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T h e K n u d s e n e f f u s i o n m e t h o d w a s c o m b i n e d w i t h a m a s s s p e c t r o m e t e r s e n s i n g t e c h n i q u e in
o r d e r to m e a s u r e t h e r m o d y n a m i c q u a n t i t i e s o f s o l i d s o l u t i o n a l l o y s o f V - T i b i n a r y s y s t e m .
T h e t e c h n i q u e m a k e s u s e o f t h e r e g u l a r s o l u t i o n m o d e l in o r d e r to t r e a t t h e v a p o r i z a t i o n d a t a
in t e r m s of ion c u r r e n t r a t i o s o b t a i n e d f r o m t h e m a s s s p e c t r o m e t e r . W i t h i n t h e e x p e r i m e n -
t a l t e m p e r a t u r e r a n g e o f 1500 ° to 1725°C a n d the c o m p o s i t i o n r a n g e of 0.10 < N T i < 0 . 9 0 , t h e
activity of titanium in the bcc (~3) phase relative to pure titanium for the binary alloy is:

RT In aTi = R T lnNTi +N~(1.82 ± 0.13) kcal per g-atom

while the activity of vanadium is:
2R T Inn v = RT InNV +NTi(I.82± 0.13)kcalper g-atom.

The experimental result on the pairwise interaction parameter agrees well with the the-
oretically calculated value.

THERE is presently a substantial interest in the the-
ory and properties of transition metal alloys. The
investigation of the thermodynamic properties of tran-
sition metal binary systems can also yield useful in-
f o r m a t i o n i f the t h e r m o d y n a m i c b e h a v i o r c a n be r e -
l a t e d to o b s e r v e d p h y s i c a l p r o p e r t i e s . I n a d d i t i o n ,
m a s s s p e c t r o m e t e r t e c h n i q u e s h a v e b e e n s h o w n to be
q u i t e u s e f u l in s e v e r a l b i n a r y a l l o y s y s t e m s s t u d i e s .1-~

T h e p u r p o s e of t h e p r e s e n t s t u d y was to i n v e s t i g a t e
t h e u t i l i t y o f t h e t i m e - o f - f l i g h t m a s s s p e c t r o m e t e r
t e c h n i q u e to r e l a t i v e l y l o w v a p o r p r e s s u r e e l e m e n t s in
t h e s o l i d s o l u t i o n p h a s e a n d w h e r e e l e c t r o m o t i v e f o r c e
m e a s u r e m e n t s a r e not r e a d i l y a p p l i c a b l e . T h e V - T i
s y s t e m was c h o s e n b e c a u s e o f i t s c o m p l e t e s o l i d s o l u -
b i l i t y in t h e 1400 ° to 1625°C t e m p e r a t u r e r a n g e ,4 p o s -
s i b l e a p p l i c a t i o n to a l l o y t h e o r y , a n d p o t e n t i a l u t i l i t y of
some V-Ti alloys for cladding material in liquid m e t a l ,
fast breeder reactors.~

The use of the effusion technique coupled with the
mass spectrometer presents certain problems of cali-
bration, sensitivity, and reproducibility whichhave
b e e n d i s c u s s e d by B e l t o n a n d F r u e h a n ,~ R e e s e et a l . , S
a n d B i d w e l l8 w i t h r e s p e c t to a c t i v i t y m e a s u r e m e n t s .
B r i e f l y , t h e m e t h o d o f R e e s e e t a l . ,3 w h e r e i o n c u r r e n t s
in t h e a l l o y a r e m e a s u r e d a n d r a t i o e d w i t h a n o t h e r i o n
c u r r e n t in t h e p u r e s t a t e , s u f f e r s b e c a u s e of d i f f e r e n c e s
in t e m p e r a t u r e r e p r o d u c i b i l i t y a n d m a c h i n e c o n s t a n t
v a r i a t i o n . I n o r d e r to c i r c u m v e n t t h i s , H o c h et a l ~-9
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developed the triple Knudsen cell technique where iso-
topic ratios of an element in the alloy and in the pure
state can be measured simultaneously. However, this
technique decreases the ion current signal because of
back diffusion, and calibration runs are frequently nec-
essary. Belton and Fruehan1'2 demonstrated a technique
where ion current intensity ratios can be used directly
by application of the Gibbs-Duhem equation but requires
a graphical integration procedure which leads to inac-
curacies. The method used in the present study elim-
inates the integration procedure by use of the regular
solution model where the overall uncertainty in the
measurement is contained in the determination of the
pairwise interaction parameter.

T H E O R Y

The equations used in this study were derived by
Fowler and Guggenheim ~°from a statistical thermo-
dynamic approach and revised by Hardy~I to include
higher order terms. The excess free energy per g-
atom for a binary system is written as:

[i]G x s = ~ m N i N 2 + N ~ N e E ~ z i + N 1 N e E l e 2

w h e r e ~212 i s t h e p a i r w i s e i n t e r a c t i o n p a r a m e t e r , d e -
fined as ~2m = Z[EI2 - (El1 +E22/2)]. Z = coordination
number, Em, E11, Ez2 are the interaction energies and
E~2~andE izz are proportional to the interaction energy
correction terms due to the influence of atom type 1
(or type 2) on a bond between atoms 1and 2. N i is the
atom fraction.

The partial excess free energies are given by

G--~s = Nee {~te + E~22 + 2(E12~ - E l z z ) N ~ } [2a]

a n d

G--X2s = N~{g$,z + E r a , + 2(Elee - E ~ z ~ ) N 2 } [2b]

In t h i s s t u d y , s u b s c r i p t 1 r e f e r s t o t i t a n i u m a n d sub-
s c r i p t 2 to v a n a d i u m . L u p i s a n d E l l i o t t ~2 d e r i v e d a n
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e x p r e s s i o n f o r a t e m p e r a t u r e d e p e n d e n t i n t e r a c t i o n
p a r a m e t e r a s f o l l o w s :

w h e r e Z = c o o r d i n a t i o n n u m b e r , ca = [R~2 - ( E l l + E 2 2 / 2 ) ] ,
w h e r e t h e i n t e r a c t i o n e n e r g i e s w e r e p r e v i o u s l y d e -
f i n e d a n d T r e p r e s e n t s t h e t e m p e r a t u r e a t w h i c h t h e
s o l u t i o n b e c o m e s i d e a l .

