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The t r a c e r  diffusivi ty of Ca 45 has been  m e a s u r e d  in CaO-SiOz mel t s  in the t e m p e r a t u r e  
range  1500 to 1700~ In addi t ion the e l e c t r i c a l  conduct ivi ty  has been  de t e rmined .  Both 
p rope r t i e s  dec rease  with i n c r e a s i n g  s i l i ca  content .  The ac t iva t ion  ene rg ie s  (N30 kcal  
g .  atom -~) a re  of the s a m e  o r d e r  of magnitude.  The e l e c t r i c a l  conduct ivi ty  as computed 
f rom the diffusivi ty on the a s s u m p t i o n  that  the tota l  c u r r e n t  is  t r a n s p o r t e d  exc lus ive ly  
by divalent  ca lc ium ions and that  the usua l  N e r n s t - E i n s t e i n  r e l a t ionsh ip  is val id ,  is  
somewhat  lower than the m e a s u r e d  e l e c t r i c a l  conduct ivi ty  with the d i f ference  i n c r e a s i n g  
with i n c r e a s i n g  s i l i ca  content .  

T H E  ra te  of many s l a g / m e t a l  r eac t ions  is cont ro l led  
by t r a n s p o r t  in the slag,  and in o rder  to compute the 
rate  of such reac t ions  the m e c h a n i s m  of t r an sp o r t  in 
the s lag mus t  be unders tood.  Slags a r e  mul t i com-  
ponent oxide mix tu res  which a re  d i s soc ia t ed  into ions 
and which usual ly  contain cons ide rab le  amounts  of 
s i l i ca .  Only few and con t rad ic to ry  data  a re  avai lable  
on the mobi l i t i es  of the va r ious  ions in the t echn ica l ly  
impor tan t  s lags .  Usual ly,  it is  a s s u m e d  that the s i l i -  
cate mel ts  a re  cation conductors .  This ,  however,  is 
not in keeping with the se l f -d i f fus iv i ty  of oxygen which 
is r epor ted  to be in the same o rde r  of magnitude or 
higher  than that of ca lc ium.  6-8 Also  the se l f -d i f fus iv i ty  
of s i l i con  is,  although lower than that of the cat ions,  
s t i l l  r a the r  high. 1'2 Hence, the t r a n s p o r t  mechan i sm  i s  
not well  unders tood and it is not c l ea r  how the e l ec t r i -  
cal t r a n s p o r t  p rope r t i e s  and d i f fus iv i t ies  a re  in t e r -  
re la ted  and how flux equat ions  should be fo rmula ted .  

In o rde r  to improve  this  s i tuat ion,  se l f -d i f fus iv i t i e s ,  
chemica l  d i f fus ivi t ies ,  t r a n s f e r e n c e  n u m b e r s  and 
e l e c t r i c a l  conduct iv i t ies  should be measu red ,  us ing  
the bes t  expe r imen ta l  techniques  ava i lab le ,  to obtain 
se ts  of data as complete as poss ib le  for  specif ic  s lag 
s y s t e m s .  The p re sen t  au thors  have s t a r t ed  such an 
inves t iga t ion  on CaO-SiO2 me l t s .  This  s y s t e m  is the 
b ina ry  bounding sys t em for most  s lags  in i ron  and 
s tee lmaking .  In the following paper  the r e su l t s  will  
be r epor ted  on the t r a c e r  diffusivi ty of Ca 45 and on the 
e l e c t r i c a l  conductivi ty.  A subsequent  paper  wil l  deal  
with the t r a c e r  diffusion of Si 31. 

