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Activity of Phosphorus in Liquid Fe-P and Fe-P-C Alloys

Shiro PAN-YA and Mikie Suzuki

Synopsis:

The activity of phosphorus in liquid iron and iron—carbon alloys has been measured by distribution
experiments between the immiscible liquid iron and silver at temperatures of 1 300°-1 600°C and in the
composition range up to 21.0 weight percent phosphorus. The results obtained were treated by the model
of interstitial solution proposed by J. CuipmaN. It has been found that the apparent distribution constant
of phosphorus is expressed with a linear function which has a inflection at the composition of Fe,P at con-

stant temperature.
The results obtained are summarized as follows:
The distribution constant of phosphorus:
log K(=ait/ay°)=—7180/T+0.54
The activity coefficient:

1,

10g 18 =0.982p -+ +vverrensemeneneeseanens 0<yp<0.33

Jog b8 = —2.32+47.96yp:rceeeeeerenrees 0.33<y,<0.5

10g ¢,;= 1. [8};0...........‘............
The interaction parameter:

2= (3 In yp/0Xy) Xyen=4.26£0.5
5= (0 1n 7p/0X¢) Xpen=4.7241.1
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P (in liquid iron) = P (in liquid silver)
K=a§§t/a§° ........................ (2)
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Tx 5. AEFHET Fe-P 250R2 DWW OB | 300°
~1600°C, D AIRE 21.5wt% FTCTHY, Fe-P-C
3TRTHE, IRE 1500°C, b ABE 18.9wit%, RE
TRE 3.3wt% TTTH5.
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© alumina crucibles, & alumina protecting crucible, @ alumina
tubes, @ alumina support for crucible, ® alumina reaction
tube, @ alumina furnace tube, (@ brass caps, sight glass,
® empty crucible (radiation shield), alumina bubbles: TC,
Thermocouple.

Fig. 1. Furnace arrangment.
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KEA L CAEMREE L 0% R Lx. FHLE-ER
koMt C=0.005, Si=0.007, S=0.005% <& 5.
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iz Fig. 1Lcmd X 500, SUKORLSHEE AN
72 5 0IE 3 {l% 7 v 3 F{REE B 2T AN T FERRC B
T5%. 7 FEREL ST, REOCH—{LEETS
BEgT, FEc 7 5, b#icesoE @AZEA
LTW5.

HOMPULDEY) TFUFEOREY EBIREICARL,
RS TERE 1 Ar % 180 ml/min OENE TR L7cIKAE
<, bkosEe AniR#Es 0%, YT T URT
BLTRGELERE D, ESEROHEE OFEDAE
FTEICK 1he 23 THA T RELSOEEED
MBICEE L Tr LERIBEIIC 26~30hr R LT+
EMHCEE Ld D, BRETHE, BURGE LD
Y T F MBI THRE SO T LR R PSR Y
HiL, Zedfid U CEm@etil o kEis o8 gl LT b8
wokhas L Tabati s L.
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Fig. 2. Effect of melting time on phosphorus
content in liquid silver at 1500°C,
[wt2%P] in iron=15.504+0.25.
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ExR T

FATRGER I ER TR S S IE R IRENT 50 3Bk E
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3.2 RER#-SREODADNER

BlbEo Breic X b 1300°, 1400°, 1500°, 5 XO°
1600°C OEBE > EHIE LcFER% Table 1 1278
T. BRAR-SRRID Y A0 SELC BT 5 SRIBP D F D
ABEVIERE IR V. BlxIE 1500°C TEABT b AREE
5 5wt% B XU 20wty OFf, RMEPO D AIRER
0.0015wt% X 0.2wt9) BETHA. LizHh>T
AR D AIREE S wt% AT ORI R TRETDH S -
T -k D AIREOEFITRIC ST DIREZRLE, b
AABEE 15 w9 AT TIIE & A S LIX7 vas, 20 wt%
LALTWE 24hr OFBRET 2~3wt% OEFICLBER
5. Fhdz, ANECKT5ESERD D AREOH]
SEEIPHIE 5~20 wto TR B,

NSRRI D X 5 CarpMan ORZEW T 5
BAMBERE T VT LB D> CER L. ZOBKET
T, BRPERSOIRE, EERE, X UCHEEE
RBFEKE LTRkoBREEETS.

