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The bulk diffusivity of oxygen has been measured as a function of

temperature in dilute vanadium alloys.   The' emf vs time is measured on the

electrolytic cell : Pt/Nb+NbO/Th02-7%Y203/V-alloy/Zr/Pt. The oxygen

content, which is initially uniform in the vanadium-based alloy, drains into

the zirconium sink as a function of annealing time.  After a short

transient, the rate of cell emf change is directly proportional to the

diffusivity of oxygen in the alloy.  Substitutional solutes in vanadium have

been chosen on the basis of their atomic sizes in vanadium and the heats of

formation of their oxides.  Oxygen diffusion results have been obtained for

nickel, chromium, niobium, tantal um, titanium, zirconium and hafnium  as

binary solute additions of up to 4 at.%.  The oxygen diffusivity results are

compared with those for niobium-based alloys. Interpretations of the           "'
results are made using two models for the thermodynamics and kinetics of

trapping of interstitial atoms by substitutional solute atoms.
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I n t r o d u c t i o n  

I n t e r s t i t i a l  atoms, such. as H, C, 0 and N, - have an impor tan t  i n f l u e n c e  

.on most phys i ca l  .and mechanical p r o p e r t i e s  and proce.sses i n  'metals. 

  ow ever, t h e i  r . i n f l  uence .depends s t r o n g l y  on t h e i r  i n t e r a c t i o n '  w i t h  ' o the r  

. de fec ts  a1 so present  i n  t he  metal . I n  p a r t i c u l a r ,  small concent ra t ions  o f  

s u b s t i t u t i o n a l  atoms can cause profound m o d i f i c a t i o n s  i n  the  b e h a v i o r , o f  

these i n t e r s t i t i a l s .  This  study i s  concerned w i t h  the  e f f e c t  o f  

s u b s t i t u t i o n a l  atoms on the  oxygen d i f f u s i o n  i n  vanadium. It i s  p a r t  o f  a  

l a r g e r  e f f o r t .  d i r e c t e d  t o  the  understanding o f  so l  u te -so l  u t e  i n t e r a c t i o n s  i n  
. . .  . . .  . . . . . . 

' '  BCC metals. We have used the  s o l i d  e l e c t r o l y t i c  c e l l  technique which was 

b r i l l i a n t l y  in t roduced and explored by Carl  Wagner, on both experimental  and 

t h e o r e t i c a l  bases (1 1. 

The e l e c t r o l y t i c  c e l l  technique a1 1  ows the  de terminat ion  o f  k i n e t i c  

data through the  mon i to r i ng  o f  e i t h e r  i t s  c u r r e n t  du r ing  t r a n s i e n t  0.r 

s teady-s ta te  cond i t i ons  ( 2 )  , or  i t s  emf du r ing  t r a n s i e n t  cond i t i ons  (3,4). 

The present  work .uses the l a t t e r  method proposed by Kirchheim -- e t  a1 ( 3 ) .  

The cel.1 geometry i s  shown i n  F ig.  1. The oxygen i s  i n i t i a l l y  un i fo rm i n  

concen t ra t i on  i n  the  specimen, b u t  d ra ins  i n t o  a  s ink  du r ing  the  d i f f u s i o n  
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r u n .  The sink must be a material with high oxygen mnhi l  i t y ,  high solubi l i ty ,  

for  oxygen and negligible interdiffusion. with the sample ( 5 ) .  A zirconium 
block has been used w i t h  excellent resu l t s  for  Nb, V (4)  and Ta (3) .  The 

reference electrode i n  the kinetic study was e.ither a N ~ + O  ( 2  phase) or a 

V+O (1 phase) binary a1 1 oy. I t  was placed on the bottom, F i g .  1, and was 

not disturbed for  several consecutive runs. The temperature was held a t  450 
K for  approximately 14 hours and then brought to  1173 K within two hours. 

