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Synopsis:
Diffusion coefficients of vanadium, copper, silicon,

Yoichi ONO and Seisuke IsHITOBI

phosphorus, and sulfur in molten iron saturated with

carbon have been measured by the capillary-reservoir technique in the temperature range from 1 350°

to 1 550°C.

The results are summerized by the follwing Arrhenius’ equation :

Dy=(6-45£108) x 10-3 exp(—

Deu=(41°547°5) x 10-3 exp(—

Dg;=(1-85:£0-28) x 1o—sexp(

Dp=(7-05+0-95) xlo—aexp<—

Dg=(0-98+0-10) x lo-aexp(—

18 7004600
RT

21 7004 700)cm2/ sec
RT

_ 13 3004-500 cm?/ sec
RT )

17 7004500 .
RT )cm / sec

10 0004300
RT

)cmz/ sec

)cmz/ sec

The present results have been discussed together with the previous results on the diffusivities of chromium,
manganese, cobalt, and nickel in molten iron saturated with carbon (Refer to Trans. ISIJ, 11 (1971), p-
275). A definite correlation has been found between the diffusivity and the thermodynamic interaction
of the diffusing element with the solvent as expressed by the standard free energy of solution of the diffusing

element in molten iron saturated with carbon.

(Received March 6, 1974)
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BECEFELSVWDDETHE, Fiek OF 2 ERRIA L
Diro. Thbb,

2,
%%ngﬁmmmmmmmmmmmm
Fo 2L, ¢ VIVREGRER, x VIBMEE L BEOEME XD
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T BIEOKIEE CH XER VI ST 5 &, I
BEIOEREHRKRD L ST 5.
MIAGHE  t=0, x=0 T C=Co
BRE&ME >0, x=0 T C=Cg} rereereene(2)
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(1) Rz EROWMBESXUBEREHEOT THRL &,

EESHELTHRAEES.

C—Co /X )
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KD T T, PHEWSR ¢ KR HEMEOFIREC &
PRECRE & ORIICiZ R OBIRASEE D SToY.

C—Co 2/Dt\yi
C=Co 2/ DINYV2 4
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EMEERE T, Zhicf 2°5~3 0mm, K& 20~35

mm OEHEN 4~6 @BHITTHdD. EMEOCHEOR
ks, RE80LDO» ERT — 18— 2D TR
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{g)
(h)
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1111 (m)
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/__(C)
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\ {0}
(a) Suspension wire (i) Graphite crucible
(b) Argon gas outlet (j) Reservoir melt
(c) Water cooled vacuum (k) Graphite capillary sam-
seal ple holder
(d) Mullite reaction tube (1) Crucible support
(e) Chamotte tube (m) Thermocouple
(f) Furnace (n) Argon gas inlet
(g) Heating clements (SiC (o) Vacuum line
rods)

(h) Graphite covering disk
Fig. 1. Schematic cross section of the apparatus
for measuring the diffusivity of elements
dissolved in molten carbon-saturated
iron by the capillary-reservoir technique.
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Table 1. Concentrations of the solute in
capillary and reservoir melts.
Diffusin Initial concentration | Concentration in
clemen tg in capillary, reservoir
Co (e, %) Cs (wt. %)
v 0-00 1-10
Cu 1-00 0-02
Si 0-17 0'55~-0'86
P 0-00 0-52
S 0-0!1 0-61

BRI £5°C OBEEMR 9em Hojk. £
FBEREIN TGRS 5 DR Eh <o, URHERE
BIRFOHESE CEBHEO LA THREI VI 3°C i
BRCE B XS CHE L.k, HEDOEECLES
1T +£5°C DANTHD7.

