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R E A C T I O N O F N I T R O G E N WITH NIOBIUM 

W i l l i a m M. A l b r e c h t a n d W. D o u g l a s GoodCj J r . 

Reaction rates of niobium with nitrogen were determined gravimetrically 
from 675 to 975 C with a recording microbalance and volumetrically from 1100 to 
1600 C with a modified Sieverts apparatus. Diffusion coefficients and terminal 
solubilities were determined from 800 to 1600 C by the concentration-gradient 
technique. 

The reaction of nitrogen with niobium follows a parabolic rate law at 
675 to 1600 C. The parabolic rate constant can be expressed by 

KUm/cm^J^/sec] = 3.5 x 10^ exp [-(24,000 ± 1,000}/RT] 

at 675 to 975 C, and by 

K [fng/cm^)^/sec] = 8.9 x l(f exp [-(50,000 ± 1,800)/RT] 

at 1100 to 1600 C. 

The expression for the diffusion coefficient for nitrogen in niobium at 
800 to 1600 C is 

D (cm^/sec) = 0.061 exp [-(38,800 ± 700)/RTl 

The terminal solubility for nitrogen in niobium follows the relationship 

C (a/o N) = mo exp [~(13,700 ± 200)/R T]. . • ' * 

INTRODUCTION 

T h e p u r p o s e of t h i s w o r k w a s t o i n v e s t i g a t e t h e r e a c t i o n of n i o b i u m w i t h n i t r o g e n , 

a n d t h e d i f f u s i o n a n d t e r m i n a l s o l u b i l i t i e s of n i t r o g e n i n t h e m e t a l . N u m e r o u s X - r a y 

s t u d i e s h a v e b e e n m a d e of t h e r o o m - t e m p e r a t u r e s t r u c t u r e s of t h e n i t r i d e s of n i o ­

b i u m . ' ' ' * B r a u e r a n d J a n d e r ( 5 ) r e p o r t e d a h e x a g o n a l s u b n i t r i d e h a v i n g a c o m p o s i t i o n 

of N b 2 N , a n d a t e t r a g o n a l ^ a f a c e - c e n t e r e d c u b i c , a n d t w o h e x a g o n a l n i t r i d e s h a v i n g 

c o m p o s i t i o n s of N b N Q , 7 5 t o N b N . T h e i r f i n d i n g s a r e s u m m a r i z e d i n T a b l e 1 . T h e s e 

r e s u l t s a r e i n g o o d a g r e e m e n t w i t h t h o s e of o t h e r s t u d i e s . T h e k i n e t i c s of t h e r e a c t i o n 

of n i t r o g e n w i t h n i o b i u m h a v e b e e n s t u d i e d b y G u l b r a n s e n a n d A n d r e w ' * ' e m p l o y i n g a 

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

r a n g e 4 0 0 t o 8 0 0 C a t a n i t r o g e n p r e s s u r e of 7 6 m m of m e r c u r y . T h e d i f f u s i o n of n i t r o ­

g e n i n n i o b i u m h a s b e e n s t u d i e d b y A n g w ) a n d b y P o w e r s a n d D o y l e ( l O ) u s i n g i n t e r n a l -

f r i c t i o n t e c h n i q u e s . A l s o , A n g a n d W e r t C U ) h a v e s t u d i e d t h e s o l u b i l i t y of n i t r o g e n i n 

n i o b i u m . 

* References at end. 
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T A B L E 1. SUMMARY O F X - R A Y I N V E S T I G A T I O N O F N I T R I D E S 
O F NIOBIUM BY B R A U E R AND J A N D E R ( 5 ) 

P r o d u c t 

N i o b i u m 
Nb2N 
NbN 

NbN 
NbN 
NbN 

C o m p o s i t i o n R a n g e , 
n i t r o g e n / n i o b i u m 

0 to 0 . 0 2 
0 . 4 to 0 . 5 
0 . 7 5 to 0 . 7 9 

0 . 8 9 to 0 . 9 5 
0 . 9 5 to 1.0 
1.0 

S t r u c t u r e 

B o d y - c e n t e r e d cub i c 
C l o s e - p a c k e d h e x a g o n a l 
T e t r a g o n a l ( d e f o r m e d 

cubic) 
F a c e - c e n t e r e d cub i c 
C l o s e - p a c k e d hexagonal(3-) 
H e x a g o n a l 

L a t t i c e C o n s t a n t s , A 

ao 

3 . 30 
3 . 0 5 6 
4 . 3 8 5 

4 . 3 8 9 
2 . 9 4 
2 . 9 5 6 

Co 

™ ™ 

4 , 9 6 4 
4 . 3 1 2 

— 
4 . 4 6 

1 1 . 2 7 5 

a o / c o 

.̂  

1 .624 
0 . 9 8 3 

— 
1.87 
3 . 8 1 5 

(a) Found only In presence of cubic and hexagonal NbN. 

