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ABSTRACT

M athem atical re la tionsh ips  a re  developed for b inary  diffusion 

to show: (1) F ic k 's  second law should be applied only to system s which 

have constant p a r t ia l  m olal volumes, (2) the equivalence of the mutual 

diffusion coefficients in the cen ter  of m oles and cen ter  of volume s y s ­

tem s, and (3) D arken 's  equations can be derived without the re s tr ic t io n  

of constant or equal p a r t ia l  m olal volumes. It is  shown that F ic k 's  

diffusion equation can be used  to obtain b inary  diffusion coefficients 

from  experim ental data for e ither the volume or m ole re fe ren ce  fram e 

as long as the specific volume of the m ix ture  follows a l in ea r  law over 

the concentration range employed.

Mutual and self diffusion coefficients w ere  obtained for the 

liquid cadm ium -lead  system  over the entire  composition range a t 623 K. 

The cap illa ry  r e se rv o ir  tecluiique was used employing Pb-210 and Cd- 

115m as t r a c e r s .  The self diffusivities w ere  found to be in ag reem en t 

with data repo rted  prev iously  by M irsham si. Both iso topes w ere  used  

to study the effect of overa ll  concentration on the m utual diffusion coeffi­

cient. Several im provem ents  in the capillary  r e s e rv o i r  technique, 

which w ere  n e c e s sa ry  before mutual diffusivities could be obtained 

using this method, a r e  described .
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DIFFUSION IN LIQUID METALS

CHAPTER I

INTRODUCTION

Diffusion in single phase binary  solutions is  considered  in this 

work; no a ttem pt is m ade to t re a t  solutions containing m o re  than two 

components. Three types of diffusion coefficients ex ist for a b inary  

system : (1) mutual - D ^ ^  and D ^ ^ ,  in tr in s ic  - D ^  and D^ and self - 

D ^  and Dg . A lmost without exception the two mutual diffusivities m ust 

be equal, i. e . , e ither component of a b inary  can be designated as com ­

ponent A. However, each component in a b inary  solution has a self 

and an in tr in s ic  diffusivity. In general all th ree  types a re  functions of 

concentration, tem p era tu re  and p re s su re .

The mutual diffusivity gives an indication of the ra te  at which 

composition gradients  a re  dissipated. The self diffusivity is  a m obility  

and the re fo re  a m e a su re  of the ability of m olecules or atom s to move 

through the solution. The in tr in s ic  diffusivity is  defined with re fe ren ce  

to D arken 's  (7) in e r t  m a rk e rs  and is used as  a m a them atica l  c ru tch  in 

re la ting  the self diffusivities to the mutual diffusivity. Robinson (20)



points out that when an in tr ins ic  diffusivity is defined re la tive  to a m ass  

o r volume fixed re fe rence  fram e it  is  a simple function of the mutual 

diffusion coefficient and not a separa te  entity.

Darken (7) proposed the following equation to re la te  the self and 

mutual diffusivities,

This equation was developed for m etallic  solids and the existing data 

seem  to substantiate i ts  validity. Nothing in the derivation of D arken 's  

equation lim its  i t  to solids, and it  has been applied to organic liquid s y s ­

tem s. The re su lts  indicate that the equation is  valid for ideal solutions 

but not for nonideal system s. No previous te s t  of the re lationship  has 

been m ade for liquid m eta ls .

Rathbun (19) has proposed an em pirica l equation s im ila r  to 

D arken 's  which he c laim s is valid for organic liquids containing one 

associa ting  component,

“ a b + < V b  + ^ b I > 1 ) ( | ^ ) -

O O
Dj^ and Dg a re  constants and a r e  evaluated at the ex trem es  of concen­

tra tion . The exponent on the thermodynamic factor takes a value of 0. 6 

for system s deviating positively from  Raoult 's  law and 0. 3 for system s 

with negative deviation. The equation has been checked for severa l s y s ­

tem s and was found to p red ic t the data within experim ental e r ro r .



Cullinan (6) uses  a modification of the absolute ra te  theory 

based on E yring 's  (II) hole model to derive the following equation,

X,
, o \ \ d In a

- a b  -

o ,

(3)

Da  and Dg a r e  the same constants as employed by Rathbun. Vigners 

(22) has applied this equation to m ost of the diffusion data available with 

very  prom ising  re su lts .  It successfu lly  p red ic ts  the data for n onasso ­

ciating system s, including nonideal organic liquids and m eta ll ic  solids, 

but fails  for associating  system s.

B ecause of the approxim ate n a tu re  of these equations they can­

not be extended to different system s unless  substantiated  by data. Liquid 

m eta l system s a re  examples. The difficulty assoc ia ted  with taking these 

data have discouraged intensive investigation, but the increasing  im p o r­

tance and use  of liquid m eta ls  now demands g re a te r  efforts  along these 

lines.

The method employed in this work to obtain diffusion data was 

the cap illa ry -  re se rv o i r  technique (1), utilizing radioactive isotopes as 

t r a c e r s .  In this method, self diffusivities a re  determ ined by m easuring  

the d ec rease  in radioactiv ity  of a cap illa ry  a f te r  it has been allowed to 

diffuse into a re se rv o i r  of the sam e composition but containing no rad io ­

active atom s. Mutual diffusivities a re  determ ined by m easuring  the 

change of rad ioactiv ity  of a cap illary  that has been allowed to diffuse 

into a r e s e rv o i r  of a different concentration. In this case, both the



cap il la ry  and the r e s e rv o i r  contain radioactive m a t te r  with the ra tio  of 

the active atoms being the same as the ra tio  of the concentrations.

The self and mutual diffusion coefficients w ere  determ ined  for 

the liquid cadm ium -lead  system  at 350°C. M irsh am si (18) previously  

determ ined the coefficients for this solution for a range of te m p era tu re s  

that bracketed  350 C. His self diffusion m e asu rem en ts  a re  valid and 

have been verified  by this study. But, in m easu ring  the mutual diffu­

sivity he e r r e d  in that radioactive atom s w ere  not included in the r e s e r ­

voir. Since the deviation from  D arken 's  equation of M irsh a m s i 's  final 

data was s im ila r  to many organic system s, only experim enta l data 

could prove or d isprove his m ethod of determ ining the mutual diffusion 

coefficient.

The theo re tica l  goal of this r e s e a rc h  was, of course, to d e ­

velop the theory of diffusion and subsequently of the liquid s tate. The 

f ru i ts  w ere (1) a b e t te r  understanding of F ic k 's  second law by showing 

it to be an ideal solution law and (2) the rem oval of the re s t r ic t io n  of 

constant or equal p a r t ia l  m olal volumes from  D arken 's  equation.

The experim enta l goals consis ted  mainly of m easu ring  diffu­

sion coefficients for a liquid m etal system  and determ ining  the l im i ta ­

tions of the c a p i l la ry - re se rv o ir  technique in m easuring  mutual diffu­

s iv ities  in the m id-com position  range. Also a check of M irsh a m s i 's  

m ethod was needed. All these goals have been fulfilled and a re  d iscussed  

in C hapters  IV and V.



CHAPTER n  

THEORY 

F ic k 's  Laws

In 1855 Adolph F ick  (10) la id  down the b as is  for  the study of 

atom ic tra n sp o r t  of m a t te r .  Two diffusion laws a r e  a ttr ibu ted  to him . 

His f i r s t  law is the definition of a diffusion coefficient,

-^A ^ " °A B^ ^A '

and s ta tes  that the flux of component A (or B) is p roportiona l to the n e g a ­

tive of the concentration gradient. Consideration  of unsteady state diffu­

sion leads to F ic k 's  second law,

BCA
a t '  AB A

and

= V ' ( D ^ ^ V C . )  (5a)

ÔCp.
TT~-  (5b)

When utilizing Equations 5a and 5b i t  is  m o st im portan t to keep 

in m ind that they a re  only m a ss  balances o r continuity equations and, as 

such, th e ir  p roportionality  constants, and D g ^ , a r e  in genera l not



equal. But, for general application, b inary  diffusion coefficients m ust 

be interchangeable, i. e . , m ust equal D g^ . The experim en ta lis t

is then compelled to choose the conditions under which diffusion coeffi­

cients a re  obtained such that the coefficients will be equal.

The equality of the diffusivities in Equations 5a and 5b is now 

assum ed, leaving only one coefficient, D ^g . F i r s t ,  the thermodynamic 

re s tr ic t io n s  of this assum ption will be examined and then the p ra c t ic a l  

applications will be d iscussed. Throughout this work every  equation 

may be assum ed  to be a t constant tem p era tu re  and p re s s u re  unless  o th e r ­

wise noted. The following fundamental equations a r e  used  in the develop­

ment (see Appendix B for derivations):

^  -- V a  +

Ca  = CXA' Cb  = CXg, (8)



and

M ultiplication of Equation 5a by and Equation 5b by Vg, 

addition and utilization of Equation 9 gives

V. ? • + V  • ®Ab''Cb) = 0. (12»

which upon expansion is

Da b (Va ’ ^Ca  1 ^ b ’ ^Cb ) + ? D ^ g -  (v^ vCa  + V g V C g l = o. (i3)

The second te rm  above is zero  from  Equation 9 so

V^V^Ca  + V g V^CB = 0. (14)

This is expanded to give

V • + V gV C g)  - VC^ • VV^ _ VCg • V V g = 0. (15)

Because of Equation 9, the f i r s t  te rm  of Equation 15 is  zero, and

V Ca  • V Va  + VCb  • VVb  = 0. (16)

By substituting for from  Equation 8 and expanding, Equation 

16 is  tra n sfo rm ed  to

C( VX^-  VŸA + VXg • V V g ) +  VC • (Xa VVa  + XgVVg) - 0. (17)

The second te rm  is zero  because of Equation 9 and, with 7Xa  = - VXg,



v x ^  • 7 (V ^ - Vg) = 0. (18)

Now the argum ent is  m ade that e ither the vec to rs  a re  orthogonal or 

v{V^ ■■ V g) = 0 for this condition to hold. They cannot be orthogonal 

because the p a r t ia l  m olal volumes a re  functions of the m ole fraction, 

hence the gradient of (V ^ - Vg) is zero.

Equation 6 is  d ifferentiated  with re sp e c t  to to yield

dV _  _  / ô V , ôVg ,

The la s t  te rm  of Equation 19 is zero  and the res t ,  when substituted into 

Equation 18, gives

v x .  • = 0. (20)

Thus it  is  a rgued that

B V ^
, 21)

and, upon in tegration.

" ^ l^A  ^2*

C om parison of Equations 6 and 22 leads to 

and

= Vg, (24)



and the conclusion is  reach ed  that the p a r t ia l  m olal volumes m u st be 

constant in any application of F ic k 's  second law. In Appendix B it  is 

shown that any solution having constant p a r t ia l  m olal volumes (no change 

of volume on mixing) fo r  a ll te m p e ra tu re  and p r e s s u r e  is  an ideal so lu­

tion. Therefore , F ic k 's  second law is  an ideal solution diffusion equa­

tion.

In the experim enta l determ ination  of diffusion coefficients the 

solution m u st  be ideal o r  the concentration in te rv a l  m u s t  be sm all enough 

for the specific volume to obey a l in ea r  law (Equation 22). Two m a th e ­

m atica l  solutions to F ic k 's  second law a r e  u sed  to dem onstra te  difficul­

t ies  that m ay a r i s e  when using experim enta l data. The f i r s t  is  the one 

used  in this w ork and is  found by applying the L aplace  tra n sfo rm  tech ­

nique to the following equation (see Appendix B for solution),

H r  = (25)

and then in tegrating the re su l ts  over the volume of the system  to get

The f i r s t  c r i t ic is m  of the above solution is  that the diffusivity 

was assu m ed  to be a constant. The b es t  poss ib le  re su l ts  would be an 

average  over the concentration in terva l.