£ v b, Yp=np/ap.=Xp/(1 —Xp—X¢)
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Table 1. Experimental results on Fe-P system.
] R
Heat No.| wtg, Pin Fe| wtg, P in Ag | Temperature l Heat No. | wt% P in Fe, wt% P in Ag | Temperature
C-i0 4.66 0.0017 1600 | E-34 15,37 0.0106 i 500
C-09 5.68 0.0027 1600 . CG-04 15.42 0.0106 1500
C-12 7.63 0.0029 1 600 | E-28 15.66 0.0110 1500
C-11 7.87 0.0031 1 600 I E-30 15.68 | 0.0096 1500
C-46 11.03 0.0057 1600 i E-32 15.70 0.0093 1500
C-25 11.33 0.0062 1 600 i B-I8 16.72 | 0.0172 1500
C-27 11.83 0.0064 1 600 T C-07 18.25 | 0.0454 1 500
C-31 13.88 0.0123 1600 1 Cc-08 18.30 | 0.0524 i 1 500
C-29 14.49 0.0166 1 600 ! B-28 18.33 0.0473 1 500
G-18 15.45 0.0145 1600 || B-I5 18.45 0.0459 1 500
C-44 16.95 0.0206 1 600 | B-16 18.56 0.0452 1 500
C-61 17.43 0.0331 1 600 | B-47 19.54 0.123 1 500
C-19 19.50 0.146 1 600 B-08 20.21 0.192 1 500
C-32 19.62 0.143 1 600 B-02 20.49 0.195 1 500
B-29 4.68 0.0014 1 500 C-40 5.78 0.0007 1 400
B-27 5.78 0.0016 1 500 C-39 8.01 0.0012 1 400
C-06 5.84 0.0015 1500 C-56 11.13 0.0018 1 400
C-03 5.94 0.0014 1 500 C-38 11.34 0.0026 1400
B-43 8.02 0.0028 1500 C-49 15.45 0.0056 1 400
B-25 8.57 0.0031 1 500 C-37 15.97 0.0075 1400
B -44 8.84 0.0027 1 500 G-57 16.53 0.0095 1 400
B-19 11.20 0.0035 1 500 C-35 18.33 0.0280 I 400
C-05 11.22 0.0039 1 500 C-34 21.50 0.197 1 400
C-02 11.35 0.0038 1 500
B-22 11.55 0.0031 1 500 C-53 11.53 0.0016 1300
B -39 12.35 0.0041 1 500 C-41 12.84 0.0017 1 300
B -42 13.13 0.0053 1 500 C-51 14.90 0.0029 1 300
E-24 15.27 0.0106 1 500 C-42 15.42 0.0029 1300
C-01 15.32 0.0095 1 500 C-54 15.62 0.0038 1 300
E-29 15.35 0.0106 1500 C-43 18.14 0.0172 1 300
T T
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Oi\ -3 0‘ Y _’__i”'_‘ a2 /
<< _,-——‘:" .& &-:-—————_‘-&
\l\-j’ P [+ % OO'—'--& p °
e ‘-—'—_—J
(@) ~ o 0.
e | ... :-‘a<-‘b'——_n’-_1 i X,
L. I X
4 Qlm === "7 o~ -
//',78\
i 1 1 1
0 01 0.2 03 0.4 0.5
F
Y&
Fig. 3. Relation between distribution ratio log (Z3%/Z;®) and phosphorus content yE¢ in Fe-P,
-(3) MEVERRRE, 0r=0alngp/dyp - (6)
H F b, Zp=np/ (npe—np—nc) LT n RS i DTS, Xi BELVHRCHS.
=Xp/(1-2Xp—2Xg) ~--oceo- (4) Fe-P 20RDT T MESRE, ZEE log K’
R = omap/Zpwroreeeee(5) (=Z8/Z5) LR Y AIRE Yo :OBRCRRT
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5L Fig. 3 XS5/, HEcE log XK' OEITAIE
BED L ELTAREL LB, A—REC>WTIE
log K' 13 Fey P Wk (Yp=0.33, Xp=0.25) ic[Edl
EEREOR 2 DOEMBTIELPUTED. ZLDIFKE 7V
oW b FEEROETE & Ko hs, CHiPMAN DIRFEW
T5EFAHSRERRERLEMEBERTERRTED L
L X b, AR T ZOE FMCHEDTLAEDRIER R
pEEME| 7. [—0DF K DOWT UrBAINY DT D7
1400°~1600°C oifjsEE% 1500°C i LT Fig.
3 i ffER L. UrBain EIE(EY % AITFHER & T

1600° 1500° 1400* 1300°_(°C)
T T T v

<
_30k N é presen! work
~ = - - G.Urbain

. A G.Urbain
~ (recalcutation fromFig.3)

Y. © MGFrohberg, JF.
~ Elliott and H.G.Hadrys

~3.5- e

log.K{Zor X)

55 6.0 6.5
Temperature 1/Tx10%

Fig. 4. Effect ot temperature on the distribution
constant log K (Z or X).

gIniE, b AREORVWEES X O&HVWHEE TR
KOFER LAICREOTEAT—H LTS, hEOH
BREATRERROERI V2RO E Y. LrL, Sl
£ log K' OEETEE & b RFROHEME b>TEELT
Wah.