M A T E R I A L 

T h e o r i g i n a l n i o b i u m b a r s w e r e c u t a n d f a b r i c a t e d in to c y l i n d r i c a l a n d s h e e t s a m ­
p l e s . T h e s a m p l e s w e r e v a c u u m a n n e a l e d a t 1150 C for 1/2 h r . T h e a n a l y s i s of the 
f a b r i c a t e d n i o b i u m a f t e r a n n e a l i n g i s shown in T a b l e 2. T h e s a m p l e s had a V i c k e r s 
h a r d n e s s of 113 . 

T A B L E 2. ANALYSIS O F T H E NIOBIUM 
F O R R E A C T I O N - R A T E AND 
D I F F U S I O N S T U D I E S A F T E R 
F A B R I C A T I O N AND 
A N N E A L I N G 

E l e m e n t A n a l y s i s , p p m 

T a n t a l u m 
I r o n 
T i n 
M o l y b d e n u m 
S i l i c o n 
V a n a d i u m 
C h r o m i u m 
A l u m i n u m 
T i t a n i u m 
C a r b o n 
O x y g e n 
N i t r o g e n 
H y d r o g e n 

1500 
200 
200 

50 
50 
50 
20 
20 
20 

120 
430 
120 
<3(a) 

(a) After degassing. 
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Matheson prepur i f ied n i t rogen (99. 99^^ per cent pure) was pas sed through a dry 
ice-ace tone cold t rap into the evacuated s torage sys tem of the appa ra tu s . 

EXPERIMENTAL PROCEDURE 

Kinetic data for the reac t ion of ni t rogen with niobium were obtained by volumetr ic 
and g r a v i m e t r i c techniques . A modified Siever ts a p p a r a t u s " 2) •^as employed to obtain 
reac t ion r a t e s by the vo lumet r ic method at 1100 to 1600 C. Essen t ia l ly , the appara tus 
consis ted of a reac t ion tube, gas bure t , and a high-vacuum pumping systemi. Cyl indrical 
specimens approximate ly 0. 8 cm in d iamete r and 2. 5 cm long were dry abraded through 
240-, 400- , and 600-gr i t s i l icon carbide pape r . Each spec imen was weighed, m e a s u r e d , 
and spot welded to a p la t inum-pla t inum 10 w/o rhodium thermocouple . After a light 
final pol ish with dry 600-gr i t si l icon carb ide pape r , the sample was hung in the reac t ion 
tube and sealed to the S iever t s appa ra tu s . The sys tem was evacuated to l e s s than 0 .01 /i 
of m e r c u r y . The sample was then heated by induction to the t e m p e r a t u r e of the run . 
The t e m p e r a t u r e was mainta ined to ± 10 C. 

The reac t ion was init iated by admitt ing ni t rogen a t a tmospher i c p r e s s u r e to the 
reac t ion tube. The bure t was kept balanced at a tmospher i c p r e s s u r e at a l l t i m e s . 
Readings of the bure t were taken at convenient t ime intervals^ depending upon the speed 
of the reac t ion . The amount of gas r eac t ed with the sample was the difference between 
the volume added from the bu re t and the volume remain ing in the gas phase in the ca l i ­
b ra ted dead space of the reac t ion tube. The or ig inal geomet r i ca l d imensions of the 
sample were used to de te rmine the amount of gas react ing pe r unit surface a r e a . 

Since these samples were a lso to be used in the diffusion studies they were reac ted 
long enough to produce a suitable concentra t ion gradient in the sample . At the end of 
this t ime the samples were immedia te ly water quenched to below 500 C in about 1 min . 