The second case  to be considered  is  the Boltzm ann-M atano



10

(4, 17) solution to Equation 5a, which yields (see Appendix B for d e r iv a ­

tion) II

°A B  C% = - i r  j  '
o

In this c a seD ^ g  is determ ined as a function of concentration, and is  

there fo re  m o re  re a l is t ic  than the f i r s t  solution.

Now, consider the w o rs t  possib le  example of non-ideality  in 

the change of volume on mixing, i. e . , the p a r t ia l  m ola l volume of one 

of the components, Vg, being negative at one ex trem e of the concen tra ­

tion, going through zero and then back to pure  component specific volume 

at the o ther ex trem e. In this case  diffusion will occur against the con­

centration  gradient when the gradient is  ex p ressed  in units  of m oles  o r 

m a ss  p e r  unit volume (diffusion does not occur against the m ole fraction  

gradient) and Equation 26 will not allow this, i. e . , i t  blows up for com ­

ponent A, On the other hand, the Boltzmann-Matano solution will give 

a diffusivity for component A with a discontinuity at the concentration 

where the p a r t ia l  m olal volume of B is  zero, being positive infinity on 

one side and negative infinity on the other side. The diffusion coeffi­

cient determ ined  from  data on component B has no discontinuity and 

behaves much as is  expected in both the solutions to F ic k 's  second law. 

All this trouble  a r i s e s  from  the fact that the orig inal equation is  a m a ss  

balance applicable in situations where ideal solution laws a re  obeyed. 

Negative p a r t ia l  m olal volumes and uphill diffusion a re  d iscussed  m o re
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thoroughly in Appendix E.

No m a t te r  how sm all the concentration in te rva ls  in the above 

case, the re su l ts  a r e  the sam e. Use of Equation 25 re q u ire s  tha t (1) the 

concentration in te rva l be sm all enough so no appreciable  e r r o r  is  in t ro ­

duced due to the assum ption of constant diffusivity, (2) the concentration 

in te rva l be sm all enough that the specific volume of the m ix tu re  follows 

a l in ea r  law and (3) ne ither of the p a r t ia l  m olal volumes goes to zero. 

The Boltzmann-M atano solution re q u ire s  that re s t r ic t io n s  2 and 3 be 

obeyed. The applicability of F ic k 's  second law, then, depends both upon 

the m ethod of m easu rem en t and the system  under investigation.

F ra m e s  of R eference 

In o rd e r  to w rite  m a ss  balances or continuity equations for both 

components in a b inary  system  and have the two diffusion coefficients 

equal, i t  is  n e c e s sa ry  to account for all fluxes p resen t .  Kirkwood (16) 

and B ird  (3) p re se n t  excellent d iscuss ions  of f ram es  of re fe ren ce  and 

counting m ethods. The diffusional flux takes a form  dependent upon the 

re fe ren ce  f ram e chosen. The diffusional velocity is  defined as

u? = u^ - u^, (28)

w here  u^ is  the diffusional velocity  of species i re la t ive  to the re fe rence , 

u  ̂ is  the velocity of i re la tive  to a sta tionary  coordinate and u^ is  the 

velocity of the re fe rence  f ram e. The total flux is then

Ni = C.u^, (29)
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and the diffusional flux is

j^ = C^u^ = - C^u^. (30)

F o r  the cen ter  of m oles re fe ren ce  f ram e  m  is  substitu ted  for 

r  in Equation 28, 29 and 30. Also, the following equations a r e  valid.

+ V b * (31)

j A + j B = 0 (32)

Cu -  + N g  -  + C gUg , (33)

and the diffusion coefficient is  defined by

C  = (34)

Combination of the total flux and the diffusional flux gives

It is  of in te re s t  to de term ine  the relationship  between the diffu­

sion coefficient of the center  of m oles  re fe ren ce  fram e, D ^g , and F ic k 's  

diffusivity, D ^ g .  The continuity equations take the form

ô Ca

ô t
= - 7 • N A (36)
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and

a c
   = - V  N„ (37)
ô t  B

M ultiplication of Equation 36 by and 37 by Vg, summation and app li­

cation of Equation 9 gives

 ̂  ̂' Ng = 0. (38)

At th is  point the p a r t ia l  m ola l volumes a re  assum ed  constant and Equa­

tion 38 is  in teg ra ted  over the to tal volume of the system,

I,(V • -t- V • V gN g) dV = 0. (39)

Utilization of G reen 's  Theorem  allows the volume in tegra l in Equation 

39 to be tra n s fo rm e d  to the su rface  in tegral.

(N a V ^ +  N gV g) • d s  = 0. (40)
>

If Equation 40 is  to be valid for all l im its ,  then

Na Va  + NgVg = 0. (41)

Substitution of Equation 30 into Equation 35 gives

>A = - ^ A ^ B ' (42)

and, by Equation 41, Ng is  elim inated yielding
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( 43 )

or

Na = - Vb C^D a b VXa . (44)

Equation 10 will simplify this to

= - o T n  V C . .  (45)'A  -  ■ ^AB '' ^ A  

The flux in F ic k 's  f i r s t  law is  the total flux so

J a  -  Na  -  - V C^, (46)

and by comparing Equations 45 and 46, it  is  seen that

“ a b  = “ a b - < « >

Thus, with the assum ption of constant p a r t ia l  m olal volumes, 

the diffusivity in the cen ter  of m oles  re fe rence  f ram e is  equal to F ic k 's  

diffusivity. The re su l t  was expected since F ic k 's  second law is  an id e ­

alized law.

The center of volume re fe ren ce  f ram e has a velocity defined

by

" ' ' = V a + V b Nb  (481

and a diffusion coefficient defined by
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F ro m  Equation 30 i t  can be seen that the total flux has the form

When Equation 48 is  substituted into Equation 50, the re su l t  is

-  V a ^ a  -

which, with the aid of Equation 7, reduces to

>1 = C e V a  - C aV bN b- (52)

Equation 41 is  not l im ited  to any re fe ren ce  f ram e  since and Ng r e p r e ­

sent the total flux re la tive  to a fixed coordinate system ; the only l im i ta ­

tion is  the constancy of the p a r t ia l  m olal volumes. This assum ption  is  

again m ade and Equation 41 is  applied to Equation 52. With Equation 8 

this re su l t  reduces  to

i l  - N ^. (53)

S im ilarly  i t  can be shown that

)b  = ” b -

Equations 53 and 54 can be equated to F ic k 's  f i r s t  law with the 

re su l t  that

° I b  = °AB- <55)

The m a ss  balances from  the cen ter  of m oles  and cen te r  of volume
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re fe re n c e  f ra m e s  reduce to F ic k 's  second law for ideal solutions, and 

all th re e  diffusion coefficients a re  equal.

The next a re a  of in te re s t  is  the relationship  between the diffu­

siv ities  from  the cen te r  of m oles  and cen ter  of volume re fe re n c e  f ra m e s  

when the p a r t ia l  m olal volumes a r e  not constant. Equation 35 and the 

companion express ion  for component B a r e  substitu ted for and Ng 

in Equation 51 to yield

or

j l  = C g V g jX  - C ^ V g jg  - C ^ u ^  + Ca (Ca Vau^  + CgVgu""), (57)

but, since the la s t  te rm  is  + C^u"^,

Substitution for the diffusional fluxes (j^, and j ^ )  yields

=  -  C b V b C D X b V  X a  - C a V b C D a b V  %B, (59)

which reduces  to

° l B ’ = A = ° r B V ' ' ' X A -

Equation 10 is applied to the right side of the above express ion  giving

° A b ' '< = A = ° A B ’ Ca  (61)



or

17

d Xb  = dXb . (62)

The expanded continuity equations from  the system s under con­

s idera tion  take the form

Bt
V  (D̂ Ab C v X^ - Ca u “ ) (63)

and

-  V * (D ^g ^ * (64)

Although the re fe ren ce  velocities and the resulting tim e dependent equa­

tions a r e  different both Equations 63 and 64 a re  valid m ass  balances and 

e ither m ay be used. Again it  is  pointed out that P ic k 's  second law is  an 

ideal solution law and should be used  with ca re  experim entally  and should 

n ev e r  be used  as the b as is  for general theore tica l developments.

Self Diffusion

Darken (7) defined fluxes re la tive  to in e r t  m a rk e rs  such that 

in tr in s ic  diffusivities a re  given by

Ja  " ^ a (^A - - ^ A ^ C A  (65)

and

jg  - ^ b (^B " (66)
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and the fluxes re la tive  to fixed coordinates a re

= (67)

and

~ ' B̂ ^ GgU, (68)

w here  u is  used  to denote the velocity of the m a rk e r s .  F ro m  these  defi- 

nitons and F ic k 's  second law, a re lationship  was obtained between the 

b inary  éind in tr ins ic  diffusion coefficients,

^AB " ^A ^B  % ^ A "  (69)

Then, with the assum ption that the driving fo rce  for diffusion 

is  the negative gradient of the chem ical potential. Darken derived the r e ­

lationship between in tr in s ic  and self diffusivities. Combination of these  

with Equation 69 gave

* 9 In a ^
° a b  = (X a » b  + Xb D ^ ) (70)

In deriving both Equation 69 and 70, Darken assum ed  that the 

total concentration was constant. This assum ption req u ire s  the p a r t ia l  

m olal volumes to be constant and equal. H artley  and Crank (13) derived 

an express ion  relating  the in tr in s ic  diffusivities to D ^ g  which reduces 

to Equation 70 when the potential is  assum ed  to be the Gibbs chem ical 

potential. Carm an and Stein (5) point out that the equation, when derived 

in this m anner, has the re s t r ic t io n  only of constant p a r t ia l  m olal volumes.
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D ark en 's equation is  derived  below without any re s t r ic t io n  on 

the p a r t ia l  m olal volumes. The cen ter of volume re fe ren ce  f ram e  is 

used  along with the fluxes desc rib ed  by Darken in Equations 65-68. E qua­

tions 67 éind 68 a r e  substituted into Equation 48 to yield

= ^A>A + (Va^A  + T g C s k  + V gjg . (71)

or, utilizing Equation 7,

- V gjg  = u . (72)

This is  substitu ted  into Equation 67 and the r e su l t  is  equated to from

Equation 50. Upon collection of te rm s ,

J A  “  J A  ^ A  ^Xa ^ A  +  -  ^ A ^ A J A  "  ̂ B ^ ^ B J B  •

Note that the te rm  in p a ren th eses  is  zero  by Equation 48. Now, su b s t i ­

tuting for the fluxes j ^ ,  and jg ,  and applying Equation 7.