EXPERIMENTAL TECHNIQUE 

The diffusivi ty of Ca 45 was d e t e r m i n e d  in the tem-  
pe ra tu r e  range  1500 to 1700~ us ing  the cap i l la ry  
technique.  Act ive and inact ive  rods of the same chemi-  
cal  composi t ions  and of 1.2 cm length were  placed in 
a cap i l l a ry  over  each other .  The cap i l l a r i e s  were 
machined f rom molybdenum and had i n t e r n a l  d iam of 
2 ram. In  o rde r  to avoid convect ion the cap i l l a r i e s  
were suspended in the lower half of the hot zone of 
the furnace  dur ing  the diffusion expe r imen t .  
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The s lags  were  p r epa red  f rom high pur i ty  ca lc ium 
carbona te  (Merck, Darms tad t )  and s i l i ca  (Koch-Light,  
Coinbrook).  The mix ture  was f i r s t  annealed  at 1200~ 
for  12 h and then mel ted  at 1600~ in a p la t inum c ruc i -  
b le .  In  o r de r  to ensu re  homogeniza t ion  the mel t  was 
s t i r r e d  with a p l a t i n u m - r h o d i u m  rod at r e g u l a r  i n t e r -  
va l s .  Subsequent ly ,  the mel t s  were  vacuum degassed .  
The rods were  p r epa red  by sucking the mel t  into 
graphi te  tubing  of 2 mm ID. The tubes  were  then 
quenched in a copper block.  The rods  could eas i ly  be 
pushed out of the bore .  P i e c e s  1.2 cm in length were  
cut off, and the t r a n s v e r s e  su r f ace s  of the i r  ex-  
t r e m i t i e s  were  ground and pol ished to obtain pe r -  
fect ly  flat su r f ace s  for jo ining the diffusion couples .  
The rad ioac t ive  rods  were  made,  in the s a m e  w a y ,  
f rom the s ame  s t a r t i ng  mix ture  by adding " c a r r i e r  
f r e e "  Ca 4s t r a c e r .  The t r a c e r  was pu rchased  in the 
fo rm of an aqueous Ca4SC12 solut ion.  Af te r  the addi t ion 
to the s lag  mix ture ,  concen t ra ted  a m m o n i a  was added 
and the mix tu re  was heated to d r ive  off the chlor ine  
as a m m o n i u m  chlor ide .  In  some e xpe r i me n t s  oxalic  
acid was added to conver t  the ca lc ium chloride to cal-  
c ium oxalate .  The r e  was no d i f ference  in  the diffusivi-  
t i es  as obtained with the rods  p r e p a r e d  by these  two 
p r o c e d u r e s .  

The diffusion e xpe r i me n t s  were  c a r r i e d  out in a 
molybdenum wound tube fu rnace .  F o r m i n g  gas (95 pct 
N2, 5 pct H2) was used as a t mosphe r e .  In some exper i -  
men t s  the fo rming  gas was passed  through a mix ture  
of oxalic acid and oxalic acid anhydra te ,  held at 20~ 
in  a t h e r m o s t a t i c a l l y  cont ro l led  bath to obta in  a de -  
f ined H20//H2 ra t io  and oxygen p r e s s u r e .  These  ex-  
p e r i m e n t s  y ie lded the s ame  r e s u l t s .  The t e m p e r a t u r e  
of the fu rnace  was cont ro l led  e l e c t r o n i c a l l y  within 
•176 

At the end of the diffusion r un  the sample  was drawn 
into the cold top of the fu rnace .  The cap i l l a ry  was 
embedded in mount ing  m a t e r i a l  and a longi tudinal  
sec t ion  of the sample  was p r e p a r e d  by gr ind ing  and 
pol ish ing.  The concen t ra t ion  prof i le  was d e t e r m i n e d  
with a m e a s u r i n g  device which was bui l t  in this  labo- 
r a t o r y  (Fig.  1). It cons is ted  of a suppor t  table with a 
s l i t ,  the sample  holder  which could be moved over  the 
s l i t  with a m i c r o m e t e r  and a methane counter  with a 
gold window which was placed under  the s l i t .  The 
width of the s l i t  was chosen at 0.5 mm.  The /3-radia-  
t ion pa s s i ng  through the s l i t  was m e a s u r e d  in the 
s a mp l e s  each 0.5 mm.  
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T h e  a c t i v i t y  A o f / 3 - r a d i a t i o n  a t  d i s t a n c e  x i s  g i v e n  

b y :  

