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Relation between the Transport or Friction Coefficients of Elementary
Ions and the Interdiffusion Coefficients of Neutral Oxide Components
in Multicomponent Slags

Kazuhiro GOTO, Hermann SCHMALZRIED, and Kazuhiro NAGATA

Synopsis:

Molten slag oxides are considered to be dissociated into single ions and/or ionic polymers. In multi-
component systems, linear relations between the fluxes of the ionic species and their electrochemical potential
gradients have been introduced for isothermic and isobaric conditions. Relations among transport (and
friction) coefficients of ions and the diffusion coefficient matrix of neutral component oxides have been
obtained by using the conditions of the electroneutrality and local thermodynamic equilibrium in the
slag.  All transport (or friction) coefficients can in principle be experimentally determined regardless of
the number of components in the slag. The practical aspects of the derived equations have been discussed
with respect to 1) transport coefficients and their relation to tracer diffusion coefficients, 2) the interdiffusion
coefficient and its relation to tracer diffusion coefficients in quasibinary slags, with some numerical examples,
and 3) an approximate treatment given for the rate of diffusional relaxation processes in multicomponent
systems for very short and for very long times. Also, rate equations have been derived for the oxidation of
a metal by an oxidizing gas, when the metal is contained in a metal bath covered with a multicomponent

slag layer. This equation can be compared with Wagner’s equation for the oxidation of pure metals.
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Fig. 1. Comparison between the measured and
calculated quasibinary interdiffusivities of
CaO and SiO, in molten Ca0-5i0,-
Al,O4 slag (4 :4: 2 by weight).
Key to the plotts; @ Nacara and
Goro?l), O O, and X Majbic and
Wacener22). Two thin lines are tracer
diffusivities of Ca2+ and Sit+ 23)~29),

is



R

A
%%

it
4

A7 I D
bRk oy AR IRE R B D

fpERLAFVOL TV AFE— PREBS XU EEoREL )
BE £ 2801

e L, CaO b SiO, OADBMHECHH LTV 2HE
® Deao-sio, DEREEL (58) Ric X BFHEEDLE
%%waé.%ﬁ@ﬂKW£ﬁT%L,%MEH3@
HobLBOR LS LEAWET e » FTTRERTVD
Dcaso-sio, DEEIE AlO, (%Ekibf~%&lﬂ?§é5ﬁ
LT, kM, %D, Osa®, XU Mappié and
WagNERZ) LIz Lo THIEEN TV 5.
FHEIIROXBH V.
D ) 7.628DY, 2+ Dgia+
Ca0-8i0:™"1 612Dy, z++6(H6DmH
a4y Fig. | WHIVWERT, X OBREOKEOH
L EbimmLTHDD, C@%ﬁﬁ ToweRs et al28)24)
& Niwa2® 03 S>OMRHEROFHERZ LOTVD
Z7- Si @ b L — Y —PEEEEVE Towers and CHip-
manz®) OEREIEERTH 9 ik Fig. 1 TV ES
TIRLTH 5.
(58) iz X HFE(E L EBIEOMER, 2o AREE
mBLY, CI+CZ=constant vy RER Hvwabi
DK DDH &5 VITTEEERDIEEIC X 2O H

S TCIRIARATH 5.
3.4 B2 THELRFREEROTO SITRILE OEL
RIEE O DNT

PO L ETEHRAT TOWRBIFREE mEh
LY 51, D 2t 2 Dif o 2B TATHEESH
BESCHNETRTCO Lip BEEBILOTHRDHTD
59,

Lo L, BAIEF RS EEEL,FELLVD
T, TR TS4 A0 b v — 3 — RO L%
HWC, %I0HRA T 5 OUEOEE 2B RS H
A ERTHLEBEELRILITEDTL 5.

SEFEAS SIIEB] DDAY T2 T 5 — 7~
b (Si0,, P05 BO; 7o &) £ 2D0D% v rO—2
=547 74 v—E{tH (CaO, MgO, BaO, Na,0,
FeO 7 &) #EHLTWH I ENBEW.

@ zic 30 RERHERR(LY & T B & — R T DIEHUERE
RIFEFRBLVEEZILRLSDT,

D= D> DI ceeeeneeeeeiensenin e (59)
DPFEERELTH XD

DX SHBEERUTOX S EEXHA VS &, Fig. 2
ot X 5 fo kiR (diffusion-composition path)
BHEL T ENTED.