S u b t r a c t i n g E q . [2b] f r o m [ 2 a ] , t h e f o l l o w i n g e q u a t i o n
i s o b t a i n e d :

V--X, s -G--x2 s = e 1 2 ( N e - g , ) + 2 N , N 2 ( E ,2, - E,2e)

+ N ~ E l e 2 - N ~ E I e l [4a]

o r r e p l a c i n g N2 = 1 - N~

2+ 3NI(E~zz - E~21) [4b]

If Eqs. [2a] and [2b] correspond to the regular system
with

E,21 = E~22 and ~ 2 = ~ 2 + E~2~ = ~ 2 + E~22

~ x s _ ~ s = (n~2 + E ~ 2 ~ ) ( N 2 - N 1 ) = n*2 ( N 2 - N ~ ) [5]

U s i n g t h e d e f i n i t i o n of a c t i v i t y a n d r e l a t i n g t h e i o n
c u r r e n t in t h e m a s s s p e c t r o m e t e r t o p a r t i a l p r e s s u r e s
o n e o b t a i n s :27

~2~2(N2 - N ~) + 2 N , N 2 ( E I2~ - E ~ 2 2 ) + N ~ E ~ee - NI 2E ~e~

[ I~N2 1 [ Q z R 2 ( E - A ) ~ ( I A ) ~ p ~ ]
= R T In L i T ~ j + R T in

[~]

w h e r e

I = ion c u r r e n t

Q = e l e c t r o n i m p a c t i o n i z a t i o n c r o s s s e c t i o n

R = e l e c t r o n m u l t i p l i e r r e s p o n s e

(E - A ) = e n e r g y of i o n i z i n g e l e c t r o n s m i n u s a p p e a r -
a n c e p o t e n t i a l

(IA ) = i s o t o p e a b u n d a n c e

p ° = a b s o l u t e p r e s s u r e o f t h e e l e m e n t in the
s t a n d a r d s t a t e

T h e l e f t - h a n d side o f E q . [6] c o n t a i n s a n e x p r e s s i o n
f o r ~12 p r o p o r t i o n a l to ( A r e - N ~ ) o r ( 1 - 2N~) a n d
h i g h e r - o r d e r t e r m s w h i c h a r e n o n l i n e a r in N~. T h e
r i g h t - h a n d side o f E q . [6] c o n t a i n s a l l the m a s s s p e c -
t r o m e t e r c o n s t a n t s a n d the r a t i o o f t h e p r e s s u r e s o f
t h e e l e m e n t s in t h e i r s t a n d a r d s t a t e in a d d i t i o n to t h e
t e r m i n v o l v i n g the i o n c u r r e n t r a t i o s . I f a s a f u n c t i o n
o f c o m p o s i t i o n , t h e i o n c u r r e n t r a t i o s a r e m e a s u r e d
a n d s u i t a b l y p l o t t e d , t h e s l o p e y i e l d s t h e v a l u e o f t h e
p a i r w i s e i n t e r a c t i o n p a r a m e t e r ~2"2, a n d t h e i n t e r c e p t
y i e l d s a v a l u e o f t h e c o n s t a n t t e r m by a s s u m i n g
E~21 = E~22. H e n c e , if s e v e r a l t e m p e r a t u r e s a r e u s e d ,
i s o t h e r m a l p l o t s c a n be m a d e to d e t e r m i n e the t e m p e r -
a t u r e d e p e n d e n c y o f ~ * . I n a d d i t i o n , t h e s e l f - c o n s i s t -
e n c y o f t h e d a t a c a n be d e t e r m i n e d by c a l c u l a t i n g t h e
v a l u e of t h e i n t e r c e p t i n d e p e n d e n t l y f r o m equ i l i b r ium
v a p o r p r e s s u r e s a n d by d e t e r m i n i n g t h e r e l a t i v e e l e c -
t r o n i m p a c t i o n i z a t i o n c r o s s s e c t i o n s . 27

E X P E R I M E N T A L P R O C E D U R E

T h e m a s s s p e c t r o m e t e r u s e d in this s t u d y w a s a
B e n d i x M o d e l 1 2 - 1 0 7 w i t h the five e l e c t r o n g r i d , t h r e e
ion g r i d s o u r c e m o d i f i e d for 2 0 k H z o p e r a t i o n . T h e
K n u d s e n cell i n l e t s y s t e m a n d a n a l o g o u t p u t s y s t e m is
e s s e n t i a l l y t h a t o f t h e c o m m e r c i a l i n s t r u m e n t e x c e p t
f o r m o d i f i c a t i o n s a s n o t e d . A d e t a i l e d d e s c r i p t i o n o f
t h e t i m e - o f - f l i g h t m a s s s p e c t r o m e t e r ( T O F M S ) h a s
b e e n r e p o r t e d by W i l e y a n d M c L a r e n13 a n d a r e v i e w o f
t h e n e w e s t i m p r o v e m e n t s in t h e i n s t r u m e n t h a s b e e n
p u b l i s h e d by D a m o t h . 14 I n t h e m a s s s p e c t r o m e t e r ,
n e u t r a l m o l e c u l e s a r e b o m b a r d e d by a p u l s e d e l e c t r o n
b e a m to f o r m p o s i t i v e i o n s , w h i c h a r e d r a w n o u t a n d
a c c e l e r a t e d by - 7 5 0 v a n d - 2 . 8 k v a c c e l e r a t i n g g r i d s
down a 170 c m f i e l d f r e e - d r i f t t u b e . T h e m a s s e s a r e
s e p a r a t e d by t h e t i m e - o f - f l i g h t o f i o n b u n c h e s by t h e i r
m a s s / c h a r g e r a t i o a n d a r e d e t e c t e d by a n e l e c t r o n
m u l t i p l i e r . A n a n a l o g o u t p u t c i r c u i t i s u s e d to d e t e c t
a n d d i s p l a y t h e m a s s p e a k s o n a n o s c i l l o s c o p e o r r e -
c o r d e r . U s u a l l y , t h e m a s s s p e c t r o m e t e r i s o p e r a t e d
a t 10 k H z ; h o w e v e r , in o r d e r to i m p r o v e s e n s i t i v i t y ,
t h e i n s t r u m e n t was m o d i f i e d f o r 20 k H z o p e r a t i o n a n d
the l e n g t h o f the i o n i z i n g e l e c t r o n b e a m p u l s e w a s i n -
c r e a s e d f r o m 0.25 to 0 . 7 5 p s e c . A p u m p i n g b a f f l e was
i n s t a l l e d b e t w e e n t h e i o n s o u r c e a n d c o l d t r a p in o r d e r
to i n c r e a s e s e n s i t i v i t y f u r t h e r . W i t h t h e i n s t r u m e n t
u s e d , v a n a d i u m s i g n a l s w e r e d e t e c t e d a t 1 4 0 0 ° C (~10 -8
a t m ) w i t h a K n u d s e n o r i f i c e d i a m e t e r of 0 . 0 2 5 i n . a n d
e l e c t r o n e n e r g y o f 18 e v . P a r a m e t r i c e x p e r i m e n t s
p e r f o r m e d w i t h the T O F M S i n d i c a t e d that o p t i m u m i o n
c u r r e n t s i g n a l s w e r e o b t a i n e d w i t h 18 e v e l e c t r o n e n -
e r g y b e c a u s e o f h i g h b a c k g r o u n d a t h i g h e r e l e c t r o n e n -
e r g y a n d s e n s i t i v i t y .