@ [1] A = e r f c  2 ~  

w h e r e  A o i s  t h e  u n c h a n g e d  a c t i v i t y  a t  t h e  e n d  o f  t h e  

r a d i o a c t i v e  r o d ,  D t h e  d i f f u s i o n  c o e f f i c i e n t  of  C a  45 a n d  

t t h e  d i f f u s i o n  t i m e .  B y  p l o t t i n g  t h e  r a t i o  A / A  o a g a i n s t  
d i s t a n c e  o n  p r o b a b i l i t y  p a p e r ,  s t r a i g h t  l i n e s  a r e  o b -  

t a i n e d  a n d  t h e  d i f f u s i v i t y  i s  c o m p u t e d  f r o m  t h e  s l o p e s .  
D u r i n g  s o l i d i f i c a t i o n  a n d  c o o l i n g  t h e  s a m p l e s  c o n t r a c t  

motybdenum crucible 
with diffusion couple - ~ ~  /roouFJ[irlg moteHcl 

t 

Table 1, Experimental Results on Tracer Diffusion of Ca 4s in 

CaO-SiO 2 Melts as Obtained in This Work 

Composition Activation Energy 
of Mel t ,  Temperature, Dca4S X 106, EDCa24, 
NSiO2 ~ cm 2 s -1 kcal g-atom -t 

0.634 1500 1.7 
1550 2.2 2.1 2.1 35 
1560 2.0 2.0 1.9 
1600 2.8 2.8 3.0 
1610 3.0 2.7 
1650 3.2 3.3 3.8 

0.587 1560 2.8 2.8 3.0 2.7 
1600 3.6 3.6 30 
1650 3.8 4,5 4.2 

0.530 1550 3.1 3.4 3.6 
1600 5,0 4,0 5,1 34 
1700 6.4 7.4 

0.488 1550 4.2 
1560 4.7 4.2 
1600 5.1 5.7 
1650 6.9 6.9 

5.3 
34 

diffusion couple spnng/ ~ _ _  __~ 

Fig.  1- -Sketch  of appa ra tu s  used  to m e a s u r e  the c o n e e n t r a -  
tion p ro f i l e s  of Ca 4s. 

I ~--- frequency generofor 

_ _ l  I --L- 

ground 
reference resistonce, I00~ 

0,448 1500 4.3 4.7 4.5 
1600 5.7 6.8 6,2 
1700 10.5 9.9 

29 

Table 11. Electrical Conductivhy of C.aO-SiO 2 MeI~  as Determined in this Work 

Composition Actwation Energy, 
of Mel t ,  Temperature, Electrical Conducti~ty, E K , 

Nsio2 ~ ~ 4 cm-1 kcal g-atom-I 

0.634 1500 0.108 0.107 26 
1519 0.118 0.116 
1538 0.125 0.125 
1560 0.138 0.139 
1580 0.148 0,149 
1600 0.161 0,157 
1607 0,163 

0,587 1519 0.153 26 
1531 0.161 
t540 0,166 0,166 
1550 0.173 0.175 
1560 0.188 0.180 
1580 0.192 0.195 
1600 0.211 0.212 

"-- - -  current leads 
- -  voltoge leads 

digito( voltmeter 

thermocouple 
holder 

~ olumina tube 
of furnoce 

- -  " L .  
crucible with 

support 

Fig.  2- -Conduct iv i ty  cell and m e a s u r i n g  c i r cu i t  ( s c h e m a t i -  
cal) .  