^A B  ^ ^A   ̂ ^ B ^ B ^ A ^ ^ A  " ^ A ^ B ^ B  ^ ^B* (?4)

Division by V and application of Equation 9 sim plifies  the express ion  

to

"’a B = V B CgD ^ + V ^ C ^ D g  . (75)

With the assum ption that the fo rce  p e r  atom is  (-l/No)(VG^), 

the flux m ay be w ritten  as

Ja = - f r  ^ A ^ A ^ ^ A -  (76)
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This flux is  then equated to the flux defining the in tr in s ic  diffusivities, 

Equation 49 and

BACA _

Division by 7 C ^  yields

No '
= (78)

and for component B

The above express ions  fo r  the in tr in s ic  diffusivities a r e  substitu ted  into 

Equation 75 and

^ v  _ ^ B ^ B ^ A ^ A  ^^A  , ^ A ^ A ^ B ^ B  ̂ ^B  /„ av
° a b =  n ;  i c i * — n ;  T c ^ -

Using the definition of the therm odynam ic activ ity

ô G ^  = R T ô l n a j | ^ ,  ( 81 )

the E instein  re la tionsh ip  (8)

» »
D - = k T B i ,  ( 8 2 )

and the assum ption  that B^ = B^, the above express ion  becom es

^AB = ^ B ^ B ^ A  + ^ A ^ A ^ B  ~lc-^ ‘ (83)
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Utilizing Equations 10 and 11 and the fact that

Ô In a ^  Ô In ag  
i l n X ^  ■ ô ïn X g ’

Equation 83 is  tra n sfo rm ed  to

(84)

V * * S 3 - A

The assum ptions m ade in deriving Equation 85 a r e  now reviewed:

1. Constant tem p era tu re  and p re s s u re

2. = V Cĵ

ji = ” ® i ^ i^ ^ i

4. The flu::es in assum ption 2 and 3 a re  equal

5. = B*

o. D* = k T B ?  ,1 1

Nothing is  apparent in these  assum ptions lim iting the application of D a r ­

ken 's  equation to one physical state as  apposed to another (liquid, solid, 

o r  gas). Also the equation is phenomenological and, therefore, not 

l im ited  to a m echanism  o r  model.



CHAPTER m  

EXPERIMENTAL EQUIPMENT AND PROCEDURE

Diffusion Equipment 

The diffusion equipment consis ted  of a constant te m p e ra tu re  

bath, diffusion cell, vacuum system  and hydrogen gas system . E s s e n ­

tia lly  the sam e equipment was used  prev iously  by M ir sham si (18) and 

has  been described  in detail in h is  thesis ; th e re fo re  only a b rie f  d e s c r ip ­

tion is  given here .

Houghton's Draw Temp 275, contained in an eight inch d iam ­

e te r  by fifteen inch deep s ta in less  stee l pot, was used  as the heat trems- 

fe r  medium in the constant tem p era tu re  bath. The p r im a ry  hea t source  

was a N ichrom e w ire  h e a te r  around the outside of the pot. The te m p e r ­

a tu re  control was achieved with a Bayley P re c is io n  T e m p era tu re  Con­

t ro l le r  connected to a 250 watt coiled im m ers io n  h e a te r  inside the pot. 

The tem p era tu re  was sensed  by a ch rom el-a lum el therm ocouple c a l i ­

b ra ted  against a platinum re s is ta n ce  th e rm o m ete r .  The therm ocouple 

potential was m easu red  on a Leeds and Northrup No. 8662 po ten tiom eter. 

T em pera tu re  variation during any diffusion run was le s s  than 0 .1°C.

The diffusion cell consis ted  of a 2-1/4 inch d iam eter  pyrex

22
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tube approxim ately  18 inches long. The tube was sealed  at one end and 

a D re s s e r  coupling was attached to the open end. A flange was welded 

to the top of the coupling and a fla t p la te  was screw  p re s s e d  against the 

flange. A Viton O -ring  fo rm ed  a vacuum tight seal between the top 

p la te  and the flange. The cap illa ry  support rod and a therm ocouple well 

p a s se d  through O -ring  seals  attached to the top plate . The gas in let 

and outlet w ere  1 /4-inch  copper tubes so ldered  into the top plate. The 

m e lted  alloy was contained inside the py rex  tube in a graphite  crucib le . 

Two synchronous m o to rs  w ere  attached to the top of the cap il la ry  sup­

p o r t  ro d --o n e  for v e r t ic a l  positioning and the other for rotating the 

cap il la r ie s .  Rotation was n e c e s sa ry  to keep the concentration at the 

mouth of the cap il la r ie s  a t  the r e s e rv o i r  concentration.

E ith e r  a Welch Duo Seal o r a Cenco Hyvac vacuum pump was 

used  to evacuate the cell. An excessive  amount of t im e was req u ired  

to reduce the p r e s s u re  below 50 m ic ro n s  because  rubber  tubing was 

used  in p a r t  of the system . However, a p r e s s u re  of 50 m ic ro n s  was 

sufficiently low to fill the cap il la r ie s .

Welding grade hydrogen was used  to m ain ta in  a reducing a tm o s ­

p here  in the cell. P r io r  to being in troduced to the cell the hydrogen 

was p assed  through a Deoxo catalitic  re a c to r  to rem ove the oxygen and 

then through a calcium  sulfate d ry e r  to rem ove the w ater  fo rm ed  in the 

r e a c to r .  A c r i t ic a l  hydrogen flow ra te  existed  below which oxides 

fo rm ed  and the flow ra te  was m ain ta ined  above this value. The c r i t ica l
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ra te  was de term ined  by placing a p iece of lead  in the cell and observing 

it  as the tem p era tu re  was ra ised . At very  low flow ra te s  the lead  oxi­

dized and exhibited the c h a ra c te r is t ic  b luish  color. The flow ra te  was 

then in c re a se d  until the lead  regained  i ts  m eta llic  lu s te r .

C ap illa r ies

Two types of cap il la r ie s  w ere  used  in this s tu d y --g la ss  and 

graphite . P re c is io n  bo re  pyrex  tubing pu rchased  from  Corning Glass 

was used  for the f i r s t  48 cap il la r ie s .  The g lass  was cut into lengths of 

approxim ate ly  one inch and one end was sealed with the inside bottom 

surface  being n e a r ly  flat. The open end of each cap il la ry  was ground 

fla t and then polished until i t  appeared  smooth under a low power m ic ro ­

scope. During grinding and polishing the cap il la r ie s  w ere  m ounted in 

a p las tic  block to in su re  that the axis was no rm al to the surface . All 

g lass  cap il la r ie s  had an inside  d iam eter  of 2 + . 0025m m  with an outside 

d iam eter  of roughly 4 m m . The length of the cap il la r ie s  was m e a su re d  

to the n e a re s t  thousandth of an inch with a depth gauge.

The two types of ho lders  used  for the g lass  cap il la r ie s  a re  

shown in F ig u re  1. Type A w ere  used  in itially , but the top portion  of 

the alloy solidified f i r s t  and voids w ere  c rea ted  when the bottom portion 

solidified. Upon reheating the voids usually  d isappeared  but on occasion 

they rem ained  the sam e size  or even expanded pushing some of the m o l­

ten alloy out of the capillary . The type B holder allowed the alloy to 

solidify m o re  uniform ly and did, in fact, d ec rease  the incidence of voids.



25

F ig u re  1. Holders for Glass C apillaries
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In determ ining the m utual diffusion coefficient the count ra te  of 

the r e se rv o ir  m u st be known accura te ly . To a sc e r ta in  this, cap il la r ie s  

w ere  filled from  the r e se rv o ir  and the count ra te  determ ined; The values 

obtained w ere  u se le s s  un less  the orig inal cap il la ry  and the one used  for 

the r e s e rv o i r  w ere  the sam e length, which was generally  not the case . 

Therefore , the count ra te  per  unit length was used. This m ethod was 

still  not sa tis fac to ry  because the individual cap il la r ie s  gave different 

count ra te s  p e r  unit length. That the counts p e r  unit length w ere  not 

constant for a given concentration was t h o u ^ t  to be due to the following:

1) the cap illa ry  w alls did not have uniform  th ickness and the count ra te  

is  proportional to amount of m a te r ia l  between the source  and the d e te c ­

tor, 2) the cap il la r ie s  w ere  not always filled  to the sam e level, 3) the 

amount of g lass  m elted  during the sealing of one end of the cap il la r ie s  

varied  thus varying the v e r t ica l  positioning in the scintillation c rysta l ,  

and 4) end effects a r is in g  from  the cap il la r ie s  being open at one end 

and covered at the o ther end.

The second reason  above was elim inated by smoothing the top 

of each capillary  a f te r  filling and a f te r  the diffusion run. When the 

cap il la r ie s  w ere  rem oved from  the m olten r e s e rv o i r  a bead of liquid 

m etal p ro truded  above the mouth of the cap illary . In the pas t  i t  had 

been the p rac t ice  to shake the cap illa ry  holder thus knocking the beads 

off. This was a random p ro cess  with the final liquid level being quite 

often e ither too low o r  too high. Therefore , a s ta in less  s tee l device
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(F igure  2), a ttached to the therm ocouple well, was moved horizonta lly  

a c ro s s  the cap illa ry  mouth shearing  the liquid a t a constant level. The 

reproducib ility  of the count ra te  was im proved considerably  by the 

smoothing operation  but was s till  not sa tis fac tory . F ina lly  the g lass  

cap il la r ie s  w ere  d isca rded  and graphite  cap il la r ie s  used.

The graphite  cap il la r ie s  a r e  i l lu s tra te d  in F ig u re  2 along with 

the smoothing device. Three  holes  w ere  d ril led  and then ream ed  to 

5 /64-inch  a t 120° separa tion  n e a r  the edge of a roughly one inch long by 

3 /4 - in ch  d iam eter  graph ite  cylinder. Another sh o r te r  cylinder was 

p r e s s e d  against the bottom to act as a seal. A fter the holes w ere  filled 

in the sam e m anner as the g lass  cap il la r ie s ,  the device was taken a p a r t  

and the alloy rem oved for counting. The alloy was re in se r te d  into the 

g raph ite  to r  the diffusion run and rem oved a g a in  for the final count.

This m ethod was used  for the rem aining portion of the data and was 

found to be m o re  reproducab le  than the g lass  cap illa ry  method.

Occasionally, when the cap il la r ie s  w ere  rem oved from  the 

re se rv o i r ,  the liquid leve l in one or m o re  of the cap il la r ie s  was below 

its  mouth. This phenomenon o c c u r re d  with both types of cap il la r ie s  

but was m o re  p rom inent for the graphite . It was found that if the cap il­

l a r ie s  w ere  rem oved rapid ly  this did not occur as  often. Therefore , 

a t  the end of a diffusion run, the v e r t ic a l  positioning m oto r  w as d iscon­

nected  and the cap il la r ie s  r a ise d  by hand. When a cap illa ry  was not 

full a f te r  a run, it was d isca rded  and the data was not reported . This
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J

F ig u re  2. Graphite C ap illa r ies  and Smoothing Device
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problem  i l lu s tra te s  one of the basic  shortcom ings of the cap illary  r e s e r ­

voir technique--m ixing effects upon en try  to and exit from  the re se rv o ir .

Isotopes

The radioactive lead  was rece ived  as the n i t ra te  in a n i tr ic  acid 

solution. It was diluted with inactive lead  n i t ra te  and then tre a te d  with 

sodium carbonate to p rec ip ita te  lead  carbonate. This was d issolved in 

a solution of fluoboric acid  containing excess boric  acid. A sm all amount 

of anim al glue was added and the active lead  was e lec trop la ted  from  the 

solution onto the walls of a lead  crucib le . The crucib le  and a lead  anode 

w ere  cas t  from  the high purity  lead  used  throughout the experim ent. The 

lead  concentration in the solution rem ained  a t a constant level and the 

g ro ss  effect was a t ra n s fe r  of lead  from  the anode to the cathode.

The radioactive cadmium was a lso  rece ived  as the n i t ra te  in a 

n i tr ic  acid solution, diluted with the inactive n i t ra te  and p rec ip ita ted  as 

the carbonate. The cadmium carbonate  was then tre a te d  with sulfuric 

ac id  and electropla ted  on a high pu r ity  cadmium crucib le  from  the cad­

mium sulfate solution. The above p ro ced u res  a re  outlined by Gray (12).