The emf was recorded as a function of time until  the curve showed a d i s t inc t  
s t ra ight - l ine  portion, with a slope given by a solution of Fick's law w i t h  

the appropriate boundary conditions (3,6) 

wheve L i s  the thickness of the electrode and E i s  the cel l  emf. T h i s  slope 

was calculated by a 1 inear regression of a t  l e a s t  eight experimental 
points. After the slope was established a t  one temperature, the temperature 

was changed and a new curve of emf versus time obtained. ' The diffusion 

coef f ic ien t  was then calculated from the above equation for  each temperature 
of in te res t .  Measurements were made from 873 to 14.23 K.  The relative e r ror  
of a measurement of D is  estimated a t  l e s s  than t 7%. This error  a r i ses  

chief ly from nonuniformity of the electrode thickness and contact, with 
small e r  contributions from einf sl ope determination, temperature' measurements 

and temperature gradient. This technique enables the determination of D a t .  
several ternpet-ntuves or1 tl bit~ylt! specllller~ ar~d I s  l i m i t e d  only by the onset 

of e lectronic  conduction i n  the e lec t ro ly te ,  i .e., the electrolyte  i s  

outside i t s  essent ia l ly  ionic conductivity range due t o  the extremely low 

oxygen part ia l  pressure associated with the oxygen concentration a t  the 
el  ectrolyte/sampl e interface (7 ) . 

The cel l  was supported on Lucalox tubes i n  a thoriated tungsten wound 

furnace placed inside the bell j a r  of an ion-pumped UHV system. The ce l l  

compartment was separated from the heating element by a cylindrical niobium 

sheet,  which provided e lec t r ica l  shielding and a ge t te r  for impurities. S i x  

concentric radiation shields around the en t i r e  assembly reduced the heat 

loss  and helped maintain a uniform cel l  temperature. The temperature 
difference between the upper and lower electrodes was typically less  than 5 

K .  The total  pressure was usually t o  1 0 - ~ ? a  during the 
measurements. The cel l  was careful ly  i sol ated e lec t r ica l  ly to  assure 1 ow 
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. . leakage and thus, more accurate emf, measurements. 
8 

Dilute binary a l l oys '  containing T i ,  Cr, Ni, Zr, Nb, Hf or  Ta (Table 1) 

were .prepared by arc  .melting i n  an argon atmosphere furnace w i t h  a water 

cooled copper hearth and tungsten e lect rode.  The furnace was purged twice 

with argon and then a zirconium button was mel ted , in  a separate compartment 

of the hearth before me1 t ing  the a1 1 oy. Each a1 1 oy was me1 ted fou'r times. 

Both zirconium and a l loy  ingots were etched t o  remove any oxide layer  picked 

up  during cool ing,  and they were turned over between me1 t s .  Total metal1 i.c 

impurity amounts were typ ica l ly  l e s s  than 150 at.ppm a f t e r  me1 t ing.  After . 

swaging and r o l l i n g ,  metal strips were al loyed with measured amounts of 

oxygen i n  a high vacuum Siever t s '  apparatus described elsewhere '(8). The 

s t r i p s  were annealed fo r  approximately 3 hours a t  temperatures from 1350 

Oxygen Diffusivi  ty i n  Vanadium-based A1 loys 

A1 1 oy* LnDo Activation .Energy, Q 

Pure V (0.6 & 1.5 0)  -13.42. 123.7 
. . .  

. . . . .  .- . .  .. . 
*Al'loy compositions in atomic per cent-  



t o  1600 K and pressures from t o  Pa. A t  .about 1600 K the pumps 
% 

were valved of f  f o r  40 minutes while oxygen was leaked i n .  This was done 

slowly t o  prevent t he  formation of an oxide l ayer  on 'the surface of the  

s t r i p  and  t o  insure  complete absorption. After doping, a homogenization 

anneal was ca r r i ed  out  i n  vacuum w i t h  the specimens held a t  approximately 

1550 K f o r  about 1.5 hours. The specimens contained 0.7 t o  2.5 a t %  

oxygen. The f i na l  oxygen concentrations were determined by a vacuum fusion 

technique. Tne s t r i p s  were cu t  i n t o  segments 13 x 6 x 0.5 mm, and the 

surfaces  were ground through 600 g r i t  Sic and a t tack polished w i t h  0.05 m) 

alumina i n  a chromic acid  s lu r ry .  

Results 

Thc d i f f u s i v i t i t s  of exyyell i r ~  pure varladium and in  subst i tu t ional  

a l loys  a r e  presented i n  t i g s .  2 through 5. Activation energies and pre- 

exponent1 a l va l ues determined from a least-squares f i t t i n g  of the Arrhenius 

equation fo r  a l l  the  experimental data a re  given i n  Table 1. The s t r a i g h t  

l i n e  i n  Figs. 3-5 i s  f o r  oxygen dif fus ion in pure vanadium (Fig. 2 ) .  Two 

. . - -  

TEMPERATURE ( O C )  

1200 1000 800 600 

0.6 0.8 1.0 1.2 

RECIPROCAL TEMPERATURE I OK-' 1 (x10-~) 

I 
. . 