0.546 1550 0.226 27 
1553 0.231 
1566 0.24O 
1569 0.245 
1585 0.258 0.262 
1600 0276 0.277 
1605 0,281 
1618 0,297 
1622 0.300 

0.486 1550 0.327 0.328 25 
1560 0,338 
1577 0.360 0.358 
1600 0.393 0.390 
1615 0.415 
1618 0.418 

0.448 1499 0.307 0.297 27 
1524 0,344 0.335 
1550 0.375 0.380 
1580 0.425 0.425 
1600 0.456 0.457 
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somewhat .  The obtained diffusivi ty va lues  were thus 
co r rec t ed  to take into account  the changes in dens i ty  
of the s lag.  The cont rac t ion  was taken to be main ly  in  
the length d i rec t ion .  Consequently,  the diffusivi ty  
va lue  at r eac t ion  t e m p e r a t u r e  is d e t e r m i n e d  by mul t i -  
p lying the room t e m p e r a t u r e  value with the square  of 
the ra t io  p(20~ of the dens i t i e s  at room t e m -  
p e r a t u r e  and diffusion t e m p e r a t u r e s .  The room t em-  
p e r a t u r e  dens i t i es  were  m e a s u r e d  with a pycnomete r .  
The dens i t i e s  of the mel t  were taken f rom the l i t e r a -  
tu re .  1~ The d i f ference  between the dens i t i e s  at room 
t e m p e r a t u r e  and diffusion t e m p e r a t u r e  is in the o rde r  
of 10 pct.  

The e l e c t r i c a l  conduct iv i t ies  were  m e a s u r e d  with 
AC c u r r e n t  of va r i ab le  f requency us ing  the four pole 
method. The melt  was contained in a p la t inum c ruc i -  
ble .  A T a m m a n n  furnace  was used.  The a tmosphere  
cons is ted  of fo rming  gas which was passed  through a 
mix ture  of oxalic acid and oxalic acid anhydra te .  
Some expe r imen t s  were  conducted under  a rgon  or a r -  
gon oxygen gas mix tu res  y ie ld ing the same  r e s u l t s .  
The sketch of the cel l  and of the m e a s u r i n g  c i rcui t  is  
shown in Fig .  2. The e lec t rodes  cons is t  of two p la t i -  
num wi res ,  pa r a l l e l  to each other  at a d i s tance  of 10 
and 0.5 mm in d iam.  The e lec t rodes  a re  at tached to a 
holder made of an a lumina  tube.  The holder  is fas t -  
ened to a gear  with which the e l ec t rodes  can be im-  
m e r s e d  into the s lag.  The i m m e r s i o n  depth was 10.0 
mm.  An AC cu r r en t  is passed  through these  e lec-  
t rodes .  The voltage is m e a s u r e d  with two other  leads 
which a re  welded to the e lec t rode  w i r e s .  Hence,  the 
voltage drop in the c u r r e n t  c a r r y i n g  wi res  is e l i m i -  
nated.  The cu r r en t  was produced by a high f requency  
gene ra to r  and was m e a s u r e d  as the potent ia l  drop at a 
r e f e r e n c e  r e s i s t a n c e  of 100 ~2. M e a s u r e m e n t s  were 
taken as a funct ion of f requency .  With i n c r e a s i n g  f r e -  
quency the po la r iza t ion  voltage drop at  the in te r face  
of the e lec t rodes  d e c r e a s e s ,  and at a suff ic ient ly  high 
f requency  (30 to 100 kHz) the ra t io  v o l t a g e / c u r r e n t  be-  
comes independent  of f requency and equal  to the ohmic 
r e s i s t a n c e  of the s lag .  The cel l  was ca l ib ra ted  with 
aqueous 1 N KC1, 0.02 N KC1, s a tu ra t ed  NaC1 solu-  
t ions at 20~ and with KC1 mel t  at 850~ 

as well  as  the e l e c t r i c a l  conduct ivi ty  dec rea se  with 
i n c r e a s i n g  s i l i ca  content .  