T h e K n u d s e n a s s e m b l y c o n s i s t e d o f a t a n t a l u m o u t e r
c e l l w i t h a t u n g s t e n l i n e r w h i c h h e l d t h e s a m p l e s . T h e
c e l l was p o s i t i o n e d 5 to 6 c m b e l o w t h e i o n i z i n g r e g i o n
o f t h e m a s s s p e c t r o m e t e r a n d was a d j u s t e d h o r i z o n -
t a l l y to m a x i m i z e t h e f lux of p a r t i c l e s into t h e i o n
s o u r c e by m a x i m i z i n g t h e i o n c u r r e n t s . H e a t i n g of t h e
K n u d s e n c e l l w a s by e l e c t r o n b o m b a r d m e n t f r o m t w o -
10 m i l t u n g s t e n f i l a m e n t s . T h e K n u d s e n c e l l p o w e r
s u p p l y ( B e n d i x M o d e l 925) w a s m o d i f i e d to u t i l i z e t h e
e l e c t r o m o t i v e f o r c e f r o m a t h e r m o c o u p l e to c o n t r o l
e m i s s i o n v o l t a g e / c u r r e n t . 28 T h e c o n t r o l c i r c u i t r y
( T h e r m a c C o n t r o l l e r M o d e l M P R Y ) u s e d g a t e t u r n - o f f
s w i t c h i n g c i r c u i t s a s i n p u t c o n t r o l to t h e f i l a m e n t
p o w e r t r a n s f o r m e r s . T h e f i r i n g c i r c u i t s c o n t r o l t h e
f i r i n g t i m e to s i l i c o n - c o n t r o l l e d r e c t i f i e r s s u c h t h a t
t h e s e u n i t s s y n c h r o n o u s l y s w i t c h t h e l i n e to t h e f i l a -
m e n t p o w e r t r a n s f o r m e r s f o r d i s c r e t e i n t e r v a l s w i t h i n
e a c h c y c l e of t h e l i n e f r e q u e n c y . R a m p g a t i n g o f t h e
p h a s e f i r i n g c i r c u i t r y , u t i l i z i n g a 300 m - s e c d e l a y ,
d u r i n g " h e a t - o n " a n d " h e a t - o f f " i s u s e d to r e d u c e
f I y b a c k a c t i o n a n d a s s u r e s a s s y m e t r i c a l f i r i n g o f c o n -
t r o l o u t p u t s . C l o s e d - l o o p c u r r e n t l i m i t i n g i s i m p o s e d
to p r e v e n t t h e r m a l s h o c k o f f i l a m e n t s a n d a r c - o v e r .
T h e c o n t r o l l e r was m o d i f i e d so that in c a s e t h e t h e r m o -
c o u p l e i s s h o r t e d o r d a m a g e d , t h e c o n t r o l l e r wi l l s h u t
off p o w e r a n d p r o v i d e t h e r m o c o u p l e p r o t e c t i o n r a t h e r
t h a n r u n a w a y h e a t i n g .

T h e t e m p e r a t u r e o f t h e K n u d s e n c e l l was m e a s u r e d
by a W - 5 p c t R e / W - 2 6 p c t R e t h e r m o c o u p l e w h i c h was
p l a c e d in a 0 . 0 7 0 i n . h o l e d r i l l e d to a d e p t h o f 0 . 3 7 5 i n .
in t h e b o t t o m o f t h e c e l l a t a d i s t a n c e o f 0 . 1 7 8 i n . f r o m
c e n t e r . T h e t h e r m o c o u p l e r e p l a c e d o n e o f t h e t h r e e
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t u n g s t e n r o d s w h i c h s u p p o r t t h e t a n t a l u m K n u d s e n c e l l
a n d was f e d into t h e h e a t i n g t o w e r t h r o u g h a v a c u u m
c o n n e c t o r . T h e t h e r m o c o u p l e was i n s u l a t e d w i t h B e O
a n d h a d a 9.0 i n . l o n g , 0 . 0 6 2 i n . d i a m g r o u n d e d t a n t a l u m
s h e a t h . C a l i b r a t i o n o f t h e t h e r m o c o u p l e was p e r f o r m e d
by v i s u a l l y o b s e r v i n g m e l t i n g p o i n t s o f v a r i o u s e l e -
m e n t s . S a m p l e s o f C u , A g , N i , F e , P t , T i , a n d Gd w e r e
p l a c e d o n e i t h e r z i r c o n i a o r t h o r i a d i s c s in t h e c e l l a n d
w e r e o b s e r v e d by a 20X t e l e s c o p e , s i g h t i n g d i r e c t l y
into t h e K n u d s e n c e l l o r i f i c e . T h e s e e l e m e n t s h a d v e r y
d i s t i n c t a n d r e p r o d u c i b l e m e l t i n g p o i n t s w i t h a m a x i -
m u m d e v i a t i o n o f +5°C in t h e t e m p e r a t u r e r a n g e o f
950 ° to 1750°C. -