Fig. 2 - Arrhenius p lo t  f o r  oxygen dif fus ion i n  V-0.6 0 and 1-1.5 0 binary - 
, 

a1 loys.  The 1 ine i s  the best  f i t  through the  data points. 
. , 



*' 
d i f f e r e n t  oxygen concentr 'at ions were used f o r  the  b.inary V-0 . a l l o y  (F ig .  2) 

and the  V -Cr 'a l l oy  (F ig.  3 ) .  . . . . 

. . , , 

 he a c t i v a t i o n  energy f o r  oxygen d i f f u s i o n  was u s u a l l y  g rea te r  i n  t h e  

s u b s t i t u t i o n a l  a l l o y s  than i n  pure V, except f o r  the oxygen d i f f u s i v i t y  i n  . . 

t h e  V-1.2Ti and V-0.96Ni a l l o y s ,  which co inc ided w i t h  pure V w i t h i n  t h e  

exper imenta l  e r r o r .  No evidence f o r  oxygen d i f f u s i o n  w i t h  t raps  was found 

f o r  any o f  the more d i l u t e  a l l o y s  ( 1 a t%) .  Both V-3.5Nb (Fig. 4) and V-  

3.6Ta (F ig .  5) a l l o y s  presented oxygen d i f f u s i v i t i e s  below the  pure V 

l i n e .  Th is  i s  c h a r a c t e r i s t i c  o f  d i f f u s i o n  i n  the  presence o f  t r a p s  

(4,9,10). The d i f f u s i o n  c o e f f i c i e n t s  cou ld  n o t  be determined by the  above 

techniques f o r  the  V-1Hf-0.8 0, V-4Ti-1. 0, V-4.4Ti-1.7 0, V-1Zr-0.7 0 and 

V-1Zr-2.1 0  a l l o y s .  The c e l l  emf i n  these samples d i d  no t  show t h e  l i n e a r  

r e g i o n  p r e d i c t e d  by Eq. (1 ) .  Nonetheless, the  c e l l  emf d i d  decrease w i t h  

. .  . . .  , .- . . . . 

- 

TEMPERATURE i°CI 

1200 1000 8 00 600 

0.6 0.8 113 1.2 

RECIPROCAL TEMPERATURE ( OK-' ) (40") . 

F ig .  3  - Arrhenius p l o t  f o r  oxygen d i f f u s i o n  i n  V-0.95 C r  a l l o y  ( p o i n t s )  
' 

compared t o  oxygen d i f f u s i o n  i n  pure vanadium ( l  i n e )  : . . 



time, indicating a continuous depletion of the oxygen-content in these 

sampl es .  Some equil i br ium measurements made with the.se samples proved tha t  

there was no electronic  conduction i n  the e lec t ro ly te ,  since the cell  emf 

eventually reached a constant value for  each temperature. The existence of 

a local oxygen precipi ta t ion process i n  the alloy is  a possible explanation 

for  t h i s  behavior, since second phases were found in these vanadium 

al loys.  In par t icu lar ,  Zr- and Hf-rich precipi ta tes  may drain the oxygen 

from the matrix thereby decreasing the cel l  emf as a function of time. 
These prec ip i ta tes  then play the same role as the zirconium sink i n  the cel l  

configured for  diffusion measurements (Fig. 11, except tha t  the boundary 
conditions for  diffusion are ent i rely differen.t and thus yield a different  

' solution t o  ~ i c k  Is 1 aw. These resu l t s  will be treated i n  a separate 
paper. Similar precipitation problems have been encountered in a study of 
hydrogen diffusion i n  vanadium alloyed w i t h  Ti and Zr (11). 

TEMPERATURE (OC) 

1200 1000 800 600 

Fig. 4 - Arrhenius plot for  oxygen diffusion i n  two V-Nb alloys (points)  

compared to  oxygen diffusion in pure vanadium (upper 1 inel .  The 
lower l i n e  i s  the prediction of Oriani ' s  trapping model ( 9 )  for  the 
V-3.5Nb-0.93 0 alloy.. 