23 &7 3

BEOEWZ I > THRNRPRI 20% [ {edic
BEOREWIZS ORMMERTICED XS5 EEB L. T
kb, Si, P, S, V OUHEBOREOKEIE,
NODOTLREEARRERMEESE 501FK, REM
gk BHE T ANT, RIS DEME LT TIREE
Tisbgie. —7%, Cu OIEERBORIE OB &I,
W EME SRR E g R A, R R ERN
LT, EME> SRR T2 TebE 5 X5
izl

RTEDIRE BV &, BERPIC R 3 IRETERR
EOMEER B ORI EE 2 S XE L, BIER
ROMIRZEN LA TI3BNIBIE0T, WBHTEDR
BIXTE5RHEL L. AIEIRESAY Table 1 1T
.

i Ffufngk ORURHIE MR % BI85 D ITIC AN TEME
LT2LK 0, REMMEEHKOANIEGREFETE
ZEELTRIDDIETHELTOL k. FHLEE
EILRELTOMEVL Si: &F> Y a3 (99°9992,Si),
P: 70742750 (26049%P), S:{ L% >
99°59,8), V :&Pk/NF 2w a (99°76%V), Cu: @:§E
F8A (>99°99%Cu) THo7z.

EME T oD HAEHIER D DITTANT Ar FHEEK
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DRFEDI REET B O % BRFHE 0D it oD
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5. BRSBRIL72S, FEHFSOTES L LWEBEKIC
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Lch, MRS Z SEKBRPIET. FIEDILEL
Rl (15~60 min) %, RIFEZ B> DO DI,
KA U TEST 5.
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Fig. 2. Diffusion coefficient of vanadium in

molten carbon-saturated iron.
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Temperature (°C)
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. Fig. 5.
Fig. 3. Diffusion coefficient of copper in molten
carbon saturated iron,
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I 550 | 450 |
10 T 3,5 0
8
6 —
O, 3
w
3 T~ 5
;’; 4 \ﬁ\ T §
E . £
"O @D\\\ l >
—_ o ~ - Q—
2 -‘\Q
(O Present work
@ Saito-Maruya®
, .
54 56 58 60 62
Fig. 6.
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Fig. 4. Diffusion coefficient of silicon in molten
carbon-saturated iron..-The broken line
is drawn through the data points by
Saito and Maruya in parallel with the
least square straight line of present
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Diffusion coefficient of phosphorus in
molten carbon-saturated iron.
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Diffusion coefficient of sulfur in molten

carbon-saturated iron..-The broken line
is drawn through Kawai’s data points
in parallel with the straight line of pre-
sent work,

Table 2. Experimental diffusion coefficients of V, Cu,

Si, P, and S in molten carbon-saturated iron,

work.
D=Do°x?(—Q/RT)

bz 2 v ¥ —QDfE% Table 2 RF. R Do & Diffusing Do x 103 Q
Q DRERBELTR LTH 5. MEURED DIEOHRET element (cm?/ sec) (cal/ mol)
FERIE T £3°5~155% ThDi=. v 6-45£1-08 18 700600