ARITH T 5 AP O F D AIRE BERDTEND
T, WBIRHDY AIE Henry ORI LA S D EFH
Zbh, ap¥=Z3 THHLRET . BHPOHAD
FEEAERAEERCED, COoFROSEEHY log K
(Z) &+nx (2) R, (3) K, (6) RoOMEEX
DERALED.

log K'(Z)=1log K(Z)+log ¢p «rooeeee-(7)
=log K(Z)+ (63/2.3)Yp -+ (8)

Thdbb, Fig. 3 TkFT5 yp—0 ~DEEXD, &

kB oh, FREC O VWTROERE.
1600°C log K(Z)=-3.30+0.07
1500°C log K(Z)=-—3.5040.07
1400°C log K(Z)=—3.7740 07
1300°C log K(Z)=—4.02+0.08

INRLOERLD log K(Z) & /T oFZR%#HTT
nif Fig. 4 X 5TdH5, Fig. 4 ficiy UrBain @
HIE(EY, Fig. 3 X W FHE L7z Ursain OFFIHEIE,
¥ X% Frouserg, ErLLiort, and HaDprys® 5 DHEE
& D IR L.

T T
1.5} & 1600°C
©®© 1500°C
@ 1400°C
X 1300°C
- -e--G.Urbain (1400°~1600°C, recalculation)
1.0 . ,
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Fig. 5. Activity coefficient of pﬁosphorus in liquid iron.
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i Yeo0 DO, Zp—Xp THBHDT, log K(2) LEROBER%E Taylar Bzt b Xp OLERAT
12 log K(X) LtRA—DEEL%ED, (1) ROHEEHRS FHERRC I->TELTE 5
ITHERBE= A F— & LTREAMBE LI B. log 78=1.85 Xp+1.85 X2+3.21 X}------ '
log A(Z)=log K(X)=—7180/T+0.54 (jzne Xp<0.25 cveeei 17)
Rz r=0.08) «-ooomrermemn (9) log y§=—2.32+8.83 Xp+8.83 X2 +9.12 X}
4G0=32800—2.47T -oovrvvvvreiiee (10) +11.80 X3------0.25< Xp<0.35 ---(18)
3.3 BBRPVADEBRELVERFRY Bl EDORtR & D MR HRES X CBMERE S LTK
BHRADO D ADERIFE log ¢F DIEE, RO oBEREMELNS.
(9) RosEEKzEE LT (7) RXVEHET 2 eb=(31In rp/3Xp) xp,—1=4.264+0.5 ... (19)
TEMTES. Fig. 512z X S5 LTk log ¢f et = (0 log fp/3[%P]) [ s4Fe]—100=0.030+0.004
LRGP D AIRE Ye OBRERMR L. log ¢F oid -+ (20)
FE D SR AT FEHEA TII A S AT WAs, log ¢F 13 BERPD D ADERFREIT OV, HERDOPIEEE &
yp=0.33 (Fey PHIAL) ZHIZ LTKD 2 >OEBEIHA DO H Fig. 6 R$. ScHENCK, STEINMETZ, and
THELT X 5. GoHLKE 5% BHEGEDHEIEL D 1515°~1540°C
0<yp<0.33 er=16.0(e;=0.122) BTV 53, o HEHHE I
log ¢7=0.982 yp (FEHE[RZE ¢=0.07) - (11) Xp=03~0. B EOFREC I I LHELZER LD
=0In ¢p/dyp=2.264£0.5-cc-roreerrn (12) T, L OEIIEEMMS S NG, KK L RS EE
0.33<yp<0.5 DOEIE X Frousire, Ervuiort, and Habprys 55 |3
log ¢7=—2.3247.96 yp (FEHE(R# 0=0.08) 1600°C T ¢£=8.36 (ef=0.062) %, %7 UrpBaIN
- (13) DEIERERY (1250°~1600°C) X9 e8=5.16 (ef=
Oe=01n gp/Gyp=18.311.1 oo (14) 0.037) »Bohsd. FHAROERIT Fig. 6 X HoHh

ERoFERSIREL LTEASE Xp 2HRA LIS 5K 51, BIESREDOFHMT Ursain DiEEY 1o —F
EDOEEFRE re=ap/Xp TIHETHIEROL S TH 5. LTwWa.

log 7£=0.982 yp+ log(Zp/Xp) ----reeer 34 H-VA2RBEOHDER

Xp<0.25 ovveermi 15) Fe-P 2 045 & D8k OEE FH2 Gibbs-Duhem o3
log 78=—2.32+7.96 yp+ log (Zp/Xp) -+ IhRDELSTkDENS.

