-Al R ad
@ stability & excess stability WHEGT 5 B v 7
LDOTH D ET. FEHERED classical valences 755
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Fig. 8. Stability and excess stability of liquid Cd-
Bi talloys at 500°C (data of ELLIOTT and
CuremaN and of Sertz and DEWITT).
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Fig. 9. Stability and excess stability of liquid Ag-
Al alloys at 900°C (data of WILDER and

ELvioTT).
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Fig. 10. Stability and excess stability of liquid Fe-
Cu alloys at 1550°C (data of MORRIS and
ZELLARS).

AL 7ckic, £t kBTG EESHFEETS T OM
BRZELWE—I28BbNT\VEd. T excess sta-
bility gh#gii7c Lo Al JICRFSHE>TWwET S
Z OEMVE Ag AITIREINEFEZ L <3dY A
Fig. 10 ¥1, 1550°C it %1% Fe-Cu FRiZ DWW T DOl
HETHDET. ZOREX excess stability MED{EZR
TRUTWETOTHRICEBRY H Y £9. HEHEstability g
BE—STHEFTTORESVWTWVET. TNREIDOFRD
AR AE L DBEDOHETIFE AEKFTHDHT &,
FHIDFRELBDOVA VSR TERZ ML E, 2
WIS SR LHV EWIBESILCHALNTWAS L
EPBLIFRIESNET. ThHOBRELILIDLT,
i ks ok iEs  (central
region) WIEHWWIEIO>ED LAY -7 &RLTWET.

Z @ excess stability

8

60
Fe- Si )
840
2
E
2
v
X 20
|
Fe — Ni
|

O 02 04 06 08 10
Fe My X
Excess stability of liquid Fe-Si and Fe-Ni
alloys at 1600°C (from data of Figs. 14
and 16).

LDBER, ZOWERL Fe-Cu ZMRTEAETLERE
WD prbbT, TOMBERETIE Cu & Fe Offfic
B O IR ORI ERB BTV B Z L 2E%RT 5 B
DEFRINET.

Fig. 11 7R+ 1600°C iz 5135 Fe-Si & & Fe-N
FROEENL, HERBEX CE T NTOREILED & 4
TOEFHERLTVWET. ZDFRD excess stability fif
MCE 1 2B -2 RBDLNERA. LOLESLHE
5@ terminal regions 75 F2 A3 VT IKIFE DU o il iR
IR CELL TV T.

ZEBPBELT 50ORERBT REDEHEK, 2%
DIBHICET 2 D0, HICIEMERE AR L HIERICE
FTHIDTHDETH, INGEREINIFEEDS <
5, EEEICSFRICREEIN S REBH D 4. L
LICEAEBHZILRIERERVERA. TC
DFA> terminal regions T VT, TNETEBELLR
RHML 24 TOEBCHS DOLEXDDORIYE 20
WISITEbhET. X5 ERAZRE R Curie point %75
TREML 2 4 T LIEEBCGERET B HIZREL T
LX5THNET. Fe-InRRAEDIOMEETEY D
J7cR=THDET. Fig. 12 RZ OFRDT = 7 4 MNEE
O 700°C XY LB VIRE TRIERIFERERLET.
AHUZERIZFRL, ¥z excess stability 757 OIEEI 3
7% Curie point ;i TIERBVE /MEEZFT LTV
.

INFETERLILT N TORMER, BELE &5
CHTHETHIET. ZNUrBIEADLLBICRED,
TN DEAE DRIEEE H 55 A L TR B

Fig. 11.
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! /ldeol stability i
Bm ﬁ\é\\_ < V%
“ o i £ -
: Stability -2 P “— b Schwerdtfeger {emf ) ]
: T B Tyrkposaw , Grieveson & Bester (SigNa-N2 equil)
o} T T //, ~——B@ Hsu, Pouvaxov 8 Samasiv (Knudsen cell)
! /Excess stability - O Matopa, Gunn 8 Kuwana (Si02-Hz-HzO equil)
_ ) _=9 1 1 I
10 | o 08 06 04 o2 0
. fFe 2o AR Si
o} ol 02 03 (1= Ng)'= Ve
Nzq Fig. 14. Activity coefficient of Si in liquid Fe-Si
Fig. 12. Suability and excess stability of solid Fe- alloys at 1600°C.
Zn alloys at 703-5°C (data of WRIEDT).
Nsi Fe ’5_,
0 0102 O3 04 05 06 o7 g
T T T T T T 0 P S
TE{)O\ =
Q ///
o5 N Pl
© \ -l R ‘[ <N
w -~ /
- }\\\ = 9/ l>&<\
g &
Q . o o \
= -0 o L © \
%\ / .
-2
\
= \
IS, 01 02 03 04 05 \
Fe NE = (= Ve Si \
_3 \

Fig. 13. Activity coefficient of Fe in liquid Fe-Si
alloys at 1600°C (data of Hsu, PoLyakov
and SAMARIN).