, Cu 41°5 +£7°5 21 700 700
3.2 PEROXMELOLR Si 1-85£0-28 13 300+ 500

Fig. 2~6 AR ORER L & b ICEROEMARE P 7-05+0°95 17 700+ 500

B FRRAOEREL " S 0:9820-10 10 000+ 300

CXDBIEHRDOS> brdUIOBRRLTHS.
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BRFERafniES R O Cu OIRBREIC OV TSR
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RFRAFNEZR AP D St DIEIREIT 2 W Tl fER 2T
DZ{OMRFBC LS THELTEbRTVS. Bk
b DEDHTH L, T ALK BIEE : s BlE
IREHFIFE : 1400°~1600°C, 1400°C iz 313 5% D (cm?/
sec) : 2:0x 10-5), Grace, DERGED (% %+ £°5 Y —-.
W=tk 1226°~1412°C, 1'5x10-4), MuUsIKHIN,
YESING (J w0/ RF o 2 b)) —pk, 1250°~1450°C,
8:2x10-8), KarunwN, YesiN, Toporisuev® (& o /
RKFovdx MY~ 1300°~1500°C, 6°8x10-%),
SHURYGIN, SHANTARIN® ([a]iiz PR o 175 i 3 BE ol <8,
1200°~1400°C, 5-3 X 10-6), MAjDIE, GRAF, SCHENGK!®)
(EHHER, 1400°~1500°C, 1:1x10-5) % asdh 5.
D5 b, BERMG ED SH L TOHBWERSR T
5L BN B, ABOKREE Fig. 4 WRLA. &
MEORR L B &, IR OER DT D NE <,
& ITTEHEAL T 3L & — HUNE W (FE, 4 ¢ 8+ 2keal/
mol, ZAFAZE : 13-3kcal/ mol). {203, HIEF—- %
— DD LV (GrEE, A 11 {E FHE : 58 @),
AR T 2 HRITEMAL = 20V ¥ — DIED 5 A EFREM: A
ANEWVWEWVI XD, bR, H# ABOF— 42—
N UTHEMROBEMICFTRERET VRSB L, R
DEMOE SRV FEHEDOF~ 42— Lok bF LLFE
Lis .

REEBFNES DD P OIREUREIC O VW T Grace,
DERGED (% ©°5 Y — - Y —sx—pk, 1256°~1412
°C) F LU Majprg, Grar, ScHENCK®  (HE il iE,
1400°~1600°C) DBIEHERMSI|ESh T35, Fig. 5
PHPP»BH X5, MADE 5 ORD IR EREOEIL
BIEIREHEAN TRAHRE DR L X —FH LTWwaH
EEL = 2 v ¥ — DERAAE I D 07 D K& v

RERAEGF D S OB v Tz, )14
(PEfoRtER,  1390°~1560°C, 1400°C 3133 D
(cm?/sec) : 2:9x10-5), Grace, DERGE? (F ¥ 5
U=, UHF——g, 1300°~1431°C, 1'3x10-%) 3
XU Majoig, GrAar, SCHENCK!® (JhBihts:, 1350°~
1450°C, 2-0x10-%) DElEEERBEINTVS. &
D5b, NEDERPDDEDEHEELITZEEDLRS
319, Fig. 6 Wh % X 5, RPIEOIER LIREREY

RIEE-HLTVE8 (RPoBggiNgos—2—%
BOTHEPROERIC FTIS Wb DTHS), ML
REOEIREFEL D D AE V.

BEBTEL S, HEROTRBERZHRE LT
DIRYRBEOTVDH, XERCIHEEE, kL #8E
F—2—REDERMFE LLEBRESNL TV VIEE S
WOT, XERIEDOFHHEZTTE 5 DIXEEH» L.

TR AL R DFEBR B DBIE I I I RN DIREER % <
T, EMEAEELH T ERBERTREETHS. L
L, FHROHERIF CHEE SR —BE, HETT
ELRUFCEHOTCRE LD THE 25, T<
5 < & BILRIT X DIEHIRB OB EVE R T
EWVS B0k b DEBRRT I ENTE X
5.

3-3 MEERDOLER

AT DR EBMEGPD V, Cu, Si, P, S ks
Rl KORTHY @ Cr, Mn, Co, Ni D¥hELFRE DA
EFERELD, 1350°C & 1550°C iz k1F 5ETCHEDOIREL
REBONEEEZ Z N ThOLROFEFHFS TN LTHET
T5&, Fig. 7 0X51/es. TEORMBRTEIR
B LTw5 Si, P, S OEGREY Ligds L,
1550°C Tk Si, P, S L EFHEFDIBITAE L >T
W5k, 1350°C Cid P OASREDS Si oFh X b D
hEV. —HFEAFPOTLRCOWTHS L, WTho
BETH Cu OIEBREEZTFRERSY NioFrh b i
KREVH, VOPRRBREEIEN sz tix Croxrniy
PRELMDOTVS. DX ELOFRBAMERL S
ho2, §3, B4EAPCET SR COVT, R’

o 1550°C Cu
e |350°C

S
6 P
Si 7~
r Mn 7
I 7
-
7~
L{/k
{ £ 1 1

O, x10° (cmex sec)

K3 ] 1 i 1 J t 1
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Atomic number
Fig. 7. Diffusion coefficient vs.fatomic number

for elements dissolved in molten carbon-
saturated iron.
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Fig. 8. Apparent activation energy of diffusion

vs. atomic number for elements dissolved
in molten carbon-saturated iron.
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WS ZEMNTEXS.