The isotope counting equipment consis ted  of a T ra c e r la b  model 

P-20CW  scintillation detector, a T ra c e r la b  RLI-4  pulse  height analyzer, 

and either a N uclear-C h icago  m odel 183B or model 181A scaling unit.

The counting equipment was kept in a special counting room w here  the 

tem p era tu re  varia tions w ere  le s s  than the l im its  set by the m anufac turer .  

The count ra te  varied  roughly from  1, 000 to 50, 000 counts p e r  minute.
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The total counts for each sample va r ied  from  50, 000 to 1, 000, 000.

P ro ced u re

The m eta ls  used  in this study w ere  Com inco 's 59 grade  {99. 999% 

purity). P r io r  to use  the lead was cleaned with a 1:3 solution of 30% h y ­

drogen peroxide and ace tic  acid. The cadmium was cleaned with a 10% 

solution of n i t r ic  acid. After cleaning, the m e ta ls  w ere  r in sed  s ev e ra l  

t im es  with d istilled  w ate r  and allowed to dry. The p ro p er  am ounts of 

each w ere  then weighed to the n e a re s t  0. 059 and p laced  in the graphite  

c rucib le . The diffusion cell was a ssem b led  as  usual except a graphite  

cylinder was substitu ted  for the cap il la ry  ho lder a t the bottom of the 

cap il la ry  support rod. T h is  cylinder was used  as  a s t i r r e r  by .lowering 

and ra is ing  it  through the m elted  alloy. A m inim um  of six hours, with 

in te rm itten t  s t ir r in g , was allowed to in su re  com plete mixing a f te r  every  

change of concentration. The cell was then allowed to cool, the g raphite  

cylinder rep laced  by the cap illa r ie s ,  and the cell reassem bled .

The cell was evacuated and checked for leaks . Then it  was 

filled  with hydrogen and the hydrogen flow ra te  adjusted to the p ro p e r  

level. The apparatus was then suspended for about 20 m inutes with the 

bottom of the pyrex  tube ju s t  above the level of the Draw Temp 275.

This was done to p reh ea t  the pyrex  tube thereby  eliminating the p o s s i ­

bility  of breakage due to therm al s t r e s s e s  when i t  was low ered  into the 

bath. The cell and bath w ere  so construc ted  that the heat t ra n s fe r  m e ­

dium level was about six inches above the top of the alloy in the r e se rv o i r .
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After the m eta l  had m elted, the cap il la ry  holder was low ered 

until the liquid m eta l level was ju s t  below the open end of the cap il la r ie s .  

When the tem p era tu re  of the cap il la r ie s  ro se  above the m elting point of 

the alloy, the cell was evacuated and the cap il la r ie s  im m e rse d  in the 

m elt.  The cell was r e p re s s u r iz e d  with hydrogen forcing the m olten  a l ­

loy into the cap il la r ie s .  This operation was conducted at a te m p e ra tu re  

ju s t  above the liquidas to m in im ize  evaporation lo sse s  during evacua­

tion. The cap il la r ie s  w ere  left subm erged  in the m e lt  until the te m p e ra ­

tu re  had r isen  to that a t  which the diffusion run would be m ade. When 

they w ere  ra ise d  out of the liquid m etal, the bead pro truding  from  the 

top of each cap illa r ly  was sk im m ed off and the cell was rem oved  from  

the furnace  to cool.

The cap il la r ie s  w ere  rem oved from  the cell and p laced  in 

sm all g lass  tubes for counting. Each tim e a set of cap il la r ie s  was 

counted a s tandard  sam ple of the sam e isotope and the background w ere  

a lso  counted. The sam ples  w ere  then re tu rn ed  to the cap il la ry  holder 

and the cell reassem b led . Again the sam e p ro ced u re  was followed: 

evacuate, check for leaks, p r e s s u r iz e  with hydrogen, w arm  up, and 

low er into the salt bath. As soon as the r e s e rv o i r  had melted, the 

cap il la ry  holder was low ered  until the r e s e rv o i r  liquid level was ju s t  

below the open ends of the cap il la r ie s .  This position was m ain tained  

until the r e s e rv o i r  reached  th e rm a l equilibrium  with the bath, i. e . , 

the te m p e ra tu re  ceased  to change with tim e. Usually about 3 hours
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w e re  req u ired  to reach  this tem p era tu re .

One of the synchronous m o to rs  was used  to lower the cap illa r ie s  

into the m e lt  until the open ends w ere  at le a s t  one half inch below the 

liquid level. The o ther  m o to r  was used  to ro ta te  the cap il la r ie s  a t two 

revolutions p e r  m inute. At the end of the d es ired  diffusion time, the 

ro ta tion  was stopped, the cap il la r ie s  ra ise d  until the open ends w ere  

above the liquid level, and the beads w ere  skim m ed off. The cap illa r ie s  

w ere  le f t  in this position for severa l  hours  to allow for homogenization 

of the alloy in the sam ple. If th is w ere  not done, the final count ra te  did 

not re f lec t  the final average  concentration.



CHAPTER IV

EXPERIMENTAL RESULTS

The following quantities w ere  m easu red  for the cadm ium -lead  

system : (a) self diffusion coefficient of lead  in pure lead  a t 400°C, (b) 

self diffusion coefficient of lead  as  a function of concentration a t 350°C, 

(c) self diffusion coefficient of cadmium as a function of concentration 

at 350°C, (d) mutual diffusivity as a function of concentration at 350 C 

using both Cd-115m and Pb-210 as  t r a c e r s ,  (e) self diffusivities of cad­

m ium  and lead  a t  70. 0 m a ss  % Cd and 350°C as  a function of concen tra ­

tion in terva l and (f) mutual diffusivity at 70. 0 m ass  % Cd and 350°C as 

a function of concentration in terva l using both Pb-210 and Cd-il5m  as 

t r a c e r s .

Self Diffusion

The self diffusion coefficient of lead  in pure lead  was m e a ­

su red  at 400° C to give a d irec t com parison  with Mir sham s i 's  (18) data. 

These values a re  given in Table 1 and Table F -1. The rem ain d er  of 

M irsh a m s i 's  data p resen ted  h e re  a re  not actual data but w ere  ca lcu ­

la ted  from  his  smoothed curves.

33



34

TABLE I

SELF DIFFUSION OF LEAD AT 400°C

D X 10^ 

This Work

2 /- cm /s e c

M ir sham si

2.12 2. 39
2 .44 2.34
2.97 2. 56
2.12 2. 03
2. 34 2.14
2. 35 2. 31
2.12 2.15
2.46 2.40
2.40

Avg. 2.37 2.29

The lead  self diffusion data a r e  l is te d  in Table F -2 and average  

values a r e  given in Table 2. F ig u re  3 i s  a com parison  of the new data 

M irsham si's*  The cadmium self diffusion data a r e  l is ted  in Table F -3  

and average values a re  given in Table 2. F ig u re  4 gives a com parison  

of these  data with M irsh a m s i 's .

Mutual Diffusion 

Mutual diffusivities w ere  very  difficult to obtain. The data a re  

l is ted  in Table F - 4  for Pb-210 t r a c e r  and Table F -5  for Cd-115m t r a c e r .  

Only the values for dilute solutions of each component (0-50 m a ss  %) 

a re  p resen ted  here ;  the r e s t  of the data a re  d iscussed  in the la s t  section 

of this chapter. A compilation of the data is  given in Table 2 and shown 

in F ig u res  5 and 6. The values rep o rted  at = 0. 81 include both the
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4. 02 and 8. 00 m a ss  % Cd concentration in te rva ls .

TABLE n

DIFFUSION DATA FOR THE CADMIUM-LEAD SYSTEM AT 350°C

^ C d

DpyXlO^

c m ^ /se c

* c
D cdxlO ^ 
c m ^ /se c

Da b x IO^

Cd T ra c e r  
2 /cm / sec

Da b * 10®

Pb T ra c e r  
2 /cm / sec

.196 2.47

.198 2. 08

.314 1. 19

.367 2. 76

.472 2 .34

.486 .92

.577 .49

.652 .3 4

.653 .61

.811 2. 38 2.71 1 .22
1. 000 2.42

In F ig u re  5 com parisons of the data with D arken 's  equation (7) 

and Rathbun's equation (19) a re  given. A compilation of the data used  to 

calculate  these  cu rves  is  given in Table 3. F ig u re  6 is  a com parison  

of the data with Cullinan 's  equation (6).

Concentration In te rva ls  

The self diffusion data for lead  and cadmium as a function of 

concentration in te rva l  a re  given in Tables 4 and F -6 and Tables 5 and 

F -7  respectively . Both se ts  of data a re  i l lu s t ra te d  in F ig u re  7. These 

data w ere  obtained to de term ine the validity of M irs h a m s i 's  m ethod of
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m easuring  the mutual diffusivity. He used  Pb-210 to m e a su re  at

67. 02 m a ss  % Cd and got a value of 1. 77 x 10 ^ cm ^ /se c .  F ro m  Table 4

it  can be seen that decreased  from  a value of 2. 38 x 10” for zero

in terva l to 1. 95 x 10”^ cm ^ /sec  for an 8% in terva l at 70. 0 m a ss  % Cd.

Also note from  Table 5 that had M irsham si used  Cd-115m as a t r a c e r  he

-5 7
would have found the value of to be approxim ately  2. 29 x 10 cm /

sec for a 8% in terva l.

TABLE n i

COMPILATION OF DATA; AVERAGE VALUES 
FROM FIGURES 3, 4 and C-2

^C d

* 5 
DcdXlO^

2 /cm /se c

* 5DpbXlO 

cm^ / sec

d in  a 

d ln X

d l n a ° '   ̂

d ln X

(Rathbun) 

2 /cm /s e c

(Darken)

D j^ x lO ^

c m ^ /se c

0. 0 2. 00 1.91 1. 00 1. 00 2. 00 2. 00
0.1 2.39 2.14 0. 78 .87 1. 74 1.84
0.2 2. 64 2. 32 0. 58 .72 1. 44 1. 49
0.3 2. 79 2.45 0.41 . 55 1.10 1.10
0 .4 2. 88 2. 52 0. 28 .47 .9 4 . 77
0. 5 2.91 2. 56 0. 20 . 38 . 76 . 55
0. 6 2.88 2. 55 0.16 . 33 . 66 .43
0. 7 2.83 2.49 0.17 . 35 . 70 .4 4
0. 8 2. 73 2. 39 0. 23 ..41 . 82 . 57
0.9 2. 62 2. 24 0. 50 . 66 1. 32 1.14
1. 0 2.47 2. 01 1. 00 1. 00 2. 01 2. 01

An attem pt was m ade to a sc e r ta in  the effect of concentration 

in terva l on the mutual diffusion coefficient. The data for Pb-210 t r a c e r
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a r e  given in Tables 6 and F -8  and i l lu s t ra te d  in F ig u re  7. The data for 

Cd-115m t r a c e r  a re  given in Table F -9  and a re  d iscussed  in the next 

section of this chapter.