The t r a c e r  diffusivi ty  of Ca 4s and e l e c t r i c a l  con- 
duct ivi ty  have been m e a s u r e d  prev ious ly  in s i l i ca te  
s l ags .  In most  of the f o r m e r  d e t e r m i n a t i o n s  of Dca45 
there  is a cons ide rab le  s c a t t e r  be tween individual  
m e a s u r e m e n t s .  The p r e se n t  va lues  agree  bes t ,  at the 
same  bas ic i ty  CaO/SiO2, with those m e a s u r e d  by 
Towers  and Chipman ~'2 in  s lag  with approx imate ly  40 
pct CaO, 40 pct SiO2 and 20 pct A1203. But they a re  
higher  than those d e t e r m i n e d  by Sail5 and Maruya  4 and 
by Niwa 3 and lower than those obtained by Johnston,  
S ta rk  and T a y l o r .  9 F o r  ins tance ,  at 1500~ the datum 
of Chipman and Towers  or  Sail6 and Maruya  (extra-  
polated f rom somewhat  lower  t empe ra tu r e )  is  (2.2 

I ~ I I I I I I I I I ~ I I i  

10- - ~,,...~--..... ~.~, 1500 ~ 

\\ 

-00 -05 -04 02 0 07 04 06 08 
cimtonce x (cm) 

Fig. 3--Typical examples for concentration curves of Ca 4~ as 
obtained in this work. 
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EXPERIMENTAL RESULTS AND DISCUSSION 
2.10 4 

The e x p e r i m e n t a l  r e s u l t s  a re  l i s ted  in Tab le s  I and 
II. Severa l  diffusion expe r imen t s  were  pe r fo rm e d  with 
d i f fe rent  diffusion t i m e s  for each s lag  composi t ion  and 
tem-perature .  As shown in  Tab le  I exce l len t  r ep roduc i -  ~ 1105-- 
b i l i ty  of the dif fusivi ty  va lues  was obtained.  As an ex-  ~ 810-6- 
ample ,  F ig .  3 shows the concen t ra t ion  curves  obtained ~ 6.10-6_ 
with s lags  of NSiO2 = 0.634 at  1560~ f rom which the ~ - 
following diffusivi ty va lues  were der ived :  2.0 x 10 -6 Z 4.10_6_ 
cm 2 s -I for i h, 2.0 x 1.0 -6 cm 2 S -I for  3 h, and 1.9 
x 10-6 cm 2 s -I for 5 h. F igure  4 shows the di f fus ivi -  
t i es  for va r ious  s lag  composi t ions  as a funct ion of 
r e c i p r o c a l  t e m p e r a t u r e .  2.10 4 

The e l e c t r i c a l  conduct ivi ty  data given in Table  II 
a re  plotted in Fig .  5 as  a funct ion of r e c i p r o c a l  t e m -  
p e r a t u r e .  The ac t iva t ion  ene rg i e s  for  diffusion of 
Ca 45 (average 32 kcal  g -a tom -1) and for  e l e c t r i c a l  
conduction (average 26 kcal  g -a tom -~) as de t e rmined  
f rom the s lopes  of the s t ra ight  l ines  in  F ig s .  4 and 
5 deviate  only l i t t le f rom each other .  The diffusivi ty  

1.10-5 
5.0 

I I I I I 

i i i F 

I I I I I 

5~2 i , , ,. , 54 5 6 
104/T (%-1) 

Fig. 4--Tracer diffusivity of Ca 45 in CaO-SiO 2 melts as a 
function of temperature. 
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Fig. 5- -Elec t r ica l  conductivity of CaO-SiO~ melts  as a func- 
tion of t empera tu re .  
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t ~  
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" computed for toe 2. : 1 

110 -5 
8.10 -6~ 

i i i i i i i i 

1600% 

610 -bl 

' ~  410 -6- t ~  

210 -6 

110-~ 
o44 oiB ' o.~2 ' o ~  o~o o64 

NSi02 
Fig. 6 - -Elec t r ica l  conductivity (upper diagram) and t r a ce r  
diffusivity of Ca 45 (lower diagram) as a function of mole f r a c -  
tion of s i l ica  for 1600~ 