D i  scussion 

The e x c e l l e n t  agreement o f  the  oxygen d i f f u s i v i t i e s  f o r  vanadium doped 

w i t h  1.5% and 0.6% o f  oxygen, F ig .  2, supports the e q u i l i b r i u m  r e s u l t s  t h a t  

Henry I s  1  aw i s  obeyed i n  V-0 b ina ry  a1 1  oys up t o  3% 0  (12) .  Moreover, the  

h igh  temperature d i f f u s i v i t y  measurements.in t h i s  study and t h a t  of Lauf and 

A l t s t e t t e r  (4 )  agree very we l l  w i t h  the  d i f f u s i v i t y  data, based most ly  on 

1  ow temperature i n t e r n a l  f r i c t i o n  measurements, compi 1  ed by Bora t to  and 

Reed-Hi1 1 (13) .  Thei r  s t a t i s t i c a l  c a l c u l a t i o n s  (14) y i e l d e d  124.7 f 0.8 

kJ/mole and -12.84 f 0.20 f o r  the  a c t i v a t i o n  energy and the  n a t u r a l  

l o g a r i t h m  o f  the  pre-exponential  f a c t o r  ( i n  D o  , respec t i ve l y ,  which may be 

compared w i t h  the  present  values i n  Table I. The agre'ement i s  remarkably 

good -- w i t h i n  0.8% f o r  the  a c t i v a t i o n  energy and 4.5% f o r  Do! The oxygen 

d i f f u s i v i t i e s  i n  the a l l o y s  w i t h  1 at% Ti ,  C r ,  N i ,  Nb and Ta showed o n l y  

smal l  d e v i a t i o n s  from the Arrhenius l i n e  f o r  oxygen d i f f u s i o n  i n  pure V, 

suggest ing t h a t  oxygen i s  

TEMPERATURE ( O C J  

1200 1000 8 00 

Fig .  5 - Arrheni  us p l  

cornpared t o .  

dashed 1  i n e  

a  19 k j l m o l e  

I i  
o t  f o r  oxygen d i f f u s i o n  i n  V - 3 j ~ a - 0 . 8 9 0  a l l o y  ( p o i n t s )  

oxygen' d i f f u s i o n  i n  purc vanadium (upper 1  i n c ) .  ' The 

i s  the pred ic t i .on  o f  0 r i a n i  ' s  t rapp ing  model. ( 9 )  us ing  , , 

b i nd ing  energy. The curved l i n e  assumes a  temperature 

dependent b i  nd i  ng energy. 



n o t  s t r o n g l y  t rapped by these s u b s t i t u t i o n a l  so lu tes  , i n  vanadium. However,. 

t he  absence of an observable e f f e c t  on oxygen d i f f u s i v i t y  i n  these d i . l u t e  

a1 1  oys cou ld  a1 so be due t o  a  f r a c t i o n a l  occupancy o f  t r a p  s i t e s  c lose  t o  

one, t h a t  i s ,  . t r ap  s a t u r a t i o n  due t o  very s t rong b inding.  The oxygen 

c o n t e n t  r e l a t i v e  t o  s u b s t i t u t i o n a l  sol u t e  content  i n  most samples woul d  

suggest t h a t  i f  t h e  t r a p p i n g  energy were high, poss ib l y  on ly  one o r  two t r a p  

s i t e s  e x i s t  per  s u b s t i t u t i o n a l  s o l u t e  atom, o r  e l s e  the re  i s  a  b ind ing  

energy l e s s  than 28 kJ/mole, i f  s i x  t r a p  s i t e s  per  s u b s t i t u t i o n a l  s o l u t e  

atom i s  assumed. Three d i f f e r e n t  approaches ]nay be attempted t o  handle the 

case o f  a  smal l  b i n d i n g  energy: extend the  measurements t o  lower 

temperatures, decrease t h e  oxygen content  i n  the  samples o r  increase the  

substi t u e l o n a l  sol Ute content .  I'he 'I ower temperature measlirernent.c a r e  

r e s t r i c t e d  by sainple and e l e c t r o l y t e  th ickness,  and by t h e '  e l e c t r o l y t e ' s  l o w .  

i o n i c  c o n d u c t i v i t y .  The lowest  temperature was 873 K, due t o  exceedingly 

l o n g  t ime i n t e r v a l s  r e q u i r e d  below t h i s  temperaturei This  was n o t  low 

enough t o  reso l ve  any poss ib le  t r a p p i n g  e f f e c t s  i n  these samples. 