(1)  PRERDHERERRE DRI IREL D F W 10 & 20 DOF
ORMEIBLDBHETT L, EADIKER OFRD 30 Dk
BRI COORE LR Cicfkich s

(2) $HELO&EA T T 30 25 10 & 20 iThf LTHE

Cy at 1=0
B A
A
o Cw 0t-7=0 c
' =
! 'Go ot / 0 A
0 tr=w
o Co d C Coat f =@ A
0 Coat7=0 \ Uphill diffusion
]
!
0 Cwoot 1=0 .
Cwat 1= c
° \»Z Cewo Gt 7=
B L A
K A
Cw 017=0

Fig. 2 Diffusion path plotin a quasiternary com-
position diagram. It is assumed that the
mobility of component 3 is negligible
compared with components ! and 2. The
diffusion process is simplified in two stages:
(I) quasibinary interdiffusion 10-20 and
(II) quasibinary interdiffusion 30— (10+
20). The lower part of the figure shows
the penetration curves during the initial
relaxation process (constant molar volume).

YRER A TTIR 5.

DX S HERR L THRELEE TRV, ST
HOBBP IO 2EBKST DL, TOFERERL
nNEN L L — % — VR X D EHE S D5 2 STTHE IR
BTEIC XD ORI kD 5 Z LB TELDTI I
FERTHS.

Fig. 2 O ToH4ix 10, 20, 30 © lecm® D E IV
BR—F LW EHTERE () & (2 oREZRWT
IMABXPBE D I 3515 % 10 & 20 D iREE %357 & Kef D BS

— 929



2802 % L @

% 61 4 (1975) Z13=

BMELTRLAEDDTH S.

ZO5T B EMMAICRTS 10 (5T 20) O¥kEL 7
7 v 2 Z2DRT (54) RTFREh, 0% 2 TTHE RS
FEI R S OB X >T (85), (55'), (58) H B
I (58) MoVWThroRickoThkdbhs. 0
A Ny & Ny BBt E G0 ES[EZ2H V5.

B 1 EREC 313 BIRE A DEER 10 & 20 25t
% 30 D%t 2 TAEIRHRBOBSEZRAW TRk 5 &
MNTES.

dC. .
Fo0=—Dao (10+ 2032 I B e e (60)
ZZTRDESHWITOEEZTTR S &,
Ny g=Nygt Nyg e vveermmeeeenenerenaonianeneneans (61)
Ny Di* + N, DiF
D =01 T e (62
TN Vo, (62)
Z N+ ZyNy,
Zy_p=ATAOTEET e (63)
1 Nyp+ Ny,

INHDRESEAWCT, (58) H2pkiL> HE &
LTCRT &,
b30—(1o+20)= DgrD{r—s(Z}—2N1—2+{§N30)"
Zi_sNy— 2Dy 3 DiTy+ Z3N,, DY
2T (89) REFE LB EHBOE 2 HITAEIMC 4
HTEBHDT,

(64)

g@EL]mmmmﬁm

Zi_oNy-»

ZZT tor =1.0 HBWE £,=1.0 DL XL a i+
o, W fcations=1.0 DEEIX a 1 1.0 itk 5.

(65) VLB VEE KD 30 23 10-20-30 =52 5 &'
CBRTHE, TORERBENREZ § DX 7 JAIDE
REHFRD 30D 10 L 20 T+ 5HEHLETH 5SS
JERCH SR E LTEBEINS. ZOBE Ny, Ny,
Ny ZRRBRDOEHEE &5 & (65) ik b ihE%
BRI kD 550 T, FOBBEEIIRRIC X
DCEFHETES.

~ ~
~ ~ Cbulk__clnt,otmce

J ADso—(10+20) 20 550

LT ARERELY 30 ORERTH 5.

ZDX SRR Y vz 4 AU EORSBREEND
Bad, 2l &L E RO AbDERE D
WCREBEIRRENS. Thbbyiix 1 TE v 2 DO
HHE DG 2 FTLIKEL SR 1 HFBVW RGO, Oz h <X
TORGCRT D5 2 THEIRE E LT LR EFREos
IETXOEES b v — v — BRI D & X 0 R Lpie sk
D5 EBRHES.

LaL, (B31) RLLTORD & DBV onTETN
TD I'i=1.00 L WA REE Lip(i=k) <<Lii L35

-
Dao-(m+zo)'=D§rl_1 +a

......... (66)

HEZRAWTVHDTERTHL T TMELRTH L C

EREN TS

35 HBBEDBRD, SERASTICEbNI
EEEOTHBILOERERIC DT

EEEP TR T 2580 FEY, £BHBEEEST
WESITA T VOB L O TREIhTWHIES %
EXATHID. HHEBHRPCEINRTVEH5R6D
Bo% 1 THRL, ZHHE{Ex 55T 10-20-30 215
A7 VCRIREND LE 2B, b LRT FhOEEIRE
DRI D OELDOEEIRXR S FOE S i bHld
5. bLAZRDRZ S RA~OWBARESER SN S
BRAZVHOBBNF & LTEFLELLEZCAN
iFhE s 7.