T h e s a m p l e s u s e d in t h i s s t u d y w e r e o b t a i n e d f r o m
O a k R i d g e N a t i o n a l L a b o r a t o r y . 5 T h e s e a l l o y s w e r e
p r e p a r e d by a r c - m e l t i n g the a p p r o p r i a t e a m o u n t s o f t h e
p u r e m e t a l s a t 10 wt p c t i n c r e m e n t s a c r o s s t h e e n t i r e
c o m p o s i t i o n r a n g e . A f t e r s w a g i n g , t h e s p e c i m e n s w e r e
then h o m o g e n i z e d f o r 16 h r a t 1 5 0 0 ° C . E l e c t r o n m i c r o -
p r o b e e x a m i n a t i o n d e t e c t e d no s i g n i f i c a n t i n h o m o g e -
n e i t y . C h e m i c a l a n a l y s i s a n d o t h e r d e t a i l s a b o u t t h e
s a m p l e p r e p a r a t i o n p r o c e d u r e a r e c o n t a i n e d in a p a p e r
o n s e l f - d i f f u s i o n u s i n g t h e s e a l l o y s5 ( s e e T a b l e I f o r
a l l o y c o m p o s i t i o n s ) .

C o l l i m a t e d L a n g m u i r e x p e r i m e n t s c a n be p e r f o r m e d
s i n c e a n i n t e r e s t i n g f e a t u r e o f t h e i o n c u r r e n t r a t i o
m e t h o d i s that t h e u s u a l e f f u s i o n r e s t r i c t i o n s a r e not
c r i t i c a l . 15 B e l t o n a n d F r u e h a n2 h a v e s h o w n t h a t K n u d -
s e n equ i l i b r ium c o n d i t i o n s a r e not r e q u i r e d a n d that a
c o l l i m a t e d L a n g m u i r e x p e r i m e n t wi l l y i e l d t h e s a m e
r e s u l t s . F r o m r i g o r o u s k i n e t i c t h e o r y , E v a n s e t a l . 2 5
h a v e s h o w n that in d i f f u s i v e f l o w a t a l l p r e s s u r e s , t h e
r a t i o o f t h e f l u x e s o f t h e gas c o m p o n e n t s i s i n v e r s e l y
p r o p o r t i o n a l to t h e r a t i o of s q u a r e r o o t s o f t h e m o l e c -
u l a r w e i g h t s : t h e s a m e r e s u l t o f K n u d s e n f l o w . T h e r e -
f o r e , t h e m a s s s p e c t r o m e t e r s e r v e s a s a s e n s i t i v e
s a m p l i n g d e v i c e to a n a l y z e the gas m i x t u r e a n d t h e ion
c u r r e n t r a t i o i s c o r r e c t a s l o n g a s t h e v a p o r i z a t i o n
c o e f f i c i e n t s a r e o n e , a n d t h i s i s u s u a l l y t h e c a s e f o r
c l e a n m e t a l s u r f a c e s . A b s o l u t e c a l i b r a t i o n o f t h e m a s s
s p e c t r o m e t e r i s e l i m i n a t e d w h e n u s i n g t h e i o n c u r r e n t
r a t i o m e t h o d .

T h e s u r f a c e d e p l e t i o n was e s t i m a t e d by c o n s i d e r i n g
a m a s s b a l a n c e of t h e s u r f a c e o f t h e v a p o r i z a t i o n a r e a ,
a n d by a p p l y i n g t h e r a t e e q u a t i o n f o r v a p o r i z a t i o n a n d
by s o l v i n g t h e u n s t e a d y s t a t e d i f f u s i o n e q u a t i o n w i t h
t h e p r o p e r b o u n d a r y c o n d i t i o n s a s g i v e n by B o l s a i t i s
a n d S k o l n i c k . 16 T h e s o l u t i o n o f t h e d i f f u s i o n e q u a t i o n
• 17
1 S

X s
Xo - e x p (or 2) e r f c (or) [7]

Table I. Chemical Analysis of Ti-V Alloys

Nominal Composition Wt Pct V Wt Pct Ti Wt Pct C WtPct O: Wt Pct N:

10 V-90 T i 10.0 89.4 0.041 0.28 0.022
20V-80 Ti 20.2 80.4 0.010 0.092 0.0081
30 V-70 T i 30.6 69.8 0.039 0.29 0.027
40 V-60 Ti 40.3 59.1 0.035 0.24 0.024
50 V-50 T i 50.5 50.1 0.029 0.21 0.038
60 V-40 T i 60.0 40.2 0.037 0.12 0.048
70 V-30 T i 70.5 30.1 0.032 0.040 0.046
80 V-20 Ti 80.0 20.7 0.060 0.040 0.075
90 V-10 Ti 90.2 9.88 0.049 0.089 0.089

w h e r e

ot = 5.83 × 10 -2

a n d

B = 5.83 × 10 -2

t l / 2 P° [7a]k A ° y t l / 2 P ° - B D1/~
A p ( M T ) U 2 D 1/2

~ 4 o ~ [Tb]
A p ( M T ) I/2

B v a r i e s s l o w l y w i t h t e m p e r a t u r e , w h e r e a s Po a n d D
v a r y e x p o n e n t i a l l y ,

w h e r e

X S / X o = r a t i o o f s u r f a c e to bulk c o n c e n t r a t i o n
1k = c l a u s i n g f a c t o r o f o r i f i c e (-~ ~-)

= a c t i v i t y c o e f f i c i e n t ( - 1)

A o / A = r a t i o o f o r i f i c e to s a m p l e s u r f a c e a r e a

Po = v a p o r p r e s s u r e of e f f u s i n g c o m p o n e n t a t
t e m p e r a t u r e , t o r r