TABLE IV

LEAD SELF DIFFUSION--FUNCTION OF 
CONCENTRATION INTERVAL

Cadmium Concentration - m a ss  p e rcen t 
C apillary  R ese rv o ir  In te rva l

* c
D pyxlO^ 
cm / sec

70. 0 70. 0 0. 00 2.38
68. 0 72. 0 4. 02 2 .25
66. 0 74. 0 8. 00 1.95
63.9 76.1 12.28 2.12
60. 0 80. 0 20. 04 2.59

TABLE V

CADMIUM SELF DIFFUSION - -FUNCTION OF
CONCENTRATION INTERVAL

Cadmium Concentration - m a ss  p ercen t D cdxlO ^
CapUlary R ese rv o ir  In te rva l cm ^/ sec

70. 0 70. 0 0 2.71
68. 0 72. 0 3.98 2. 63
66. 0 74. 0 7.95 2.29
64.2 75. 8 11. 62 2. 36
59.9 80. 0 19.96 2.17
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TABLE VI

MUTUAL DIFFUSION--FUNCTION OF CONCENTRATION 
INTERVAL; Pb-210 TRACER

Cadmium Concentration - m a ss  p e rcen t  
Capillary  R e se rv o ir  In te rva l

Da r x IO^ 
cm ^/ sec

68. 0 72. 0 4. 02 1. 44
66. 0 74. 0 8. 00 1. 09
63.9 76.1 12. 28 1. 81

Experim en ta l E r r o r s  

E r r o r s  in the diffusion coefficients a r i s e s  from  the m e a s u re ­

m ent of the following physical quantities; (a) tim e, (b) length of the cap il­

la r ie s ,  (c) te m p e ra tu re  and (d) concentration.

All diffusion runs  w ere  s ta r te d  and stopped on the minute, plus 

or m inus about 5 seconds. T herefo re  an e r r o r  of + 10 seconds o r  + 0. 05% 

is  expected. The length of the cap il la r ie s  was m e a su re d  to + 0. 001 inch. 

F o r  a one inch cap il la ry  th is  in troduces an e r r o r  of + 0.1%. No d e tec ­

table change in the te m p e ra tu re  o c c u r re d  during the en tire  experim ent 

so the e r r o r  due to te m p e ra tu re  m e a su rem en t is  negligible.

The e r r o r s  in troduced in m easu ring  the concentration a r i s e  

from  the following: (1) weighing the m e ta ls  to m ake up the alloys, (2) 

cap il la r ie s  not being exactly  full, and (3) actual counting of the isotope 

activity . The es tim ated  e r r o r  in weighing the sam ple is  + 0.1% and
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for the counting p ro cess  ^  0. 5% or le s s .  The e r ro r  in troduced b e ­

cause the cap il la r ie s  w ere  not always filled to the same level is  not 

known but is es tim ated  to be le s s  than 1. 0%.

The e r ro r  in Q, , is  l a rg e r  than the e r r o r  in the cone en -
Cf - ^

tra tion  ratio, -------------, and is  dependent upon the magnitude of this ra tio .
^o  ■ ^ r

F o r  a + 1% e r r o r  in the ratio, Q will have a + 7. 96% e r r o r  when the ra tio  

value is  0. 8 and a + 2. 02% e r r o r  when i t  is  0. 50.

An example will now be used  to dem onstra te  the e r r o r s  in the 

diffusion coefficient for a + 1. 0% e r r o r  in the concentration. A ssum e 

that alloys a r e  m ade up such that a cap il la ry  of component A has a count 

ra te  of 100, 000 cpm for pure  A, 50, 000 cpm for 50% A and zero  for zero 

A. Now assum e, for self diffusion = 0. F o r  70% A the ra tio  of the 

concentrations could be

~ = 35, 000 + 350 ^ Q 500 + . Qi.
Cq - Cy 70, 000 + 700

In this case  the ra tio  has a j^2% e r r o r  and Q has  an e r r o r  of 4%. If 

the diffusion tim e had been sh o r te r  and the ra tio  l a rg e r  the e r r o r  would 

be la rg e r .

Now for the sam e solution, consider m utual diffusion w here 

the in itia l concentration is  85%, the r e s e rv o i r  concentration is  75% and 

the final concentration is  80%. Then, for a +1% e r ro r .

^ f  ~ ^ r   ̂ 80, 000 + 800 - 75, 000 ±  750
Cq - Cy 85,000 + 850 - 75,000 + 750
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= 5, 000 + 1550 ^ 0. 500 + . 279,
1 0 ,0 0 0  + 1600

and the e r r o r  in the ratio  is  + 44%. The resulting  e r r o r  is  Q cind su b se ­

quently is  m uch la rg e r  than 44%.

F o r  mutual diffusion in the low concentration range the e r r o r s  

a re  sm alle r .  L e t the initial concentration be 15%, the r e s e rv o i r  be 5% 

and the final be 10%, and

^ f  ~ ^ r  _ 10, 000 + 100 - 5, 000 + 50 
Co - Cj. ~ 15, 000 + 150 - 5, 000 + 50

= 10. 0 0 0 ^ 2 0 0  = ° - 5° ° ± - 0^45.

The e r r o r  in the ratio  for this case  is  +_ 4. 9% cind the e r r o r  in Q is  

+ 9.15%.

As can be seen from  the above analysis , m utual diffusivities 

can be m e a su re d  in the low composition range; however, the expected 

e r r o r  is  s till  high. In the concentrated  composition range mutual d if­

fusiv ities  cannot be m easu red . An a ttem pt was m ade to m e a su re  m u ­

tual diffusivities in the concentrated  range and, as  expected, the re su l ts  

var ied  to such an extent that the re la tive  worth fac tor to be assigned  

is  zero . These values a re  repo rted  in Tables F -4, F -5  and F -9 .



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS

The conclusions reached  as a re su l t  of this r e s e a rc h  are :

1. The self diffusivities ag ree  with existing data.

2. M irs h a m s i 's  method for m easu ring  the m utual diffusivity 

is  in co rrec t .

3. With fu rther  refinem ent the cap illa ry  r e s e rv o i r  technique 

could be used  to m e a su re  m utual diffusivities in dilute so lu ­

tions, but extension to concentra ted  solutions would be diffi­

cult.

4. The data have sufficient sc a t te r  so that a valid  check of 

existing theorie s  is  im possib le .

It is  recom m ended that e ither a new method be found for m e a ­

suring the concentrations (other than isotope t r a c e r s )  o r  a com pletely 

new method be devised for m easuring  m utual diffusion coefficients.

46
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APPENDIX A 

NOMENCLATURE

a - activity

aĵ  - activity  of component i

A - component of a b inary  solution

B - component of a b inary  solution

- m obility  of component i, velocity p e r  unit fo rce

*
B^ - m obility  of rad ioactive i

C - total concentration, m oles  p e r  unit volume of solution

- concentration of component i, m oles  of i p e r  unit volume 

of solution

Ca  - average  concentration of A, defined by Equation B-36

I I

- concentration of A, defined by Equation B-43 

Cf - final concentration

Cq - in itial concentration
I

Cq - initial concentration

Cj. - r e s e rv o i r  concentration

D - mutual diffusivity with subscrip t om itted

Dj - in tr in s ic  diffusivity of i, defined by Equations 65 and 66

A-1



I K-ù

- self diffusivity of i

- F ic k 's  m utual diffusion coefficient

^AB - m utual diffusivity re la t iv e  to the cen ter  of m oles

- m utual diffusivity re la tiv e  to the cen te r  of volume

- m utual diffusivity evacuated at = 0

D° - m utual diffusivity evacuated a t Xg = 0

E - d im ensionless  time, D t/L^

fj - fugacity of component i in solution

- fugacity of pure  i 

F  - F a ra d a y  constant

g - a function

g - Lap lace  t ra n sfo rm  of g

Gj - specific Gibbs f ree  energy  of pu re  i

Gĵ  - p a r t ia l  m olal Gibbs f re e  energy of i

H* - specific o r p a r t ia l  m olal enthalpy at zero  p r e s s u re

- specific enthalpy of pu re  i

- flux of i re la tive  to in e r t  m a rk e rs ,  defined by Equations 65

and 66

- flux of component i f rom  F ic k 's  f i r s t  law

- flux of i re la tive  to cen te r  of m oles

j f  - flux of i re la tive  to r

- flux of i re la tive  to the cen te r  of volume
i

K - constant
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^1 - constant

^2 - constant

k ■ - Boltzmann constant

L - length

- m oles of i

Ni - flux of i re la tive  to fixed coordinates

No - Avagadro constant

P - v ariab le  in Laplace tran sfo rm

P - p r e s s u re

Q - dim ensionless  concentration, C ^ /C q

Q - tra n s fo rm  of Q

R - gas constant

s - constant, defined in Equation 2

S - surface

Si - specific entropy of pure  i

Si - p a r t ia l  m olal entropy of i

t - tim e variab le

T - tem p era tu re

u - velocity of in e r t  m a rk e r

Ui - ve loc ity

mu - velocity of center m oles

u" - velocity of re fe rence  fram e r

_ velocity  of center  of volume
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u? - diffusional velocity of i re la tive  to r

U - d im ensionless distance, z /L

V - volume

V - specific volume of m ix tu re— m ^

- specific volume of p u re  i

- p a r t ia l  m olal volume of i

1/ 2w - same as (-p) , see Equation B-20

W - m a ss  p e rcen t

- m ole fraction  component i 

z - distance variab le

G reek  le t te rs

y  ̂ - activity coefficient of i,



APPENDIX B

MATHEMATICAL DERIVATIONS

Derivation of Equations 9-11 

The following re la tionsh ips

Y -  = V A  + ^B^B> (B-1)■m

y ^ C  = I. (B-2)

dC = d C ^ + d C g ,  (B-3)

dC ^ = C dX^ + X ^dC , (B-4)

and the Gibbs-Duhem relation,

t A d V A + X B d V s ) T ,p = 0  (B-5)

a r e  used  in the development.

The re su l t  of multiplying Equation B-5 by the to tal co n cen tra ­

tion, C, is

^^AdVA + Cg dVgj X, P  = (B-5a)

When Equation B-1 is  m ultip lied  by C and differentiated,

B-1



o - c

(C ^ d V ^  + Cg dVg + V^dCj!^ + Vg dCg)'p^ p .  (B-6)

The f i r s t  two te rm s  a r e  zero  by Equation B -5a and

(^A  + "^B '^^Bj T, P  = °

which is  Equation 9.

Equation B-3 is  substitu ted  into B -4  to yield

dCA = C dXA + Xa dCA + Xb  dCg (B-7)

or, upon simplification,

Xg dC ^  = C dX^ + X ^ d C g .  (B-8)

Equation 9 can be used  to elim inate  dCg from  the above re la tionship , 

and

X b  d C A  = C  d X A — d C ^ jp  p ,  (B-9)
Vg

which, upon rea rran g em en t,  becom es

| xaVa  + XgVsj dC^^T, P = (vBCdXAjl.P-

Equations B-1 and B-2 a re  applied to the above re la tio n  to y ield  E qua­

tion 10

(‘̂ ^a ) t , P   ̂ (^B ^  P"

As was noted in Chapter II, the subscr ip ts  T and P  w e re  om itted  to s im ­

plify the p resen ta tion . Equation 11 is  derived in exactly  the sam e m anner
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except the subscrip ts , A and B, a re  rev e rsed .

Solution to F ic k 's  Second Law

In the capillary  r e se rv o ir  technic^ue for m easuring  diffusion 

coefficients, the g ro ss  effect is  a t ra n s fe r  of m a ss  either into o r  out of 

a cap illary  of length L and constant c ro ss  section. The physical quanti­

t ie s  m easu red  in an experim ent a re  (1) cap illa ry  length, (2) time, (3) 

in itia l concentration in the capillary, (4) final concentration in  the cap il­

la ry , and (5) the re se rv o ir  concentration. (The re se rv o ir  i s  at le a s t  

500 tim es la rg e r  than the cap illa ry  thus insuring that the r e s e rv o i r  con­

centration does not change appreciably  during one run. ) It will be a s ­

sumed that diffusion occurs  at constant tem p era tu re  and p re s s u re ,  and 

that o ther effects (e lectrical, magnetic, chem ical reactions, etc. ) a r e  

absent. With the fu rthe r  assum ption that diffusion is  unid irec tional and 

the diffusivity is  constant, F ic k 's  second law m ay be w ritten  in the form

Component A is indicated in this development, but the re su lts  a re  app li­

cable to e ither component.