0.25<Xp<0.85 rvvieniiiiiiiiniinin (16)

, ,
d1In rFe=—f e {05dyp+d In(Zp/Xp)}
0

=—1/2-0% -y +In(l —pp) +1n (1 +yp)

a 1600°C)

; :igg:((::} present  work (21)

B Iggrot;:: (1250°~1600°C) J:f\k (12) <14) ’t”zﬂ:)\bf{k@%ﬂ:iﬂfﬁ%&%i’bé
1.5-77" n k

~—--~ MGFrohberg, J.FElliott,

log TFe= —0.491 )’PT log(l —yp) + log(l +J’P>
and HG.Hadys .(1600°C) /

—-—HSchenck E Steinmetz, & /| L. yp<0.33 ol (22)
and R.Gohlke
{1515 ~1540°C) log 7re=-—3.98 y3+log (1 —yp) + log (1 +yp)
1.0 ’ 7
a / ,
e /' . Table 2. Activity and activity coefficient of
< / ,//’ phosphorus and iron in Fe-P alloys.
os VA sV d - Reference * 11 finite dilution Liquid iron
/S S S e ] ,
LY N, og 7 a o a
/ °a ° : P g rp P g 7Fe Fe
/'/,//’: 7 4
P ) ) . 0.05 0.097 0.063 | —0.003 0.944
0 01 0.2 03 0.10 0.205 0.161 —0.011 0.877
xFe 0.15 0.328 0.319 -0.029 0.795
P 0.20 0.467 0.587 | —0.059 | 0.699
Fig. 6. Comparison of data for the activity 0.25 0.628 1.06 —0.106 0.588
: h in Laui 0.30 1.489 9.25 —0.431 0.259
coefficient of phosphorus in liquid 0,35 2 489 108, —0.915 0,079
Fe-P alloys.
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0.33<yp<0.55 -+ (23)
PEOERIVHE LD ARG L BEREOTHERR

Fig. 7 OFE

I b Fe-P 20454k 580FEEE Raourt Ok

Al AfREEZRL,

EE#ZTAZEHBah5
SETHAaKC ERETS.

3.5

0 ADTERT HENRY DOEAIX D

iz ) AOTEEIT Xp=0.25

Rah O ADOFERHBICEBLETREORE
BRI RESMT LA BB LW 2 XD,

Fe-

P-C 30454 L B0 Y AOSEFEEEZMET S T &
CXh, BEbhAOERFREC S IETREORE Y

ko,
AQoY rabs

5 b

Z iR s Table 3 ITRT.
Fe-P-C 3 o4& 4 RO D AD5EERE log K'' (=
ZAE/ZE) ) D ADEBFRBIC R XETREOKE SR log

1500°C i T EMRFIE TROWTLT

Table 3. Experimental results on Fe-P-C system

at 1500°C.

Heat No. |wt% Pin Fe|wt?; Cin Fe| wt% P in Ag
D-16 14.85 0.0030 0.0089
D-20 14.81 0.0195 0.0087
D-22 14.91 0.0456 0.0098
D-04 9.94 0.325 0.0036
D-24 8.85 0.388 0.0034
D-11 9.84 0.574 0.0036
D-29 5.24 0.637 0.0012
D-18 15.76 0.700 0.0144
D-0 8.68 0.859 0.0035
D-27 5.34 1.29 0.0016
D-33 10.21 1.43 0.0044
D-30 4.96 1.86 0.0019
D-25 5.28 Z2.45 0.0022
D-31 18.90 0.242% 0.0798
D-13 15.39 0.881%* 0.0132
D-12 10.25 2.25*% 0.0056
D-23 5.11 3.33% 0.0024

g8 LT B &

* Carbon saturation

[1k]

.@ Carbon saturation
[0}

}presmt work

—--calculated from carbon saturation

0 005 010 ais 0.20
Yc

Fig. 8. Effect of carbon on the activity coeflicient
of phosphorus at 1500°C.
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log ¢S=1.18 3¢ (FEHE(RIE 6=0.08)------ (26)
¢=9In ¢p/dyc=2.72+1.1
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log yp=1.85 Xp+1.85 X3 +3.21 X} +2.05 Xc
+2.05X2+2.34 X2+7.33 XpXc
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Fig. 9. Activity of phosphorus in lipuid Fe-P-C
alloys at 1 500°C.

Fig. 10. Iso-activity curve of phosphorus in
liquid Fe-P-C alloys as 1500°C.
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ef=(n 7p/0XC) Xpo—1=4.724+1.1 oo (30)
ef= (3 log fp/3[%P]1) [ Fe1—~100=0.079+0.02
N 1))
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Fig. 1l. Relationship between — 4Xg (=Xg—X9)
and phosphorus concentration.
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DOFEH THEEHNIO R TREh 5.
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Fig. 12. Activity coefficient of carbon in liquid
Fe-P-C alloys saturated with carbon.
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