D = d i f f u s i o n c o e f f i c i e n t , c m 2 s e c -1

p = m o l a r d e n s i t y , g p e r m o l e

M = a t . w t , g ~ 50

t = t i m e , s e a

T = a b s o l u t e t e m p e r a t u r e , °K ( ~ 2 0 0 0 ° K )

F o r D -~ 10 -8 sq c m p e r s e c , a n d m a k i n g a p p r o x i m a -
t i o n s f o r t h e o t h e r q u a n t i t i e s , t h e r a t i o of s u r f a c e t o
bulk c o n c e n t r a t i o n was c a l c u l a t e d , u s i n g E q . [7], t o be
a m a x i m u m o f 5 p c t w i t h o r i f i c e - t o - s u r f a c e a r e a r a -
t i o s of l e s s t h a n 0.01 a n d t i m e o f 3 m i n . S i n c e t h e u s e
o f E q . [7 ] i s b a s e d on a p p r o x i m a t i o n s , s u r f a c e d e p l e t i o n
e f f e c t s a r e bes t t e s t e d by e x p e r i m e n t a l r e s u l t s . Usu-
a l l y , t h e m a x i m u m e r r o r s f o r s u r f a c e d e p l e t i o n e f f e c t s
a r e l e s s t h a n t h e o v e r a l l a c c u r a c y o f t h e d a t a s i n c e n o
m e a s u r a b l e c h a n g e in i o n c u r r e n t was d e t e c t e d f o r s a m -
p l e s u r f a c e - t o - o r i f i c e a r e a r a t i o s > 100 . V a l u e s o f
D ~ 10 -8 sq c m p e r s e c h a v e b e e n r e p o r t e d by M u r d o c k
a n d M c H a r g u e ~ f o r v a n a d i u m in T i - V b i n a r y a l l o y s a n d
f o r t i t a n i u m in T i - V b i n a r y a l l o y s in t h e t e m p e r a t u r e
r a n g e o f 1 6 0 0 ° C . I f v a l u e s o f D - 10 -11 sq c m p e r s e c
o r t h r e e o r d e r s o f m a g n i t u d e l e s s t h a n t h o s e o b s e r v e d
a t t h e e x p e r i m e n t a l t e m p e r a t u r e a r e u s e d in E q . [7 ],
t h e n e r r o r s a r i s i n g f r o m s u r f a c e d e p l e t i o n c a n b e c o m e
s i g n i f i c a n t .

T h e w e i g h t l o s s o f a s a m p l e d u r i n g a n e x p e r i m e n t a l
run was u s u a l l y a b o u t 0.3 wt p c t so that n o n o t i c e a b l e
c o m p o s i t i o n c h a n g e was t a k i n g p l a c e in t h e a l l o y d u r i n g
t h e e x p e r i m e n t , s i n c e b o t h s p e c i e s w e r e m o n i t o r e d a n d
d e t e c t e d .

B e f o r e a n y e x p e r i m e n t a l d a t a w i t h a l l o y s w e r e ob -
t a i n e d , t h e t a n t a l u m K n u d s e n c e l l a n d t u n g s t e n l i n e r s
w e r e c h e m i c a l l y c l e a n e d o r c l e a n e d by h e a t i n g in t h e
K n u d s e n t o w e r o r in a s e p a r a t e v a c u u m f u r n a c e . C h e m -
i c a l c l e a n i n g was d o n e in a 4:1 s o l u t i o n o f H N O 3 : H F f o r
s e v e r a l m i n u t e s . T h e a d v a n t a g e o f c h e m i c a l l y c l e a n i n g
w a s that i t was f a s t , t a k i n g a f e w m i n u t e s , w h e r e a s
h e a t i n g in t h e K n u d s e n t o w e r u s u a l l y t a k e s a b o u t 2 hr.
H e a t i n g in the K n u d s e n t o w e r a c c o m p l i s h e d a n o t h e r p u r -
p o s e b e c a u s e the cell w a s d e g a s s e d a n d the b a c k g r o u n d
s i g n a l s c o u l d b e d e t e r m i n e d .

A f t e r c h e m i c a l l y c l e a n i n g the c r u c i b l e a n d l i n e r , t h e
K n u d s e n cell w a s p l a c e d in the h e a t i n g t o w e r of the
T O F M S w h e r e it w a s h e a t e d to b e t w e e n 5 0° a n d 1 0 0 ° C
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h i g h e r than t h e e x p e r i m e n t a l t e m p e r a t u r e , a n d b a c k -
g r o u n d s i g n a l s f o r n o m i n a l m a s s n u m b e r s o f 4 8 , 51
w e r e d e t e r m i n e d . T h i s was d o n e by a l i g n i n g the K n u d -
s e n c e l l a n d r e c o r d i n g a s h u t t e r o p e n a n d s h u t t e r c l o s e d
r a t i o . When t h e r e w a s n o d e t e c t a b l e c h a n g e , t h e s i g n a l
was b a c k g r o u n d . I f t h e s i g n a l was o n t h e 0 . 0 1 e l e c t r o m -
e t e r s c a l e , t h e c e l l was p u r p o s e l y m i s a l i g n e d a n d a
s h u t t e r o p e n to s h u t t e r c l o s e d r a t i o was d e t e r m i n e d
a g a i n . If t h e s i g n a l s h o w e d no c h a n g e , t h e K n u d s e n c e l l
was r e m o v e d a n d a n a l l o y s a m p l e was p l a c e d in t h e
t u n g s t e n l i n e r f o r a v a p o r i z a t i o n e x p e r i m e n t .