CZTEH (BF2EoTHRLEDOT) %4 CRT
&, O A F3FEEDLL EEL, TVHEREY—FL
ExBE, 1,2,3,4 QBT 5 » & 2iE (28) Hic ko
THRDZELRENS.

> dy dy dy
.]1“ [_Tll Hio 4T Hzo + T Hao

12— .
+ Ty d'u""] .................................... (67)
+ T oy d;l’:‘;:“-' .................................... (68)

et e v, B
+T34%°_} st (69)
+ Ty da‘i‘" ] - (70)

LT po VRO FISO HEREMA IR LT 5
LEZDE, PHABED 1 YESVOLEEF v
¥ VLl 5.

—;-Oz‘ -+ positive holc=%0(neutral) cenee (71)

b LA | OEBBHOIREN /NG D0, BLE
Brh, 235 2°dhd 10 2 20 2 30 DAL 5T & A L
ESFRVBA, due d, dps ¥R LR T
BTESD. PR LR DOROENOE 4 THO B
5.

HBARRb b, BAEHHED D OREN | O
EERE i OHRELELVOT,

— 30 —

4~



ZHE— rREB IO ESOHBEKE
2803

4%% 1
—gr—ﬂm
::fﬁ@m@méﬁ%wwﬁgﬁ,qﬁéiﬁﬁ
2o (neutral) VIFHMEETE | HEHL D OILERT v v
WEERT D,

SEEEBITIE J, 12T VRO BRI 5T —ERD
T (72) REBETHLROL IS,

surface

d,u (neutral)

rate= Tu dx

- (72)

dny, 9

—_— T—lid:lo(neutral)
dt  dx

metal/sleg interface
- (73)
T dx AT SBOEITHS.

zZC (73) RiIkDdLEERTH 505, EEHYC Y »
AEEEHAT DB L,

d’;o p 'surface

—d;—z _A—x metal/slag interface

L11L44

Lyy+ Lyg+ Lag+ Las+ Loo

o~
l‘#‘)(neunrul)

= (74)
<B)ﬁwﬁhaom,0®‘tmLM%féém L
A F D BEO/NLD BT ZEWR DR 7 7D HEE,
Ly>>Li; &750T (74) R ECHEICRD, (48)
R Ui 2T Ly 2 1 O b v — —¥hpiREic s & 2
x5 &, By 1 OFLEEGECENC L o bLr—9 —1K
R TR T RS

—F b LEIEE 1 2SER{L U Tl B REg{b 10 %
ERT BEETE, SRR TFzEiEbICLD L, %@
ﬁméﬁﬁ(%)ﬁxn,

dnw surface

yril
e + =
dt 4(]1 JO) 4xJ ipterrace

Lya(Lix+ Loo)
Ly +Lop+Las

b, 62) XKEHVB L,
d’;;o =—q——j surface
dx RT 4x interface
tp(chrr+ (sz )dﬂo(ueumral) ......... (76)

amo,__ftpmﬁﬂ®%?%T?

oRIEHEBHSTHEEBRILE 5T HBE0FAL C.
WAGNER OFEERI® L F 07 —HTHDT, AR
TEL (28) RIFELWVWIZ EEZRLTWS.

4. ¥

oM E TCOROERICE VTR S VY ROBLAMT
P L RWMEHE E VO EE LrAVTWEWDT, 5
SR, T7cbb Lir, Dir, Rir, Dix OREIOEGHR
BIRTHEL—BZRTHE. ZORBEHOREDE

d;o(neunral) cveeeeene e (75)

i

BEOWVWTHE, FRCR T SEBEILRICOERS, HRIC
B HBHROTFHEHEENOBIEERL ZCE VTR
¥ < OMRRERBT RN T VB, WThdEERF
EOREFBRTDH L EHRELTVS.

—HESHTHOEBADREC X HREDR/NEIE
i BMS 2 LXEEETH D, UTRELOHEERE
mLTHL.

L UFER RS fi 2 MR L CEBEE XY D" kD
5L, BERRED LTV X SICEEMEBLHO» F
AL DPE il 0.4~0.7 T BEIBHHDOT, KD
Dyp-20 CHVE D DBERET LHCEBLET 5.