> ¥z, Fig. 8 Lo R#I oFEdE b= av¥ -0
HZEEMTRERORTES TR LTHTR LA DTH 5.
EEAL T 2 V¥ — AP OEE, 1350°~1550°C &
W LB E WIBERBOIE T — 4 — Kb &5
skotcb DT, TOECHEDFERERS TLRFTER
Vs, ZORMTHRSDDEDIRHITRORFES & ORI
FEBIERD Hhvis .

4. E =

AL CIIIEHOCEDIREE, Table LITRLAX S
ZHIERT LR BRI AN S 2T, TESKEY
e L. Tiabb, $f9lat LITLE L. ZORE
PHEFHCEREOHEEAMLER CE SRSt T/h
X VR BPEIPREMTH DM, BEI N
BT, e L ECETRERFNESPICRT S
WHATEOBACHIGREEED L, TOTLEOHBEIC
BT 20 RicT o MTELIIW.

X, HEEBCETAEERLE LTR, R0 X
54z Evrine DZeFLHE5, Comen-TurnsurL O Hik
iz, SwAaLN OELEFOHEBmEELHS. ThHD
LTI Cu, Ag7eED X 5 BB k&R
FOBREREICER LTRSS TR Y, ZThbHOHER
X o THIER R EEMCHAT B & LIRS
R LTWaBR, HIEEE OB ERMTHERTES—
HIXBWEIRTWEWS., L ZAT, FRELRE
LTW5DEREB TH DEHOFIIEHOTEDIZ,IT
REXEMET (20 at.% §ifR) AR 3 Ko REkA&T

0T, £OfER XUE OhToORFEMBELIERZIE
WEEMTHD LE X O, HAIARSERIYERD #
HEREKTHREETHS.

FEOBMIIAE & 7 HAT, AREEE PRT
5 BETTE OYRERIE & £ OB ZEEIME & O FEEY
RG2S h D T EPERICR NI T3 20, -
& xVE, 8K, FHROIBSPORITEOIMREICE T
HUEROUEELERE L, ZhihMTEOEgkh~D
EYERME R T AV E — 4F) L TcTl ey bL, 3B
WRE Dj Vi AFS ofhnict bk oTH AT &%
Bnwi L. 4FRBHATLE LIBETH 5% E OB
SWFEEREZEDTLOT, BkbhickI 5BETH
JOREEORELEZ BN, AF}PNELI33EL
DTLEDEGHP BT HEEESY L, RHRE A&
{IEHbDEEZLNS.

ZOBAR, HMOEY FKFH E AT OWER R IE R
LTHXS.
FDidITVE, AP 2 R{ETHREOEH #ERITA
HCEE L hidz blav. £9, JF 5 R
J(EVEBTAVE—  FY) HBUESKCEEAE LT Henry
ORI HE > RABHYs 1% 1k (Fig. 9 @5 A DIREE,
T LVERATALNF - FHRLIBEOEHRT A0y
—Z5b

4F°=73——F2 . (6)

ZEbTHDT, 1550°C B IFLERHG D AF; OE%
Table 3 =7R3. Fig. 9 itk T, ghfi OP 735 Fe-j 2
B RICH T BRSO Henvy EHEDFERE L RDT D
DT, EHEREITHATRDIN B{EENE 1% BKRT
5. 2EEL, Fe-j-Cq 3PEHFRICINC, 25l
LRIU A ADRREZEMEIREEE Loy J OFEE S EhE
OQ CEHLENEHDLETS. MTAHBLOHE, 3RS
% C b HTEEWCVE Henry OFRRIS S D 720, £ 2T,

4| Q
-
3 3t -
(o} - =
A .,C"o‘ ///I{B(F‘ )
‘E 2+ @,\// { P
I z -
D T vty
g —===" 1A (F})
Fe-) !
0 !
0 |
wi % j

Fig. 9. Sketch illustrating theldefinition of the stan-
dard free energy of solution of an element
j in ‘molten carbon-free iron 4F§ or in mol-
ten carbon-saturated iron 4F¥,
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Table 3. Standard free energy of solution of various elements in molten carbon-free
iron and in carbon-saturated iron at 1 550°C.