P r i o r to l o a d i n g t h e a l l o y s a m p l e , w h i c h was u s u a l l y
1 3in t h e f o r m o f ~- by ~ by ~ i n . s l u g s , into t h e h e a t i n g

t o w e r , t h e s a m p l e s w e r e c h e m i c a l l y c l e a n e d w i t h a 4:1
r a t i o o f H N O 3 : H F s o l u t i o n f o r a p p r o x i m a t e l y 30 s e c .
T h e s a m p l e s w e r e t h e n p l a c e d in the t u n g s t e n l i n e r
w h i c h was p l a c e d in t h e t a n t a l u m K n u d s e n c e l l a n d
l o a d e d into t h e T O F M S i n l e t c h a m b e r . T h e a l l o y s a m -
p i e was h e a t e d to 1000°C s l o w l y to a l l o w f o r d e g a s s i n g
a n d r e m a i n e d a t that t e m p e r a t u r e u n t i l a v a c u u m of
10 - s t o r r was m a i n t a i n e d . T h e t e m p e r a t u r e w a s t h e n
i n c r e a s e d s l o w l y in s m a l l e r i n c r e m e n t s so that the v a c -
uum r e m a i n e d n e a r 5 × 10 -5 t o r r . W h e n t h e s a m p l e t e m -
p e r a t u r e r e a c h e d 1 5 0 0 ° C , a 40 l i t e r p e r s e c i o n p u m p
w a s u s e d to a u g m e n t v a c u u m p u m p i n g so t h a t a v a c u u m
o f 10 -5 t o r r o r m o r e w a s m a i n t a i n e d d u r i n g t h e e x p e r -
i m e n t .

W h i l e h e a t i n g , d e g a s s i n g , b a c k g r o u n d d e t e r m i n a t i o n ,
a n d so f o r t h , w e r e b e i n g d o n e , t h e e l e c t r o m e t e r s w e r e
z e r o - b a l a n c e d p r i o r to e a c h e x p e r i m e n t a l r u n . When t w o
o r m o r e e l e c t r o m e t e r s w e r e u s e d , t h e y w e r e b a l a n c e d
a g a i n s t a s e c o n d a r y c a l i b r a t e d a r g o n l e a k 18 s i g n a l by
c h a n g i n g t h e g a t e w i d t h . By r e p r o d u c i n g t h e s a m e a r g o n
s i g n a l o n t w o o r m o r e e l e c t r o m e t e r s , they w e r e b a l -
a n c e d w i t h r e s p e c t t o e a c h o t h e r a n d t h u s w o u l d p r o d u c e
i o n c u r r e n t r a t i o s d i r e c t l y . A r g o n s i g n a l s w e r e r e -
c o r d e d a t t h e b e g i n n i n g , d u r i n g , a n d a t t h e c o n c l u s i o n of
t h e e x p e r i m e n t to v e r i f y the, b a l a n c e . T h u s , e v e n i f t h e
a b s o l u t e v a l u e o f t h e a r g o n s i g n a l v a r i e d , t h e e l e c t r o m -
e t e r b a l a n c e c o u l d be m a i n t a i n e d a n d i o n c u r r e n t r a t i o s
w o u l d be c o n s t a n t .

A t 1 5 0 0 ° C , i o n c u r r e n t s i g n a l s w e r e r e c o r d e d . T h e
t e m p e r a t u r e s w e r e c h a n g e d a t r a n d o m f r o m 1500 ° to
1 7 0 0 ° C , d e p e n d i n g on t h e a l l o y , in 50°C t e m p e r a t u r e i n -
c r e m e n t s up to 50°C b e l o w t h e m e l t i n g p o i n t o f t h e a l l o y .
A t l e a s t o n e t e m p e r a t u r e was r e p e a t e d to d e t e r m i n e t h e
r e p r o d u c i b i l i t y of the i o n c u r r e n t s i g n a l s . A t e a c h t e m -
p e r a t u r e , t h e s h u t t e r o p e n a n d s h u t t e r c l o s e d r a t i o was
d e t e r m i n e d a n d a c o m p e n s a t i o n f o r b a c k g r o u n d w a s
m a d e , i f n e c e s s a r y . I n i t i a l l y , t h e ion c u r r e n t s p e c i e s
was s c a n n e d a t l e a s t 10 t i m e s a t e a c h t e m p e r a t u r e .
H o w e v e r , by u s i n g two e l e c t r o m e t e r s s e t o n e a c h o f
t h e i o n c u r r e n t s i g n a l s , i t was p o s s i b l e to t a k e c o n t i n -
u o u s m e a s u r e m e n t s so that t h e i o n c u r r e n t r a t i o c o u l d
b e o b t a i n e d d i r e c t l y .

D u r i n g t h e e x p e r i m e n t a l r u n , a l i g n m e n t w a s c h e c k e d
v i s u a l l y a n d t h e c r u c i b l e p o s i t i o n w a s v a r i e d to m a i n -
t a i n m a x i m u m ion c u r r e n t s i g n a l s . T i t a n i u m i s o t o p e
r a t i o s w e r e d e t e r m i n e d t o c h e c k the s c a l e f a c t o r s f o r
t h e e l e c t r o m e t e r s a n d o v e r a l l o p e r a t i o n o f t h e T O F M S .
10 m i n w e r e a l l o w e d b e t w e e n t e m p e r a t u r e e x c u r s i o n s ;
h o w e v e r , i t was d e t e r m i n e d that K n u d s e n c e l l e q u i l i b r a -
t i o n took p l a c e 3 m i n a f t e r c h a n g i n g t h e p o w e r l e v e l .
C o n t i n u o u s i o n c u r r e n t s i g n a l s w e r e t a k e n f o r a b o u t 10
m i n a f t e r t e m p e r a t u r e equ i l i b r ium w a s a t t a i n e d . S h u t t e r
o p e n a n d s h u t t e r c l o s e d i o n c u r r e n t d a t a w e r e t a k e n f o r
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s i m i l a r p e r i o d s o f t i m e , a l t h o u g h b a c k g r o u n d s i g n a l s
d id not c h a n g e v e r y m u c h d u r i n g a n e x p e r i m e n t a l run
a n d w a s u s u a l l y o n t h e 0.01 e l e c t r o m e t e r s c a l e .