The initial and boundary conditions are :

1. the initial concentration in the cap illary  is Cq, o r

- C^ - L < z < 0  t < 0

2. a f te r  diffusion s ta r ts ,  the concentration a t the open end of
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the cap illa ry  is that of the re se rv o ir ,  C .̂, or

Ca  = Cj. z = 0 t > 0

3. the cap illa ry  is sufficiently long to in su re  that the grad ien t 

at the c losed end is  always zero, or

ôC a  = 0 z = - L all t.
Ô Z

The following dim ensionless  variab les,

Q = ^ ,  U = ^ ,  E = ^  ,
% L

a r e  used  to reduce F ic k 's  second law to

aQ  ̂
a E

The corresponding boundary conditions a re

w here

and
Co

(B-12)

Q = 1 0 < U < 1 E = 0 ,  (B-13)

Q = K U < 0  E >0 (B-14)

A 2  = 0 U = 1 all E. (B-15)
a u

The Laplace t ra n sfo rm  technique is  then applied with re sp ec t
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to d im ensionless  time, E, w here  the tran sfo rm  of a function g is  given

g =  Je~^^gdE, (B-16)

'0

This r e su l t  is in teg ra ted  by p a r ts  yielding

and

L etting

^ - 0 -  = pQ - 1. (B-17)
dU^

The second and th ird  boundary conditions tra n s fo rm  to

Q = —  U = 0 a ll E (B-18)
P

4 ^  = 0 U = 1 E > 0 .  (B-19)
dU

= - p (B-20)

a solution of Equation B-17 is

Q = A sin wU + B cos wU + ~  . (B-21)

Application of Equation B-18 a t U = 0 gives

P P
or

^  _ K-1

Application of Equation B-19 at U = 1 gives

Q = ^ = B  + — (B-22)

(B-23)



or

£>-0

= 0 = w A cosw  - ’wBsiiiw (B-24)
dU J u=l

Substitution of these  values into Equation B-21 gives

6 ^ ^  (B .26,

or, reducing to the low est common denominator,

— K sinw sinwU + K cos w cos wU - s inw  sinwU
Q = — ------------------------------------------------------------------p cos w

co sw  - s inw  sinwU+
p cos w

(B-27)

The inversion  fo rm ula  for L ap lace  t ra n s fo rm e r  is

Y+ i»

2TriQ = I e P ^ Q  dp (B-28)

Y+ ioo

or, by the theorem  of res idues ,

Q - S Residues (B-29)

The res idues  a r e  found by evaluating the in tegrand  of Equation B-28 at 

the poles

p = 0 (B-30)

and

cos w = 0. (B-31)



B-7

At p = 0, w = 0 and

Rp=0 = K. (B-32)

The condition of cosw  = 0 r e s t r ic t s  w to

w = —2— tr n = 0,1, Z, 3, . . . (B-33)

and, using L ' H ospitals  rule, the residue  becom es

(K - D s in  nU  ,  ( n)^Q
R ^ = -------  -̂---------  e 2 (B-34)

cosw  = 0 Zn+1 _
 T —  TT

n — 0, 1, 2, 3, e e #

Then by summing the residues  and substituting for the d im en­

sionless variab les , the solution of F ic k 's  second law for the cap il la ry  

r e se rv o ir  technique becomes

I Zn+1 ,2

Ca  = C ,  .  <Cp - C , ) l  Ê ^ ^  a '  (B-35)

To m ake this solution usable i t  is  in teg ra ted  over the volume 

of the capillary; note that the final concentration m e a su re d  is  the average 

concentration, C^, and

L

C a  I n r ^ C ^ d z .  (B-36)

0

In tegration of Equation B-35 yields
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(B-37)

or

To fac ilita te  the use  of the above equation, Walls (23) has tabu- 

Ca  " Cj.
la ted  values of Q and ------- —— . He assum ed  values of Q ranging from

C q  -  C r

0. . to 0. 3600 in increm en ts  of 0. 0001 and cal culated the ratio  of the

concentrations. To apply W alls' re su lts  the concentration ra tio  is  c a l ­

culated from  the data, the value of Q is  de term ined  from  the table, and 

the diffusivity is  calculated  from

D = ^  . (B-39)
t

The Boltzmann-M atano solution to F ic k 's  second law will now 

be derived. This solution was p resen ted  by Boltzmann (4) and f i r s t  

used  by Matano (17). The diffusion coefficient is  not assum ed  constant 

and F ic k 's  law takes the form

The system  under consideration consis ts  of two regions which a r e  to be 

connected at the beginning of the diffusion period. The in itia l conditions



b -9

a re :  = Cq for z < 0 and = Cp for z < 0. The boundary conditions

a re :  = Cq for all t a t one end of the diffusion couple and C ^  = C^ for

all t a t  the o ther end.

A new variab le , y, is  in troduced which is  a function of t im e and

distance,

- 1 / 2
y = z t  . (B-41)

Substitution of th is  variab le  into Equation B-40 reduces  i t  to the o rd ina ry  

differen tia l equation

(B-42)

The above m ay  be in teg ra ted  once to yield ,,

y d C ^ , (B-43)
(° a b ) c " = /acA \ J 

I— j c ;  c „'A
11 I

w here  C ^  is  any concentration between Cq and Cq.

When the diffusion run is  over the concentration profile  (pene­

tra tio n  curve) is  de term ined  for the en tire  length of the system  and this 

data i s  used  to solve for the diffusivity as a function of concen tra tion . 

Since tim e is  now a constant. Equation B-43 can be tra n sfo rm ed  to

f
( ° a b ) c a  = - ^ i

“ co

In o rd e r  to im plem ent the above resu lt ,  the d istance coordinate m u st 

be shifted such that the z -  0 plane is defined by
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f -
zdC  = 0. (B-45)

Co

This is  done by adjusting the zero plane until the positive and negative 

portions of the in teg ra l  cancel each o ther.  The diffusion coefficient is  

then found by determ ining  the slope of the penetra tion  curve and the value 

of the in teg ra l  as functions of concen tra tion . M ore copiplete d e sc r ip ­

tions of the Boltzm ann-M atano m ethod a re  given by Jo s t  (15), Shewmon 

(21) and m o s t  m odern  m eta l lu rg y  tex ts  which deal with diffusion.

Ideal Solutions

In Chapter II F ic k 's  second law was shown to be applicable to

system s for which the specific volume follows a l in e a r  law, i. e . , no

change of volume on mixing. C onsideration of F ic k 's  second law as  a

genera lized  diffusion equation applicable at any tem p era tu re ,  p re s s u re

and composition allows i ts  re s t r ic t io n  to be s ta ted as:

F ic k 's  second law is  theo re tica lly  r e s t r ic te d  to system s for which 
th e re  is no change of volume on mixing for all tem pera tu re ,  p r e s ­
su re  and composition. However, it  m ay be applied, at a given 
te m p e ra tu re  and p re s s u re ,  to concentration in te rv a ls  over which 
the specific  volume of the solution is  approxim ated by a l inear  
law.

Stated m athem atica lly  this assum ption, in the m ost general sense, is

V. = V; for all T, P. X-. (B-46)

The therm odynam ic r e s t r i  ctions of the above condition will now be



investigated.

At constant composition the specific and p a r t ia l  m olal Gibbs 

f ree  energy a re  defined by

dÇi = - ^ d T  + V idP  (B-47)

and

dG. = - S-dT + V-dP. (B-48)

The defining re la tionsh ips for the fugacities a re

X = ^ T d l n ^ ^ Y ,  X (B-49)

éiiid

X = dlnfjj^^ x  (^-50)

R estric tion  of Equations B-47 and B-48 to constant te m p era tu re  and 

substitution into Equations B-49 and B-50 leads  to

^ d ln ^ jx ,  X = ( r t  li  X (B-51)

and

(dl“ £i)r,X = (r T ^ iH T .X -  IB-52)

Subtraction of these  re su lts  gives

This is  in teg ra ted  from  P  = 0 w here

lim  4  
P - 0  i i
lim  4  y  

f -  = ^ i



to some p re ssu re , P , and

1  
f;

I  f4)T,x= rrfÿi-yoL)dPT, X- (B-54)
V \

i P=0

The righ t side is  zero  by Equation B-46 and the le ft side in teg ra te d  to

4
In —  = InXj  ̂ (B-55)

o r

f. = X ff : • (B-56)
1 1 —  1

The above re su lt is  the Lew is and Randall fugacity  ru le  and is  the b asic  

definition of an idea l solution.

Since Equation B-56 is  applicable a t a ll te m p e ra tu re s  i t  m ay  

be d ifferen tia ted  with re sp e c t to tem p e ra tu re  a t constant p re s s u re  and 

com position to get

\
d ln f  JI  VX X l l  j  L t  x i i  X • j

 ̂ dT p ,  X '   ̂ dT J p ,  X * (B-57)

The re la tionsh ips
* _

d ln  fi I _ Hi - Hi
dT jp, X RT^

and

/d ln f^ i\ H^ - %

(B-58)

 ̂ dT jp,X~ RT 

a re  substitu ted  into Equation B-57 and

2=^  (B-59)
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(B-60)

Thus, the re s tr ic tio n  that the change of volume on m ixing is  

zero  fo r a ll tem p era tu re , p re s s u re  and com position im plies an ideal 

solution and the s ta tem ent tha t F ic k 's  second law is  an ideal solution 

law is  justified .



APPENDIX C

THERMODYNAMIC DATA

E llio tt and Chipman (9) determ ined  the e lectrode potential, 

with cadm ium  as the m o re  e lec tro p o sitiv e  component, for the cadm ium - 

lead  b in ary  system  from  400°C to 600°C. T heir data w ere  ex trapo lated  

to 350°C and w ere  u sed  in th is w ork. The rela tionsh ip  between the 

Gibbs f re e  energy  and the e lec trode  potential, E, is  given by

= R T ln a ^ .^  = - 2FE (C-1)

w here F  is  the F a rad ay  constant.

F  rom  the ex trapo la ted  data the values of In y w ere  calcu la ted

by

T hese re su lts  w ere  p lo tted  v e rsu s  (1 - X^^)^ and a re  shown in F ig u re  

C-1. F ro m  the d eriv a tiv es  of th is curve the therm odynam ic fac to r was 

ca lcu la ted  by

d in  ar-.; d lny /” j
d ln X c ^  -  Cd Pb

The re su lts  a re  shown in F ig u re  C-2.

C-1



C-2
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APPENDIX D 

ISOTOPE AblALYSlS

The lead  210 was p u rchased  from  the R adiochem ical C entre, 

A m ersham , B uckingham shire, England, as lead  n itra te  in 2. 5N n itr ic  

acid. Pb-210 does not have a c h a ra c te r is tic  gam m a spec trum  because  

it  eind its  decay products give m any low energy  gam m a ray s . The gam ­

m a spectrum  was obtained to de term ine if  any im p u ritie s  w ere  p re se n t. 

This spectrum  is  given in F ig u re  D-1, and, as can be seen, no im p u ri­

tie s  w ere  detected.

The cadm ium  115m was p u rch ased  from  the Union C arb ide C o r­

poration , N uclear Division, Oak Ridge N ational L a b o ra to ry  as cadm ium  

n itra te  in 0. 84N n itr ic  acid. P rev io u sly  M ir sham  si (18) experienced  

considerab le  troub le  with cadm ium  iso topes from  Oak Ridge. Some of 

h is  shipm ents contained a considerab le  am ount of s ilv e r  110m. The 

gam m a spectrum  of the Cd-115m used  in th is  w ork is  given in F ig u re  

D-2, and has the sam e energy peaks as the spectrum  given by H eath (14). 