Two d i f f e r e n t  oxygen concent ra t ions  were used w i t h  the  V-. 95Cr a1 l-.oy , 

2.2 and 0.88 at%Q. The main e f f e c t ,  though small, was t o  decrease t h e  

d i f f u s i v i t i e s  i n  t he  a l l o y  w i t h  lower  oxygen content  p r o v i d i n g  a  b e t t e r  

agreement w i t h  the  d i f f u s i v i t i e s  i n  pure V (F ig.  3 ) .  This e f f e c t  i s  most 

prominent  f o r  h igher  temperatures, where the  changes are  g.reater than the  

assoc ia ted  e r r o r s .  Since these temperatures were the  f i r s t  t o  be measured, 

t h e  oxygen concen t ra t i on  was very 1  arge, and the experimental  d i  f f u s i v i  t i e s  

were poss ib l y  composi t ion dependent, i .e. they were chemical d i f f u s i o n  

c o e f f i c i e n t s .  The same e f f e c t  seems t o  be present  f o r  t he  V-1.ONb a l l o y  and 

f o r  t h e  V-0.96Ta and V-0.96.Ni a l l o y s  a t  h igher  temperatures. The chemical 

d i f f u s i o n  c o e f f i c i e n t  a r i s e s  whenever the  a c t i v i t y  c o e f f i c i e n t  depends on 

t h e  concen t ra t i on  o f  t h e  d i f f u s i n g  species. It can be r e l a t e d  t o  t h e  

d i f f u s i o n  c o e f f i c i e n t  f o r  an i n f i n i t e l y  d i l u t e  s o l u t i o n  o f  oxygen Dm, by the 

express ion  (15) 

where i s  the a c t i v i t y  c o e f f i c i e n t  and N the mole f r a c t i o n  o f  oxygen i n  

so l  u t i o n .  I f  the a c t i v i t y  c o e f f i c i e n t  i s  g iven by Wagner. '~ approximat ion 

( 1 6 ) ,  Eq. (.3), the  d i f f u s i v i t y  i n  the . te ' r r ia ry  a l l o y  i 's  



which can be approximated by an exponent ia l  f u n c t i o n  i f  (i) I<< 1 

where the oxygen-oxygen i n t e r a c t i o n  c o e f f i c i e n t  Ei(i ) may be expressed as a  

f u n c t i o n  o f  temperature by Eq. ( 5 ) .  

where T-, and a are  en tha l  py and entropy terms, r e s p e c t i v e l y  (17).  Thus Eqs. 

( 4 )  and ( 5 )  p r e d i c t  a  change o f  both a c t i v a t i o n  energy and preexponent ia l  

f a c t o r .  f o r  oxygen d i f f u s i o n  i n  the  a l l o y s  whenever the oxygen s o l u t i o n  i s  

non-Henrian. Furthermore, the  change depends on the  oxygen concentrat ion,  

and the  d i f f u s i v i  ty f o r  .an i n f i n i t e l y  d i l u t e  s o l u t i o n  i s  obta ined whenever 

the concent ra t ion  i s  low enough t o  s a t i s f y  Henry's law. This e f f e c t  seems 

t o  be present  i n  t he  two V - C r  a1 l o y s  doped w i t h  d i f f e r e n t  oxygen 

concentrat ions.  Here the  p o s i t i v e  changes found f o r  the  a l l o y  doped w i t h  

more oxygen correspond t o  a  p o s i t i v e  i n t e r a c t i o n  c o e f f i c i e n t ,  which i s  

probably due t o  repu l  s i  ve oxygen-oxygen i n t e r a c t i o n s  ( 18).  A1 though another 

sample w i t h  lower oxygen content  was no t  prepared f o r  the  V - N i  a l l o y ,  i t  i:s 

expected t h a t  i t  would behave s i m i l a r l y  t o  the  V - C r  a l l o y ,  s ince e q u i l i b r i u m  

data measured on these a l l o y s  proved t h a t  these so lu tes  have s i m i l a r  e f f e c t s  

on the  a c t i v i t y  c o e f f i c i e n t  o f  oxygen ( 6 ) .  Hence, the  oxygen d i ' f f us ion  and 

the  e q u i l i b r i u m  data f o r  the  C r  and N i  s o l u t e  i n  vanadium suggest t h a t  

s u b s t i t u t i o n a l  - i n t e r s t i t i a l  s o l u t e  i n t e r a c t i o n s  are  e i t h e r  repu ls i ve  o r  non- 

e x i s t e n t .  