+ ~1 .3 )  • 10 -6 a n d  1.6 x 10 "~, r e s p e c t i v e l y ,  the  d a t u m  of 
J o h n s t o n  i s  (5.2 • ~2 .5 )  x 10 -~ and  tha t  of N iwa  6.5 
x 10 -~ c m  2 s -x (1400~ fo r  the  40 pc t  CaO, 40 pc t  
SiCk, 20 p c t  A1203 s l a g .  O u r  d a t u m  f o r  t he  b i n a r y  s l a g  
of s a m e  CaO/SiO2 r a t i o  a s  e x t r a p o l a t e d  to 1.500 o r  
1400~ i s  3.1 • 10 -~ o r  1.7 • 10 -6 c m  2 s -x, r e s p e c t i v e l y .  
T h e  p r e s e n t  d a t a  on e l e c t r i c a l  c o n d u c t i v i t y  a r e  v e r y  
c l o s e  to  t h o s e  m e a s u r e d  r e c e n t l y  in  CaO-SiO~ m e l t s  
by  Ogino  and  N i s h i w a k i  ~2 ( s e e  F i g .  5), but  t h e y  a r e  

l o w e r  ( f a c t o r  of 1.6 to  1.3 at  1550~ t h a n  t h o s e  of 
B o c k r i s  e t  al ,  1~ and  of M o r i n a g o  e t  al t4 ( f a c t o r  of about  
1.6 a t  1600~ and  h i g h e r  ( f a c t o r  of abou t  1.2) than  
t h o s e  of M o r i  and  M a t s u s h i t a .  1S 

T h e  t r a c e r  d i f f u s i v i t i e s  w e r e  u s e d  to  c o m p u t e  the  
e l e c t r i c a l  c o n d u c t i v i t y  a s s u m i n g  tha t  c o n d u c t i o n  i s  
s o l e l y  by  m o t i o n  of Ca 2§ ions  and t h a t  the  N e r n s t - E i n -  
s t e i n  e q u a t i o n  is  va l id .  T h e  f o l l o w i n g  e q u a t i o n  a p p l i e s  
w h e n  the  t r a n s f e r e n c e  n u m b e r  of t he  c a l c i u m  ions  t ea  
is  one :  

2 D ~ 2  
Z c a C c a  Ca r 

( tCa = 1) = R T  [2] 

w h e r e  ZCa (= 2) i s  t he  c h a r g e  of the  Ca 2§ ion,  CCa the  
c o n c e n t r a t i o n  in  m o l e s  c m - 3 o f  the  Ca 2§ i o n s ,  and  F 
the  F a r a d a y  c o n s t a n t .  In  F i g .  6 t he  c o m p u t e d  v a l u e s  
of ~ a r e  c o m p a r e d  to  t h o s e  m e a s u r e d ,  f o r  a t e m p e r a -  
t u r e  of 1600~ It  i s  s e e n  tha t  t he  c a l c u l a t e d  v a l u e s  
a r e  l o w e r  t han  m e a s u r e d .  T h e  d i f f e r e n c e ,  h o w e v e r ,  i s  
s m a l l  a t  low SiC2 c o n t e n t ,  but it  i n c r e a s e s  wi th  in-  
c r e a s i n g  SiC2 c o n t e n t .  H e n c e ,  i t  a p p e a r s  t ha t  a t  l e a s t  
in the  CaO r i c h  s l a g  m o s t  of the  c u r r e n t  i s  i ndeed  
t r a n s p o r t e d  by Ca 2§ i o n s  and  t h i s  i s  in a g r e e m e n t  w i th  
the  t r a n s f e r e n c e  n u m b e r s  of the  c a t i o n s  w h i c h  a r e  
c l a i m e d  to  be  c l o s e  to  one  in s u c h  m e l t s  by v a r i o u s  
a u t h o r s  .t6-~s 
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