No im p u ritie s  w ere  detected.

The gam m a sp ec tra  w ere  run on an autom ated gam m a spectrum  

analyzer a t the U niversity  of Oklahom a R eacto r L ab o ra to ry  under the d i­

rec tion  of Dr. A. E. W ilson.
D-1
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APPENDIX E 

NEGATIVE PARTIAL MOL AL VOLUMES

The p a r tia l m olal volum e of com ponent i in  a  m ix tu re  is  de­

fined as

= ( % ,  P , Nj •

When a sm all cunount of com ponent B is  added to a m ix tu re  of A and B 

and the final volum e is  le s s  than the o rig in a l volume of the m ix tu re , com ­

ponent B has a negative p a r tia l m olal volume, i. e . , the righ t side of 

Equation E-1 is  negative. Several system s (2, 23) have been rep o rted  

w here the p a r tia l m olal volum e of one com ponent is  negative over a p o r ­

tion of the com position range. The c h a ra c te r is tic s  of such a b in ary  sy s ­

tem  w ill be used  in th is  section to d em onstra te  the need  for u tiliza tio n  

of the p ro p e r diffusion equations.

C onsider a b in ary  solution of com ponents A and B having the 

specific volum e v e rsu s  m ole frac tion  re la tionsh ip  shown in F ig u re  E-1. 

(This b inary  solution is  to ta lly  fic titious. ) Inspection of the curve in d i­

cates that V^ is  zero  at - 0. 9 and negative fo r 0 .9  < < 1. 0.

I t  is  now assum ed  that, w hether the m ix tu re  is  gas, liquid o r

E-1



E-2

solid, diffusion data can be obtained s im ila r  to the p en e tra tio n  cu rve for 

two sem i-in fin ite  solid  rods. The in itia l conditions a r e  shown in F ig u re  

E -2 .

X^ = 1. 0 Xa  = 0 .6

Xg = 0 Xg = 0. 4

= 0 z  = L Z =

F ig u re  E -2 . Diffusion Couple

A fter diffusion has p roceeded  for a specified  tim e the m ole frac tio n  of

A w ill b e l .  Oat  z =  0 and w ill d e c rea se  in a re g u la r  mcinner to a value

of 0. 6 a t 2L. S im ilarly , Xg = 0 a t 3 = 0 and 0. 4 a t 2L obeying the ru le

X ^  + X g = 1. The p enetra tion  curve, p lo tted  as  m ole frac tio n  v e rsu s

distance, then could take the fo rm  shown in F ig u re  E -3 . F ro m  the

p en e tra tio n  curve in F ig u re  E-3 and the specific  volum e data in F ig u re

E-1, the concentration  v e rsu s  d istance re la tio n sh ip  is  de term ined  and

il lu s tra te d  in F ig u re  E -4 . A m axim um  ex ists  a t X^ = 0.9 and diffusion

actua lly  occurs against the concen tra tion  g rad ien t cf A.

A ssum ing that the in te rface  defined by
1

(E -2)

Co

could log ically  be located, the B oltzm ann-M atano solution s till  gives 

e rro n eo u s re su lts . (See Appendix B for d iscussion  of B oltzm ann-M atano 

m ethod. ) Since

c

I



E-3
II

C a

- IT %  C% I  ̂ <E-3)

Co

ÔCa
and — -  = 0 at = 0. 9, m ust go to infin ity  a t that point. F u r -

Ô z
th erm o re , D ^g  w ill be m inus infin ity  on one side of = 0 .9  and plus 

infinity on the other side. It could be argued  tha t the in teg ra l in  E qua­

tion E-3 should be zero  a t X ^  = 0. 9, but th is leads to two coordinate 

system s for the analysis .

The solution to P ic k 's  second law used  in th is  work, Equation 

26, also  fa ils  since it  r e s t r ic ts  diffusion to the opposite d irec tion  of the 

concentration g rad ien t. Thus, i t  would p red ic t that com ponent A is  

diffusing, in  both d irec tions, away from  the point in space w here  X ^  = 

0 .9 .

The case of negative p a r tia l m olal volum es is  ex trem e but 

does point out the need for ca re  and forthought before applying the diffu­

sion equation to experim ental data.
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T A B L E  E -1

S E L F  D IFFU SIO N  O F P U R E  L E A D  AT 400 C

C apillary
num ber

Length
in ch es

T im e
se c

- Cr 
cpm

C£ — Cr 
cpm

Cf - Cr
Cq - Cr Q

D X 10^ 
cm  " /  see

1 ..968 36000 5038 2992 . 5939 .1 2 9 6 2 .1 2
2 1. 000 36000 4959 2894 . 5836 . 1362 2. 44
3 . 985 36000 5031 2686 . 5339 .1707 2. 97
4 . 967 36000 4977 2978 . 5984 .1267 2 .1 2
5 . 997 36000 5086 2996 . 5912 .1313 2. 34
6 1. 005 36000 5078 3015 . 5937 .1297 2. 35
7 .9 5 3 36000 4635 2750 . 5928 . 1302 2 .1 2
8 . 950 36000 4718 2460 . 5596 . 1524 2. 46
9 .9 9 3 36000 5061 2958 . 5846 .1356 2. 40



T A B L E  F -2

S E L F  D IFFU SIO N  O F L E A D

C apillary
num ber

Cd m a s s  
p ercen t

L ength 
in ch es

T im e
s e c

C q  - Cj- 
cpm

Cf - Cr 
cpm '^o - ^ r Q

D X 10^ 
cm ^ / se c

16 11. 7 1. 027 28800 1577. 8 109 0 . 8 . 6557 . 0931 2. 24
17 11. 7 1. 034 28800 1616. 3 1010. 7 . 6253 . 1103 2 . 68
18 11. 7 1. 036 28800 1658.7 1007.8 . 6076 .1209 2. 95
19 11. 7 . 987 30600 1502.1 954. 6 . 6355 .1043 2 . 18
20 11. 7 .9 3 2 30600 1450. 8 845. 9 . 5830 . 1366 2. 54
21 U. 7 . 969 30600 1573.9 980. 7 . 6231 . 1116 2. 24
44 3 0. 7 .. 996 25200 1007 .8 654.1 . 6490 . 0967 2 . 49
45 3D. 7 1. 007 25200 9 8 5 .9 645. 2 . 6544 . 0938 2. 43
46 3 0. 7 . 987 25200 915. 6 625.1 . 6482 . 0972 2. 42
47 3 0. 7 . 9 8 2 25200 916. 7 634. 6 . 6923 . 0744 1. 84
48 3 0. 7 1. 000 25200 898. 4 596. 0 . 6634 . 0889 2. 27
49 3 0. 7 1. 240 25200 1112 . 0 771. 2 . 6935 . 0738 2 . 86
50 3 0. 7 1. 240 25200 1056. 8 768. 8 . 7275 . 0583 2. 30
51 3.0. 7 1. 240 25200 1147. 9 847. 8 . 7386 . 0537 2.11

221 7 0. 0 1. 040 25920 2 5 5 5 3 .8 17184. 2 . 6725 . 0842 2. 27
222 7 0. 0 1. 040 25920 2 5 6 6 6 .9 17099 .4 . 6662 . 0875 2. 36
223 70. 0 . 1. 040 25920 25976. 0 17007. 6 . 6547 . 0936 2. 52



TABLE E -3

SELF DIFFUSION OF CADMIUM

C apillary
num ber

Cd m a s s  
p ercen t

Length
inches

T im e
se c

Cq -  Cr 
cpm

C£ — Cr 
cpm

Cf - Cr
C q  - Cj. Q

D X 10^ 
c m ^ /s e c

52 100 1. 002 21600 9 0 4 8 .2 6413. 8 . 7088 . 060 6 2. 07
53 100 1. 002 21600 9813.1 6 4 9 2 .3 . 6616 . 0899 2 . 79
54 100 1. 002 21600 8803. 7 5759. 3 . 6542 . 0939 2 . 92
55 100 1. 002 30000 9682. 5 6397. 0 . 6607 . 0904 2 . 02
56 100 1. 002 30000 9118. 3 5 6 3 3 .2 . 6178 . 1147 2. 57
57 100 1. 002 30000 9399 . 6 6127.2 . 6518 . 0952 2.13

122 70. 0 1. 002 29940 7934. 4 4696. 2 . 5920 .1308 2. 93
123 70. 0 1. 002 29940 7 9 8 2 .7 4 9 4 8 .6 . 6199 .1135 2. 54
124 70. 0 1. 002 29940 7867. 6 4800. 8 . 6120 .1193 2. 67
153 23. 9 1. 002 29520 4551. 7 2 8 2 9 .8 . 6217 .1124 2. 56
154 23. 9 1. 002 29520 4710.0 2655. 7 . 5649 .1487 3. 38
155 23. 9 1. 002 29520 4586. 6 2 9 2 4 .4 . 6376 .1031 2. 34

4Iu>



T A B L E  E - 4

M U TU A L D IFFU SIO N ; P b -2 1 0  TR A C E R

C ap illary
num ber

Length T im e  
in ch es  se c *cpm *cpm *cpm

Cf - Cj.
^o - ^ r Q

D X 10^ 
c m ^ /s e c

8.9 m a s s  % Cd; ca p il la ry  6 . 08% Cd; r e s e r v o ir  11. 81% Cd
10 .9 9 9  35880 1723 1614 1577 .3 0 3 9 < .  36 < 10
11 . .9 7 9  35880 1805 1684 1577 .4 6 9 3 . 2 2 0 3. 83
12 .9 8 0  35880 1810 1693 1577 . 5202 .1810 3.13
14 1. 045 43920 1845 1706 1577 . 7630 . 0441 . 71
15 1. 053 43920 1733 1633 1577 . 3613 . 3276 5. 32

14. 6 m a s s % Cd; ca p il la ry  11. 81% Cd; r e s e r v o ir  17. 44% Cd
24 1. 021 21600 1557. 2 1491. 6 1433.7 . 4689 . 2223 6 . 92
25 . 979 21600 1554. 7 1500. 7 1431. 4 . 5615 .1511 4. 32
26 . 963 21600 1533 .4 1485. 0 1411. 8 . 6023 .1243 3. 44
28 . 936 29100 1502. 5 1436. 4 1383. 3 .4 4 5 4 . 2431 4. 72
29 .9 6 7  23400 1470. 6 1414. 5 1409. 4 . 5191 .1819 4. 69

26. 4 m a s s % Cd; ca p il la ry  22. 22% Cd; r e s e r v o ir  30. 65% Cd
37 . 947 21600 1272 1067 990 . 2730 < .  36 <10

- 38 1. 047 21600 1193 1062 990 . 3547 . 3350 11. 61
39 . 9 6 6  21600 1223 1044 990 . 2361 < .  36 <10
40 . 974 21600 1278 1154 990 . 5694 . 1457 4.13
41 . 975 21600 1271 1152 990 . 5730 . 1432 4. 07
42 1. 036 21600 1260 1144 990 . 57 04 .1450 4. 65



TABLiE F - 4 - -C o n tin u e d

C a p il la ry L e n g th T im e Co Cf _ C r  ^ Cf - C r D X 10^
n u m b e r in c h e s se c cpm cpm cpm C o - C r Q c m ^ / se c

50. 6 m a s s  % Cd; ca p illa ry  47. 03% Cd; r e s e r v o ir  54.11% Cd
170 1 .0 4 0  23340 52941.1 51100. 5 42065 .1  .8 3 0 8
171 1. 040 23340 5 2 8 8 8 .9  51490. 0 42115.3 .8 7 0 2
172 1. 040 23340 5 3 6 0 3 .4  51490. 0 41867.3  .8199