R E S U L T S A N D D I S C U S S I O N

T h e i o n c u r r e n t r a t i o s a s s o c i a t e d w i t h n i n e a l l o y s
o v e r the t e m p e r a t u r e r a n g e o f t h e e x p e r i m e n t s w e r e
o b t a i n e d . A l e a s t s q u a r e fit w a s m a d e t o t h e d a t a u s i n g

+ A / +a n I B M 7094 c o m p u t e r f o r a plot o f R T In [(,xI4s/ s,)
x (N2/N1)] v s (N2 - N 1 ) to o b t a i n a s t r a i g h t l i n e . T h e
t e r m A I + r e f e r s t o t h e d i f f e r e n c e in i o n c u r r e n t i n t e n -
s i t y a b o v e b a c k g r o u n d s i g n a l a t t h e n o m i n a l m a s s n u m -
b e r . T h e d a t a w e r e s y s t e m a t i c a l l y r e v i e w e d f o r l a r g e
s t a n d a r d d e v i a t i o n s f r o m t h e a v e r a g e i o n c u r r e n t r a t i o s ,
a n d f o r s i g n a l - t o - b a c k g r o u n d r a t i o s of l e s s t h a n 10 . T h e
i o n c u r r e n t r a t i o d a t a w e r e a n a l y z e d in t w o w a y s , f i r s t
w i t h s i g n a l - t o - b a c k g r o u n d r a t i o s >10 a n d s e c o n d , u s i n g
a l l d a t a r e g a r d l e s s o f s i g n a l - t o - b a c k g r o u n d r a t i o .

U s i n g t h e t h e o r e t i c a l a n a l y s i s e x p r e s s e d in E q . [6]
a n d a s s u m i n g E12. = E~22 a s a f i r s t a p p r o x i m a t i o n , a l l
d a t a p o i n t s w e r e bes t f i t t e d to a s t r a i g h t l i n e s h o w n in
F i g . 1 . T h e s t a n d a r d d e v i a t i o n o f t h e s t r a i g h t l i n e w a s
d e t e r m i n e d by s t a t i s t i c a l m e t h o d s ,19 a s s u m i n g e r r o r in
Y - a x i s . T h e s t a n d a r d d e v i a t i o n in t h e s l o p e i s g i v e n by .9

s b = Sy k Z x ~ - ( Z X n )2

w h e r e

a n d
2 2 2

(Zyn) Zxn - 2Z(XnYn)ZXnZYn + k[~{XnYn) ]eZ ( 6 y n ) 2= Z y 2 n - .
k Z x ~ - (Zx,,)~

T h e s t a n d a r d d e v i a t i o n in t h e i n t e r c e p t i s

s a = Sy k ~ x ~ - (2x~) 2

w h e r e t h e t e r m s a r e d e f i n e d p r e v i o u s l y a n d k i s t h e
n u m b e r o f d a t a p o i n t s u s e d .

T h e d a t a p l o t t e d in F i g . 1 a r e e a s i l y f i t t e d to a
s t r a i g h t l i n e i n d i c a t i n g that t h e a s s u m p t i o n E121 = E,22

1500~c 0
1550 •
1600 / ' ,

,Q,.xtz = 1.82:!: 0 .15 1625 •kcal/mole 1650 (:~
IO.O|~ o 17oo 9B,
9 , 0 t - -/ 1725 i'-I

~ 1750 •
"6 8.0 • • 0 REPEATS,ABOVE SYMBOL

| " ~ ~ + PLUS+I- o

+~ -I+5.0

4 . 0 , , ++

3o I II I I I I I I I + I
" 1.0 0 . 8 0 . 6 0 . 4 0 . 2 0 , 0 - 0 . 2 - 0 . 4 - 0 . 6 - 0 . 8 - I . 0

( N 2 - Nl )

Fig. 1--Plot of R T in [(AI~JAI+I). (~T2/ /N1) ] VS (N2 --Nt) f o r
b i n a r y a l l o y V - T i .
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i s j u s t i f i e d . W h e n c o n s i d e r a t i o n i s m a d e f o r d a t a p o i n t s
o b t a i n e d w i t h s i g n a l - t o - b a c k g r o u n d r a t i o s of < 10 , t h e
d a t a s h o w t h a t t h e e x p e r i m e n t a l e r r o r i s r a n d o m , i . e . ,
t h e r e i s n o s y s t e m a t i c e r r o r in t h e e x p e r i m e n t . T h e
s o l i d l i n e in F i g . 1 h a s b e e n f i t t e d u s i n g a l l d a t a (78
p o i n t s ) i n c l u d i n g t h o s e d a t a w i t h s i g n a l - t o - b a c k g r o u n d
r a t i o s <10. A s i m i l a r l i n e c a n be o b t a i n e d u s i n g d a t a
w i t h s i g n a l - t o - b a c k g r o u n d r a t i o s > 10 only (37 p o i n t s )
w i t h the s a m e r e s u l t s , w i t h i n e x p e r i m e n t a l e r r o r . T h e
s I o p e o f t h e s o l i d l i n e ( b e s t f i t o f d a t a ) in F i g . 1 , i s t h e
p a i r w i s e i n t e r a c t i o n p a r a m e t e r , i . e . , 1.82 + 0.13 k c a l
p e r g - a t o m .

I s o t h e r m a l p l o t s o f t t T In [(AI4+s/AI~I) • (N2/N~) ] vs
(Nz - N 1 ) w e r e m a d e a t s e v e r a l e x p e r i m e n t a l t e m p e r a -
t u r e s u s i n g t h e s a m e c r i t e r i a o f s i g n a l - t o - b a c k g r o u n d
r a t i o > 10 . A l t h o u g h t h e bes t f i t o f t h e s e d a t a to s t r a i g h t
t i n e s was a b o u t t h e s a m e , a t l o w e r t e m p e r a t u r e s t h e
e x p e r i m e n t a l s c a t t e r was h i g h e r , T h e s e r e s u l t s a r e
t a b u l a t e d in T a b l e II a n d i n d i c a t e no n o t i c e a b l e t e m p e r -
a t u r e d e p e n d e n c y o f t h e p a i r w i s e i n t e r a c t i o n p a r a m -
e t e r . C o n s i s t e n c y of the d a t a c a n be d e t e r m i n e d f r o m
t h e c o n s t a n c y o f t h e i n t e r c e p t , w h i c h c a n be c a I c u l a t e d
i n d e p e n d e n t l y , s i n c e v a l u e s f o r t h e i n d i v i d u a l t e r m s
w h i c h c o m p r i s e t h e c o n s t a n t t e r m o f E q . [6] a r e k n o w n .
T h e m e t h o d u s e d in t h i s i n v e s t i g a t i o n was to c a l c u l a t e
v a l u e s f o r r e l a t i v e e l e c t r o n i m p a c t i o n i z a t i o n c r o s s
s e c t i o n s a n d c o m p a r e t h e m to t h e o r e t i c a l l y c a l c u l a t e d
v a l u e s o f ~ ) t v g s a n d S t e v e n s o n 21 a n d M a n n .22 The a g r e e -
m e n t was s u r p r i s i n g l y g o o d . 27