L, WSopDEETEICvWhEL XS, Fig. 13
3 1600°C 23517 % Fe-Si D Fe OERICEHTA
Knudsen cell i X 54&QHIEHEAZTLICDIDTH D F
F. 223 Fe OFEREHROFERAMNED Si OFRFHE
(atom fraction) D 2 FDOEF L UL CHRIINLTVWET.
oS Si o 50 7 hasS— L hELEDREET
EoE D FESBEREETRLTY S OBB b VTLX
5. IR LARITE ST, ZOEOAENT excess
stability #7RL 4. ZOHBREMALPII—ETH5 &
FAEZET. CORNEFRICOVTEE ST ER, &
OFECIBE T Fe-Si G4H 0 Si OiEEFRHICIOWVT,
W opolEBEEE o T WE Y. Fig. 14 1@ Si 0iF
BEHOFERSEN Fe ORFED 2FEORE L TH
RETTVET. OB EL ST Oy 50 7 b o
—t L FETHLKERBERERLTVET. J0OH
FOPWEARNEORIT LI DR LI L5, FioMo Fe
OFEBHEHIC O W TELLERMBEATES L Tkd/icboT
HO, ERICEL—FHLTVET. 2V TICID2OD

9

0 02 04 06 08

Nsi
Fig. 15. Composite parabolas for activity coeffi-
cients of liquid Fe-Si alloys at 1600°C.

0

HBORENA DO XD CFEFCIL KT LiE, 3
FTE IS B ICEROESERFRINT, ZAOEMRL S
LEELIEBELEVEACOLELND Z LIEFET
RETHYET. Fig. 15 B 0R CRICOVTEES
OEBFREE St OFRFEORME L TEERT LD
DOTHHET. TO2ODEMBOMBIVTLREIE
LTS —8» 52T 5 2 EHBEL 2T 5
NET. INHDOIMBOERPHEBIZI DRI T
TT. R Z2O0RMBOLLEENTWEDOTIERL
AR 2 DOMMB» S TETWAH L LILEFEET &
THHET.

gk A I & T B I ORIEDFRITO VT 1600°C F 7
v31600°C (i DIlSE (4 Fig. 16iRLET. HHTH
54 THFOERBHOMBIZ IO T NTOHEERIT
BT, Bl Edh 25% FTREROBRTED2FLE
WERE TFTRERIC BV ERLVEBVET. O
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Fe—Cu
5 a Fr:e—-Mn o R ey
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: V /]
|
g | —TFe-al ///
Fe-Si
s /Fe—C-_- O MoRris & ZELLARS .

- “ Fe—Mn O Sansone! & OnTan

~N;j {2 ZELLARS et 0
Fe—Ni{g &§Beutr o al

Fe—Al ¢ wiwer 8 Ewiorr
Fe—Si — From preceding fig.
- i 1 1
3I'O o8 o6 o4 0?2 0
e
Fig. 16. Activity coefficient of X for various liquid
Fe-X alloys at 1600°C (except Fe-Cu at

1550°C).

OEBBGEBLATICRLZXSK, Zofifl % & 2T
stability B8 —ETHH T LE2RLET.

ZDEAFTOREY 3 THROEMITYRET DRI, &
3R OMBIAEM LY OET 5 LT HE-RCER S
TWAFESARELNTHLZ L ETHBLAZVERY
EF. ZOHEREE ¢ KXo URINAHEEERGREK
ELTLIELIEBIRENTVEY. ZRBDEIRLIEL
i3, EHMIEZLONTVWET. 20X BRECEEN
LEREAFEET B 7o DITRD X S I —EDOR R L E
F.

dG= G 1dN, + G 3dNy+ G 3dNy-e--vvreeeerievreenn- (1)
dG=(ég*‘§1)dN2+(éa—él)st ............(2)
9(G>—Gy) 26(6’3—51) ..................... (3)
oN; o N,
(l—N2—N3)dG’—1+N2d§2+N3d§3=0.........(4)
a 62 a C_Y;a _ a é—z
=H) dN; N 0 N3 =Ne d N,
3Gy
+ =Ny (5)
.. dlnye dlnys . dlny,
(1—AN3) 3 N, + N, 3N, =N, a N
31[‘1 73
+ =Ny G (6)

N DRI B WT G 3R 2%k (extensive function)
DY 7 Loy FEA YD OfE(molal value) TH D 5.
N~ (bar) 227z h DI F Ol (partial molal
value) #7RL%7. BHIORRBNZO—BZATHD,
FB2ORRGFRELEET E ofd 1 THH FEIC
2T (1) A»roBonid. F3oRE 2 iTH

WA T HERENZBERT LT X BLRET.
%4 RIWMIZ Gibbs-Dubhem OBz Ez A, B

SR (3) R (4) RepoBEOLhET. EORIT

CrBRFFHATINF—LLTEDY, TRRIITF
BREE A VF - LERRER OO X {Abh Ty
HEREFALCEI R»rLEECELNET. F6X
DOBEfROF T RS BRI AR VEF{REk (interaction pa-
rameter) ¥ 7213 ¢ (espilons) & L CE BRI TWS
BTHVET. ZOBBEIL5 L ONGEBEND S
WA E AR ERTEBRRUN OBR TR—EE
HEBHLDERNELBENIEPELITHYET. &
REGEBRICE VW TIRLIES AT WAGNER HEHEL
X5, COEBOEIREADOELZEENEFLL
BT EROMEL W LETHVET. LELESELD
LIREOERTIE, ZhbHORsEEHkE —EELLT

ERDH T ERBNENCHISAS LWL LALLM TH

DET.