0225
0132
0255

. 67 

. 39 

. 76

7 0. 0 m a s s  % Cd; ca p illary  6 8 . 00% Cd; s e r v o ir  72. 02% Cd
211 1 .0 4 0  43200 2 3 2 6 3 .8  2 2 7 0 0 .4  21540.8  . 6711
212 1. 040 43200 23411. 3 22915. 9 21973. 8 . 6544

0850
0933

1. 37 
1. 51

* T h ese  va lu es  a re  cpm per unit length for the g la s s  c a p i l la r ie s  (num bers 10-15 and 37 -42 )



T A B L E  F - 5

M UTUAL D IFFU SIO N ; Cd-115m  TR A C E R

C apillary
niirriber

T im e
s e c

Co
cpm

Cf
cpm

Cr
cpm

Cf - Cj.
Co - Cr Q

D X 10^ 
c m ^ /s e c

11. 9 m a s s  % Cd; ca p illa ry 7. 85% Cd; r e s e r v o ir  15. 96% Cd
140 30360 1576. 7 1994. 5 2945. 4 . 6952 . 0730 1. 61
142 30360 1593. 2 2051. 9 2976. 2 . 6683 . 0864 1. 91
143 25800 1546. 4 I960. 7 2936.1 . 7019 . 0698 1. 82
145 25800 1538. 4 2 0 6 8 . 5 3022. 5 . 6428 .1 0 0 2 2 . 61
146 25800 1555. 2 2039. 3 2956. 5 . 6545 . 0938 2. 44

19. 9 m a s s  % Cd; ca p illa ry 15. 96% Cd; r e s e r v o ir 23. 92% Cd
147 23340 2945. 4 3255. 6 4551. 7 . 8069 . 0293 . 843
149 23340 2976. 2 3379 . 2 4586. 6 . 7498 . 0492 1. 415
151 24120 3022. 5 3412. 0 4710. 0 . 7692 . 0418 1.163
152 24120 2956. 5 3 3 5 7 .0 4586. 6 . 7543. . 0474 1. 319

33. 9 m a s s  % Cd; ca p il la ry  29. 51% Cd; r e s e r v o ir 38. 32% Cd
156 23280 5106. 3 5213.3 6466. 5 .9213 . 0049 .141
157 23280 5214. 0 5681. 2 6640. 0 . 6724 . 0843 2. 431
158 23280 4 9 8 7 .3 5 3 7 3 .5 6 3 9 3 .7 . 7254 . 0592 1. 707

42. 5 m a s s  % Cd; c a p il la ry  38, 32% Cd; r e s e r v o ir 46. 70% Cd
159 21900 6466. 5 6532 . 6 7324. 4 . 9230 . 0046 .14
160 21900 6640. 0 6718. 0 7581. 8 . 9172 . 0054 .17
161 21900 6 3 9 3 .4 6 5 9 8 .2 7340. 5 . 7838 . 0367 1.17



T A B L E  F - 5 - -C o n tin u e d

C apillary
num ber

T im e
se c

Co
cpm

Cf
cpm

C r
cpm

Cf - Cj
- ^3

D X 10="
2 ,cm  / s e c

50. 4 m a s s  % Cd; c a p il la ry  46. 70% Cd; r e s e r v o ir  54. 08% Cd
163 22080 7581. 8 7752. 5 9006. 9 . 8802
164 22080 7340. 5 7 3 6 7 .6  8 8 0 2 .4  .9815

. 0113 

. 0002
. 34 
. 006

70. 0 m a s s  % Cd; ca p il la ry  6 8 . 02 % Cd; r e s e r v o ir  71. 99% Cd
116 21840 8743. 8 8938. 2 8993. 4 . 2212
117 21840 8749. 7 9081.2 9192.2  .2 5 0 8
118 21840 8833. 5 9003.1  9238. 7 . 5814
120 25380 8972. 8 9081. 2 9192. 2 . 5059

< . 3 6  
< .  36 

.1376  

.1921

<  10 
<  10
4. 40
5. 28



T A B L E  F -6

L E A D  S E L F  D IF F U S IO N -FU N C T IO N  O F C O N C EN TR A TIO N  IN TE R V A L

C a p il la ry
n u m b e r

T im e
sec

Co - Cj. 
cpm

C f - Cj. 
cpm

Cf - C^ 
Cq - C r Q

D X 10^
2 /cm  / s e c

c a p i l la r y  60. 0 m a s s  % Cd; r e s e r v o i r 80. 0% Cd; in te r v a l  20. 04%
181 28920 31683.5 19960. 9 . 6300 .1075 2. 59

c a p i l la r y  63. 9 m a s s  % Cd; r e s e r v o i r 76.1%  Cd; in te r v a l  12. 28%
185 32880 27715. 8 17884. 6 . 6453 . 0988 2 .10
186 32880 2 7 8 3 2 .6 17286.1 . 6211 .1128 2. 39
187 32880 28017.1 18633. 8 . 6651 . 0881 1. 87

c a p i l la r y  66. 0 m a s s  % Cd; r e s e r v o i r 74. 0% Cd; in te r v a l  8. 00%
191 21600 24734. 7 18400. 2 . 7439 . 0515 1. 66
192 21600 24493. 7 16340. 6 . 6671 . 087 0 2. 81
194 21600 24986. 6 19163.4 . 7669 . 0427 1. 38

c a p i l la r y  68. 0 m a s s  % Cd; r e s e r v o i r 72. 0% Cd; in te r v a l  4 . 02%
198 33000 22005. 8 14009 .2 , 6366 .1037 2.19
199 33000 22224 .1 13949. 4 . 6277 .1089 2. 30

4
I
00



T A B L E  F -7

CADMIUM SELF DIFFUSIO N-F UNCTION OF CONCENTRATION INTERVAL

C apillary
num ber

T im e
se c

Co -  Cr
cpm

Cf -  Cf. Cf - C f  
cpm C^ - Cj, Q

D X 10^ 
c m ^ /s e c

c a p il la ry  59. 9 m a s s  % Cd; r e s e r v o ir 80. 0% Cd; in ter v a l  19. 96%
58 21600 7517. 0 5196. 9 0. 6914 0. 0748 2. 32
59 21600 6720. 4 4 7 2 6 .7  0 .7033 0 . 0691 2.15
60 21600 6867. 0 4882. 6 0. 7110 0. 0656 2. 04

c a p il la ry  64. 2 m a s s  % Cd; r e s e r v o ir 75. 8 % Cd; in terv a l 11. 62%
76 21900 8384. 8 5 7 9 4 .5  0.6911 0 . 0749 2. 30
77 ‘ 21900 8 5 9 9 .3 5891. 9 0 . 6852 0. 0778 2 . 38
78 21900 8726. 8 5 9 7 7 .6  0. 6850 0 . 0779 2 . 39

c a p il la ry  6 6 . 0 m a s s  % Cd; r e s e r v o ir 74. 0% Cd; in ter v a l  7. 95%
88 31800 8953. 5 5621. 9 0. 6279 0.1087 2. 29
89 318 00 8856. 0 5 6 9 6 .9  0 .6433 0. 0999 2.11
90 31800 9209 . 7 5701. 9 0 . 6133 0.1174 2. 48

c a p il la r y  6 8 . 0 m a s s  % Cd; r e s e r v o ir 72. 0% Cd; in terv a l 3. 98%
110 26220 8 9 2 3 .4 5491. 2 0 . 6154 0.1162 2. 97
m 26220 8777. 8 5634. 8 0. 6419 0.1007 2. 58
112 26220 8954. 4 5529. 8 0. 6176 0.1149 2. 94
U3 26220 9269 . 6 6123. 2 0. 6606 0 . 0905 2 . 61
114 26220 9250.1 6 3 3 3 .2  0. 6847 0. 0781 2 . 02
115 26220 9282 . 7 6093. 4 0. 6564 0. 0927 2. 67

4
Isû



T A B L E  F - 8

M U TU A L D IF F U S IO N -F UNCTION O F CO N CEN TRA TIO N  IN T E R V A L ; P b -2 1 0  TR A C E R

C apillary
num ber

T im e
se c

Co Cf 
cpm cpm

Cr
cpm

Cf - C3. 
Co - Cr Q

D X 10^ 
c m ^ /s e c

c a p il la r y  6 6 . 0 m a s s % Cd; r e s e r v o ir  74, 0%; in terva l 8 . 00%
195 22980 2 6 8 2 2 . 0  2 5 5 6 9 .5 20369. 6 . 8059 . 0296 . 90
196 2 2 9 8 0 27153. 4 2 5 6 8 3 .5 2 0 1 9 8 . 8 . 7886 . 0351 1. 07
197 2 2 9 8 0 27393. 0 25824.1 2 0 6 4 9 .2 . 7674 . 0425 1. 29

c a p il la ry  63. 9 m a s s % Cd; r e s e r v o ir  76.1%, in terva l 12.28%
188 27600 27881. 3 25192.1 19052. 9 . 6 9 5 4 . 0729 1. 84
190 27600 2 8 2 4 6 .4  2 5 5 0 8 .4 19105.8 . 7005 . 0704 1. 78



T A B L E  F -9

M UTUAL D IF F U S IO N -FU N C T IO N  O F CO N CEN TRA TIO N  IN T E R V A L ; Cd-115m TR A C E R

C a p il la ry
n u m b e r

T im e
sec

Co
cpm

Cf
cpm

C r
cpm

Cf - C j.
Co - C r Q

D X 10% 
c m ^ / sec

c a p i l la r y 59. 9 m a s s  % Cd; r e s e r v o i r 80.1%  Cd; in te rv a l  20.12%
64 23400 8497.1 8895. 6 10102.9 . 7518 . 0484 1. 39
65 23400 8592.1 9071. 6 10253 .2 . 7113 . 0655 1. 88
66 23400 8573. 0 8906 .1 10340. 9 . 8116 . 0279 D. 80
67 21720 8652. 7 9 3 5 6 .8 10102.9 . 5145 .1854 5. 73
68 21720 8663.1 9698. 3 10253 .2 . 3490 . 3416 10. 56
69 21720 8 6 8 3 .8 9530. 6 10340. 9 . 489 0 . 2056 6. 35

c a p i l la r y 64. 2 m a s s  % Cd; r e s e r v o i r 75. 8% Cd; in te rv a l  11. 65%
82 22500 8512.1 9125.1 9686 . 4 . 4780 . 2147 6. 40
83 22500 8641. 6 9274. 7 9793 .3 . 4503 . 2386 7.12
84 22500 8417. 5 8991. 5 9985. 9 . 6340 .1052 3 .14
85 21600 8790. 7 9 2 6 8 .8 9686. 4 . 4774 . 2152 6. 69
86 21600 9105. 0 9666 . 6 9793.3 .1841 < . 36 <10
87 21600 9092. 7 9511. 2 9985. 9 . 5315 .1725 5. 36

c a p i l la r y 66. 0 m a s s  % Cd; r e s e r v o i r 74. 0% Cd; in te rv a l  7. 94%
94 23760 8459. 2 8504. 0 9674. 5 . 9631 . 0011 . 003
95 23760 8 3 9 9 .8 8796. 6 9771. 4 . 7118 . 0652 .19
97 26340 8653. 2 9 2 9 0 . 4 9674. 6 . 3440 . 3474 9. 20
98 26340 8947. 9 9413. 2 9771. 4 . 4350 . 2525 6. 69
99 26340 8781.1 9206. 3 9 6 4 7 .3 . 5091 .1895 5. 02