S i n c e v a n a d i u m is a f 3 - s t a b i l i z i n g e l e m e n t f o r t i t a -
n i u m , t h e o r y 9 p r e d i c t s a p o s i t i v e v a l u e f o r t h e p a i r w i s e
i n t e r a c t i o n p a r a m e t e r . T h e p o s i t i v e i n t e r a c t i o n p a r a m -
e t e r i n d i c a t e s p o s i t i v e d e v i a t i o n f r o m i d e a l b e h a v i o r
a n d c l u s t e r i n g o f l i k e a t o m s in t h e ~ p h a s e of T i - V
a l l o y s . T h e T i - V b i n a r y p h a s e d i a g r a m d o e s not e x -
h i b i t a m i s c i b i l i t y g a p ,4 a n d t h e l o w e s t t e m p e r a t u r e
w h e r e the p h a s e d i a g r a m h a s b e e n s t u d i e d i s 8 0 0 ° K .
~2" m u s t be l e s s than 2 R Tc ( R e f . 26) o r 2 R ( 8 0 0 ) = 3 . 2
k c a l p e r g - a t o m .

H o c h 24 c a l c u l a t e d t h e d i f f e r e n c e in ft*2 b e t w e e n l i q u i d
a n d b c c T i - V a l l o y s f r o m t h e p h a s e d i a g r a m a n d f o u n d
ft*~ - ft~*2/ = 1.3 k c a l p e r g - a t o m . It s h o u l d be n o t e d

Table II. Interaction Parameters from Experimental
Dataon Ti-V Alloys

Slope (~2"~),
Temp kcal per Intercept, Number

Range, °C g-atom kcal ofPoints Comment

1550° to 1725°C 1.95-+ 0.11 5.78 -+ 0.06 37 Signal background
ratio >10, 18 ev

1500° to 1725°C 1.87-+0.12 5.68 -+ 0.06 43 Signal background
ratio > 10, 15 to 18 ev

1500°to1725°C 1.82"+0.13 5.94.+0.07 78 Allpoints
1625°C 2.48 .+0.21 5.43 -+ 0.12 12 Signal background

ratio >10
1600°C 1.65-+ 0.21 5.73 -+ 0.10 19 Signal background

ratio >10
1600°C 1.62-+0.18 5.83 -+0.09 24 All points
1550°C 0.63 -+0.35 5.53 .+ 0.12 6 Signal background

ratio >10
1550°C 1.95 -+0.22 6.02 -+0.11 23 All points
1500°C 2.48 + 0.54 6.73 + 0.28 12 Signal background

ratio >10

that a l 2 a s s u m e s E l z r = E122 = 0 a n d f~*2 a s s u m e s E121
= E122 ¢ 0 . A s H o c h e t a l . 9 h a v e p o i n t e d o u t p r e v i o u s l y ,
f~*] a n d f~*~ s h o u l d b e b o t h p o s i t i v e o r n e g a t i v e , a n d
f~*~ l a r g e r in a b s o l u t e v a l u e t h a n f~*2/. T h u s , in t h i s
c a s e , f ~ 3 > a * / > 0 , a n d f ~ > 1.3 k c a l p e r g - a t o m .
T h u s f r o m t h e p h a s e d i a g r a m 1.3 < ~ ' 2 < 3 . 2 k c a l p e r
g - a t o m o r a b o u t f~*2 = 2 . 2 + 1.0 k c a l p e r g - a t o m , T h e
e x p e r i m e n t a l v a l u e o f 1.82 + 0 . 1 3 k c a l p e r g - a t o m is in
e x c e l l e n t a g r e e m e n t w i t h t h i s e s t i m a t e , a n d a l so in
g o o d a g r e e m e n t w i t h t h e t h e o r e t i c a l c a l c u l a t i o n o f
K a u f m a n a n d B e r n s t e i n2° w h o c a l c u l a t e d a v a l u e o f 2.66
k c a l p e r g - a t o m .

V a n O s t e n b u r g e t a l .2a m e a s u r e d K n i g h t s h i f t s of V ~
in t h e T i - V b i n a r y s y s t e m . In o r d e r to e x p l a i n t h e i r
r e s u l t s a n d t h e h i g h r e s i s t i v i t y in t r a n s i t i o n m e t a l s in
g e n e r a l , t h e y a d o p t e d t h e v i e w p o i n t t h a t t h e c o n d u c t i o n
e l e c t r o n w a v e f u n c t i o n i s c o m p o s e d of a n a d m i x t u r e o f
s - a n d d - s t a t e s w i t h t h e e l e c t r o n s r e s o n a t i n g b e t w e e n
t h e m . T h e s - a n d d - r e s o n a n c e c o n c e p t i m p l i e s that t h e
3d l e v e l s c a n n o t b e t r a n s f e r r e d a n d w o u l d g i v e a p o s i -
t i v e d e v i a t i o n f r o m i d e a l b e h a v i o r a n d t h u s , a p o s i t i v e
v a l u e f o r t h e p a i r w i s e i n t e r a c t i o n p a r a m e t e r .

A C K N O W L E D G M E N T

T h e a u t h o r s wish to t h a n k t h e O a k R i d g e N a t i o n a l
L a b o r a t o r y f o r s u p p l y i n g t h e s a m p l e s u s e d in t h i s i n -
v e s t i g a t i o n . P o r t i o n s of t h i s w o r k w e r e s u p p o r t e d by t h e

A i r F o r c e M a t e r i a l s L a b o r a t o r y , R e s e a r c h a n d T e c h -
n o l o g y D i v i s i o n , A i r F o r c e S y s t e m s C o m m a n d , W r i g h t -
P a t t e r s o n A i r F o r c e B a s e , O h i o u n d e r c o n t r a c t F 3 3 -
6 1 5 - 6 7 - C - 1 5 6 5 .
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