£ 3
. Solution 4F3 Ref. o o Ref, AF¥ (kcal/mol)

J reaction (kcal/mol) No ¢ €3 No Calculated | Calculated

with Eq. (11)|with Eq. (12)
Si Si(l)=Si —39-6 26 0-24 12-4 25 —29-0 —31-8
P 1/2P,(g)=P —37-6 26 024 12-8 25 —27'0 —29'5
S 1/2S,;(g)=S —-21-9 26 0-113 6-37 25 —16'9 —18'5
A% V (s)=V —23-2 21, 26, 271 —0-174 —7-88 25 —30'9 —30°5
Cr Cr(s)=Cr —25'6 22 —0-118 —5-08 25 —30-8 —30-8
Mn Mn(!)=Mn —154 23, 24 —0-039 —-19 24 —17-1 —18-2
Co Co(l)=Co —16'9 26 0-042 2-86 25 —15-0 —16°2
Ni Ni(l)=Ni —18-4 26, 28 0-042 2:85 25 —16°5 —-17-7
Cu Cu(l{)=Cu —8'8 9 0066 406 25 —5'9 —-7'2

DRI 1% £To>5L & Licd EOFBYE 1% 15
W, Tidbb Fig. 9 KB WTEABTELINLREY
Fx, TOUHENEBZANF - F5ET5. &5
5L, MR WE B RERFMAESKIC LT CBATE
LINSEE 1% BERCEAEOBHB - 2 v ¥ —
Z1L

AFY=TF¥—FY ceeeiiiiiiiie i (7)
75 Fe-j 2GS FROBED AF) TG+ 5 DT, RE
fufniEgk e ki s ks F OREEOREL LTI L
BTED. —F, Ff & Fji LOMTRROBERD
%.

F;=Fo+RTIn f{Puiiinni o (8)
T, fOUE B L TR bR i B R R A Sk
iz kT 5y JiextT 5 COMEERREE £DHT.
Thabhb,

o LiFeiCad )

& fi(Fe-j) )[%.i}eo (9)
L?‘:i)gofs (6)s (7): (S)ﬁlo

AF ;= AF}4+RT In £ cooveieovineieaennneae (10)

ORFABELNE. Zhubp b, RT In £ BREOE
FWEEDTEEETH S Z Lhbh 5.

D EWE, REBMCRTSHEEERGRR f© oFEH
BT WDT, TREALPDOHETHSE L hidik
Licus. %, Wacner OFR log f 9= e P[%C] %
5L, dF; O#RRNE LTKRREZ 5 5.

AF ;= AFS+4'575T ¢ ' [%lay -+ e (11)
T e WAtk HES J ekt 5 ColE
EHBREERDT. L 2AT, Wacner DRIEH & 3
L HBHEBC LCEOT» R 0T, Thk RERFM
DEOIBMREBRCERTELZLESHEMTHS. £
ZTOEE, ThELMERDSH, Fe-j-C Rk
ERNAWE & BE L COWEREIB N Z 2 > TRIR BBSKIC
WFATE S HEEERAGREREZEL L, 4F, OER L LT

Wz 5 5.
Aﬁ=Am+RR?W@W~%Rn?Nh%
+RT In {100M¢-Negyt./Mre- [%Clsas.} - (12)
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Fig. 10. Diffusivity vs. standard free energy of
solution for elements dissolved in molten
carbon-saturated iron at 1 550°C.
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