Al though the  oxygen d i f f u s i v i t i e s  i n  t he  two d i l u t e  V-based a l l o y s  

con ta in ing  Nb and Ta do n o t  p resent  c h a r a c t e r i s t i c s  o f  d i f f u s i o n  w i t h  t raps ,  

the  o ther  two, more concentrated, Nb and Ta a l l o y s  c l e a r l y  show 

d i f f u s i v i t i e s  below the  Arrhenius l i n e  f o r  pure V, F igs.  4 and 5.' O r i a n i ' s  . 

( 9 )  and McLel l a n ' s  (10) mode1 s  f o r  ' d i f f u s i o n  i n  t he  presence o f  t raps  were 

employed. t o  f i t  the  experimental  d i f f u s i v i  t i e s  f o r  these a1 1  oys. Both 

model s  assume no change o f  the saddle p o i n t  energy,. hence an i n t e r s t i t i a l  

atom has the  same p r o b a b i l i t y  t o  make any ju111p u n t i l  i t  i s  .tr.apped. 

  ow ever , NcLe l l  an ' s  model takes i n t o  account' .the d i f f e r e n t  cherni ca l  

environments f o r  the  i n t e r s t i t i a l  i n  a  pure and an a l l o y  m a t r i x .  Both 



model s  assume equi 1  i b r i  um between t r a p p i n g  and normal s i t e s .  

Table I 1  

Bind ing  Energies (kJ/mole) o f  Oxygen t o  Nb and Ta d i sso l ved  i n  V 

(Assuming S ix  Trap S i t e s  per  S u b s t i t u t i o n a l  ' s o l  u t e  Atom) 

O r i a n i  Model ( 9 )  McLel 1  an Model (10) 

Table I1 shows the  b i n d i n g  energies obta ined by us ing  a  non l i nea r  l e a s t -  

squares program t o  f i t  the  data. Both models gave e s s e n t i a l l y  t he  same 

f i t t i n g ,  w h i l e  McLel 1  an 's  model y i e l  ded small e r  b ind ing  energies. F igures  4 

and 5 show Arrhenius p l o t s  f o r  oxygen d i f f u s i o n  i n  V-3.5Nb and V-3.6Ta, 

r e s p e c t i v e l y  , where one 1  i ne represents the d i  f f u s i  v i  ty according t o  

O r i a n i ' s  model f o r  s i x  t r a p  s i t e s  per  s u b s t i t u t i o n a l  atom and t h e  o the r  l i n e  

i s  f o r  oxygen d i f f u s i o n  i n  pure V: The poor f i t t i n g  f o r  t he  V-3.6Ta a l l o y  

was improved (F ig .  5) by us ing  a  b i n d i n g  energy l i n e a r l y  dependent on the, 

temperature, as proposed by Lauf  and A1 t s t e t t e r  (4 ) .  A temperature- 

dependent b i n d i n g  energy i s  c e r t a i n l y  a  p o s s i b i l i t y ,  however i t s  absence i n  

most Nb-based a1 1  oys except Nb-4. lTa,  and i n  t he  V-3.6Ta 'a1 1 oy suggests t h a t  

i t  may be c h a r a c t e r i s t i c  of Ta o r  poss ib l y  due t o  the  h igher  ' s u b s t i t u t i o n a l  

s o l u t e  content .  A smal le r  number o f  t r a p  s i t e s  per  s u b s t i t u t i o n a l  s o l u t e  o r  

a  l a r g e  f r a c t i o n a l  occupancy o f  the  t r a p  s i t e s  are a1 so poss ib le  

exp l  anat ions  f o r  t he  observed oxygen d i  f f u s i v i  t i e s  i n  the  V-3.6~; a1 1  oy. 

However, bo th  assumptions woul d r e q u i r e  less  than 1 t r a p  s i  t e / s u b s t i  t u t i o n a l  

s o l u t e  atom, which means t h a t  the s u b s t i t u t i o n a l  so lu tes  are  n o t  equ iva len t  

i n  t h e i r  i n t e r a c t i o n  w i t h  oxygen atoms. 'I'his seems t o  be i n c o n s i s t e n t  w i t h  

t h e  V-3.6Ta-0.87 0  a1 l oy ,  unless an i n t e r s t i t i a l  super1 a t t i c e  i s  formed 

( o r d e r i n g  r e a c t i o n ) ,  which would a1 so l e a d  t o  i nc reas ing  a c t i v a t i o n  energies 

and decreasing d i f f u s i v i t i e s ,  w i thou t  being necessar i l y  a  d i f f u s i o n  w i t h  

t r a p s .  Therefore, a  simple model f o r  d i f f u s i o n  w i t h  t raps  may n o t  be v a l i d  

f o r  t h e  V-3.6Ta o r  Nb-4.1Ta a1 loys .  