SHAFDOBEE L L THEBRZLAR | RSFHEDH 5
BRELCOWT, 2L XLARLTHADIT, ¥T28
FRIBMR D& RS VGE W LT TRIFFICERT
HHEALNTVWHHEREETTILET. TibbRs
VRl LTExD L,

log Tl=a12(l_Nl)2=a12N5 ..................... (7)
log(r2/79) =ai2(Ni—1) =a;2(—2Ny+ N3) - (8)
FX5-2-303 RT [Ny log 0 —ayaNZ] «--meeer (9)

Loy RERFEIERCRI DX OBEHADERR
PoaRbl, aw CHEHRELT—4606 RT %ridicd
DL, TOWHRIIWTIX—E[ED stability #FRPp L
4. InHoBRIE, ZOoRDOh TEFROFEHRE
MB2WTHDHDOTHEEYNC 2 KB (quadratic forma-
lism) X XiEhTVWET. HEESITEVIERED 3 TF
BROGRART A VF-RBEHC R A TE b Sk
F.

FXS o a 2
W‘;Nz log 75 + N3 log 79 — a2V}
—a13N§-(a12+a18—a23)N2N3 ...............([0)

L 2 CBRERT AV F— ROV TOLOREEY
TS THEREY, BRETKbbES 1DEL D3
DORESy D & DIEBRGEREICOWTIERD X 5 7Bk

Beonzg.
log yi=ai2Ni+ainNi+ (a2 + ais— azs) NoNg
cevemreenieneen (11)
log (72/73) = —2a12Ne+ (azs— a1z — @13) N3

+aeNi+aiNi+ (aip+as—azs) NaNy --- (12)
log (73/72) = —2a13V3 4 (g5 — a2 — a3) Ve

— 10 —

¥
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+apNi+ a3 Ni+ (arp+ ais—az) NoN; - (13)
DWCIEIRRESIC S T B4 2% 2 5 Lk
D, ate tOMOBERPESCREIND LV L
HFEETRETHVET. INSOBEFRERITROX ST

O ET.
cog=—4 606 a g roererreererriiernriinaee (14)
fg3=—4 606 @ g oreereereeresseenieiniiieen (15)
enn=e30=2"303(@os— @i —ay3) weoereeeeeen- (16)

TOXHITLTHRE LR aDfilE, & L e BIEFICK
BEECOVTRDSNIEERT, AT~ EREE
HLCHVWLRET S, e pbar kDbl ED
BGREEAVAE L EKEBEPLETHDET. Pl
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Solubility of graphite in various liquid Fe
alloys at 1600°C (data of CrHipman and
coworkERs and of SCHENCK and PERBIX).

|

Ni-1550°C :
o /‘(\\ ;
-S Co-1550°C, —

5°C i oA :
—

-1600°C

—

O TURKDOGAN et al.

o
o CHPMAN €t al. \ Mn—1490°C___|
| 1

0 02 o4 o6 o8

Fig.

Ny (1= Ae)
18. Solubility of graphite in various liquid.
Fe alloys.

- e 98- 3
oM goot
re-C 2=

-

i]D Ot

"
d)//

@
i
B

o) o110 020 030 040 o050

Nar
. Activity coefficient of Al in liquid Fe-Al
and Fe-C-Al alloys at 1600°C. Ternary
curve is independently computed (data of
CuipmaN and FLORIDIS in  conjunction
with that of WILDER and ELLIOTT).
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Fig. 20. Activity coefficient of Si in liquid Fe-Si
and Fe-C-Si alloys at 1530°C. Ternary
curve is independently computed (data of
CHIPMAN and BAscHwITZ).
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Fig. 21. Computed isoactivity curve for liquid Fe-
C-Si alloys at 1420°C (data of ScHROE-
NER and CHIPMAN).
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Fig. 22. Computed activity of Cu in graphite satu-
rated liquid Fe-C-Cu alloys at 1600°C.
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Fig. 23. Activity coefficient of Cu in Fe-Cu and in
Fe-C-Cu systemsat 1600°C. Ternary cur-
ves are independently computed (data of
Koros and CuipMAN).
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Fig. 24. Activity coefficient of S in liquid Fe-C-S
alloys at 1600°C (data of Morris and BUEHL).
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Fig. 25. A correlation of the binary and ternary
constants for iron-rich Fe-X and Fe-C-X
systems at 1600-C.
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