—%, BNFHET I'(rro) CHHEERTF I'(Vio) &
MALTH, X7 FOMBEEAIPECEVWLPEIDHED X
ERMBAECILLRVWTHAS.

s a3 Lip (ixk) 2EHTI2H580RELEXD
EEDOKNEHET HORIFFICEETH D25, (55) K
% (66) RIFBFESICHEVWTRIM—DOERED D 5L
X THHTLEROIDE /LY. ThbbTXTO
Liy %318+ 5 WER ti, D, 8 D" B33~THEH
IhTwikWwT D OERBIfEOL Y5558, ELXO
EREHI IR R L odicix (85) R (64) XEAW
X5 EET .

BBCR LS TTA I S CBbhiceE
OFERIEBOELRERILRIFRD ES
WHZENARETHA S

%, (28) Fx b C. Wacner ORMVEHTEHZ &
FRUEN, 2oz EEdc (28) RomEEL &,
DIFETH 5.

@242 Lix, Dir, Dix, Rix ODREOF A Z2IBAKRR
I vErofrnER ERCL RN ESHEND
tEZLND.

2D 1 A (K.S.G) BERPED -0 B ES%PHE
LTEAY - FLrEH oL~ 7RV MR XS

B D KAREEL
BREIRSE O AFERIZ A

BT BCREHMT .
x L2
1) L.Ownsacer: Trans. N. Y. Acad. Sci., 46 (1945),
p. 241

2) A. Kremm: Z. Naturforsch., 8a (1953), p. 397

3) R. W. Larry: J. Phys. Chem., 63 (1959), p. 80

4) A. G. Guy and V. Leroy: Journeés Inter-
nationales des Applications du Cobalt, Brussels,
June (1964)

5) T. O. ZiepoLp: Thesis, Mass. Inst. of Techno-
logy (1965)

6) J.S.KirkaLDY, G. R. Mason, and W. J. SLATER:
Can. Inst. Mining Met., 64 (1961), p. 53

— 3] —



2804

& & 8 % 6l £ (1975 gEi3e

7) J. S KirraLpy, Zia-Ul-Hak, and L. C. Brown:

8)
9)

10)

Trans. Amer. Soc. Metals, 56 (1963), p. 834

M. A, Davananpa and R. E. Gracg, Trans.
AIME, 233 (1965), p. 1287

M. A. Dayananpa, P. F, KirscH, and R. E.
Grace: Trans. AIME, 242 (1968), p. 885

A. G. Guy and J. PHiLiBerT: Z. Metallk.,, 56
(1965), p. 841

11) J. R. Man~iNG: Met. Trans., 1 (1970), 499

12)
13)
14)
15)
16)

17)

R. T. Denorr, L. J. Anusavice, and C. C.
Wan: Met. Trans. 5 (1974), p. 1113

D. G. MiLLer: J. Phys. Chem., (1966), p.2639
J. RicuTer: Habilitation Thesis, Faculty of
Mathematics and Natural Science, Technical
University Aachen (1972)

Y. Oimsui, A. R. Coorer, Jr., and W. D.
Kingery: J. Americ. Cer. Soc. 48 (1965), p.88
Y. Owsar: Japan-USA Joint Symp. on Ceramics
1972

A. K. VarsanNeya and A. R. Cooper: J. Amer.
Cer. Soc., 55 (1972), p. 312

18)
19)

20)
21)

22)
23)
24)
25)
26)
27)

28)

C. Wag~er: Z. phys. Chem. B21 (1933), p.25
K. §. Goro: Nippon Kinzoku Gakkaiho, 12
(1973), p. 745-753

JREFE, THEELRR, HaIiEks (1975)
K. NacaTa and K. §. Goro: Tetsu-to-Hagane,
60, (1974), S127 and ibid, 60 (1974), S417
A. Majpic and H. Wagner: Arch. Eisenhiit-
tenw., 41 (1970), p. 529-32

H. Towers, M. Paris and J. Cuipman: J.
Metals, 15, (1953), p. 1455-58

H. Towers and J. Curpman: J. Metals, 9
(1957), 769-73

K. Niwa: J. Japan Inst. Metals, 21 (1957), p.
304-8

FIRE: BV BETHERSRS, (1966), p.
181-9

K. Kawamura: Electrochimica Acta, 12 (1967),
p. 1233-44

K. Kawamura and T. Axpo: Trans. JIM, 14,
(1973), p. 457-61

— 32 —