The i n d i c a t i o n  o f  on l y  weak t r a p p i n g  of oxygen i n  the  V-3.5Nb and V-  

3 . 6 ~ a  a l l o y s  i s  i n  accord w i t h  expectati.ons based on simple concepts o f  



atomic s i z e  and p o s i t i o n  i n  the same group o f  the  p e r i o d i c  t ab le .  The f a c t  

t h a t  t r a p p i n g  was n o t  observed i n  the more d i l u t e  a l l o y s  w i t h  Nb and Ta i s  

a1 so, then, t o  be expected. Trapping a t  metal s o l u t e  p a i r s  o r  h ighe r  o rder  

c l u s t e r s  i s  an a l t e r n a t i v e  exp lanat ion  of the  s u b s t i t u t i o n a l  s o l u t e  

dependence (11).  Measurements over a  broader composi t ional  range would be 

d e s i r a b l e  t o  reso l ve  t h i s  quest ion.  E q u i l i b r i u m  a c t i v i t y  measurements a re  

be ing  made i n  the  same a l l o y  systems a t  several oxygen and several  Nb o r  Ta 

concentrat ions.  P re l im ina ry  i n d i c a t i o n s  are t h a t  t he  dev ia t i ons  from 

Henry 's  l aw  are  s l i g h t .  I n  the V-0 b inary  system Henry's law i s  obeyed f o r  

composit ions up t o  3.at% oxygen (12).  

The present  d i f f u s i o n  r e s u l t s  i n  vanadium-based te rna ry  a l l o y s  are  i n  

sharp c o n t r a s t  t o  re1 a ted  resu l  t s  i n  niobium-based te rna ry .  a1 1  oys w i t h  some 

o f  the  same s u b s t i t u t i o n a l  so lu tes  ( 4 ) .  There s t rong oxygen t r a p p i n g  

( b i n d i n g  energies between 50 and 70 k j l m o l e )  was observed f o r  Ti ,  V and Z r  

i n  niobium. The g rea te r  s o l u b i l i t y  o f  oxygen and s i g n i f i c a n t l y  lower oxygen 

chemical p o t e n t i a l  i n  vanadium compared t o  niobium i s  probably an impor tan t  

f a c t o r  and may be due t o  the  same fundamental cause. comparison o f  s o l u t e  

behavior  i n  Nb and V based on concepts o f  atomic' s i z e  and e l e c t r o n i c  

s t r u c t u r e  w i l l  be discussed i n  a  separate paper. Measurements on Ta-based 

a1 l o y s  are p resen t l y  under way. 

Concl usions 

1. Wagner's so l  i d  s t a t e  e l e c t r o l y t i c  c e l l  technique prov ides  a  powerfu l  

t o o l  f o r  s tudy ing  n o t  on ly  e q u i l i b r i u m  b u t  a l so  k i n e t i c  behavior.  

2. Oxygen d i f f u s i o n  i n  vanadium was no t  s i g n i f i c a n t l y  mod i f i ed  by small 

a d d i t i o n s  o f  T i ,  C r ,  N i ,  Nb and Ta. 

3. The small inc rease i n  t he  a c t i v a t i o n  energy f o r  oxygen d i f f u s i o n  i n  t he  

. V-based a l l o y s  c o n t a i n i n g  C r ,  N i ,  Nb and Ta probably r e f l e c t s  the  e f f e c t  

o f  these s u b s t i t u t i o n a l  so1 u tes  on the a c t i v i t y  c o e f f i c i e n t  o f  oxygen. 

4. ~ d d i t i o n s  o f  several percent  o f  Nb o r  Ta g i ve  i n d i c a t i o n s  o f  t r a p p i n g  

w i t h  a  b ind ing  energy o f  approximately 20 k j /mole,  us ing  e i t h e r  t h e  

Or ian i  o r  McLel l  an models o f  t rapp ing .  
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