React ion r a t e s in the range 675 to 975 C were de te rmined by the g r a v i m e t r i c 
method using a record ing Sar to r ius E lec t rona mic roba l ance . ^ ^• '̂ Cyl indr ical spec imens , 
approximate ly 0. 3 cm in d iamete r and 1 cm long, and sheet spec imens , 0 .03 cm thick, 
were dry abraded as in the h igh - t empe ra tu r e expe r imen t s . The specimen was suspended 
in the reac t ion tube from flie beam of the balance with a plat inum wire 0 .013 cm in 
d i ame te r . The reac t ion tube was evacuated to the o r d e r of 0 .01 /i of m e r c u r y and heated 
to t e m p e r a t u r e in a r e s i s t ance -wound furnace . The t e m p e r a t u r e was mainta ined to ±5 C. 
The reac t ion was ini t iated by the addition of n i t rogen at a tmospher i c p r e s s u r e to the 
reac t ion tube. 

The concent ra t ion-grad ien t technique '!^? ^^i was used to de te rmine the diffusion 
coefficients for ni t rogen in niobium. Lengths equal to the rad ius were cut from the ends 
of the r eac t ed s a m p l e s . The r e m a i n d e r of the cylinder was rad ia l ly machined into 
l aye r s of equal weight. These l a y e r s were then analyzed by the Kjeldahl method. The 
sensi t ivi ty of these ana lyses was ±10 per cent . Diffusion coefficients were calculated by 
the graphica l methodC^'*) using the average ni t rogen concentra t ion and average radius of 
each layer , and the t ime of the reac t ion . 

Te rmina l solubil i t ies of ni t rogen in niobium were calculated from the 
concent ra t ion-grad ien t data. In o r d e r to check these solubi l i t ies , n i t rogen was added to 
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s e v e r a l niobium samples to produce concentra t ions of 1.7, 2. 1, and 2 ,7 a /o ni t rogen. 
The samples were homogenized at 1500 C or h igher . Each sample was heated at th ree 
or four t e m p e r a t u r e s in the range 900 to 1500 C for a t ime sufficient to es tabl ish equi l i ­
b r i u m . After each heat t r ea tmen t , the sample was water quenched and a c ro s s section 
was examined meta l lographica l ly to determiine the s t r u c t u r e . 

RESULTS AND DISCUSSION 

Kinetics 

The kinet ics of reac t ion of niobium with ni t rogen at a tmospher ic p r e s s u r e were 
studied in the range 675 to 1600 C. Some r ep re sen t a t i ve r a t e curves a r e shown in F i g ­
u re 1, in which the weight gain pe r unit surface a r e a , jj.g per cm^, is plotted against 
t ime , t . The ini t ial reac t ion followed a parabol ic r a t e law, w^ = kt . Rate curves show­
ing the parabol ic behavior of the r eac t ions a r e shown in F i g u r e 2. The exper imenta l 
r a t e constants a r e l i s ted in Table 3. Corresponding constants r epor t ed by Gulbransen 
and Andrew(8) a r e a lso given. The var ia t ion of the logar i thms of the r a t e constants 
with r e c i p r o c a l t e m p e r a t u r e is shown in F igu re 3. It is seen that there is a change in 
the reac t ion mechan i sm between 975 and 1100 C. The equation for the var ia t ion of the 
r a t e constants with t e m p e r a t u r e in the range 675 to 975 C is 

K [ ( / ig / cm2)2 / sec ] = 3 . 5 x 10^ exp [ - (24,400 ± 1 ,000) /RT] , (1) 

as de te rmined by the method of l eas t s q u a r e s . The act ivat ion energy of 24 .4 ± 1 . 0 
kcal per mole is in good ag reemen t with the value 25. 4 kcal pe r mole repor ted by 
Gulbransen and Andrew(8) for the reac t ion of ni t rogen with niobium at 400 to 800 C. 
This value is low compared with the act ivat ion energ ies for the reac t ion below 900 C of 
ni t rogen with the two other e l ements of Group Vb, tanta lum, 39 .4 kcal pe r m o l e ' ° ) , and 
vanadium, 31 .4 kcal pe r mole(-'-°', or a lso with z i rconium, 39. 2 kcal per mole(17)^ and 
titaniumi, 36. 3 kcal pe r mole(18) of Group IVb. 

The equation for the r e a c t i o n - r a t e constant at 1100 to 1600 C is 

K [(fxg/cm2)2/sec] = 8. 9 x 109 exp [ - (50,000 ± 1 ,800) /RT] . (2) 

The act ivat ion energy is 50.0 ± 1 . 8 kcal per m o l e . This value is c lose to some values 
r epor ted for the reac t ion of n i t rogen with z i rconium, 48 ,0 kcal per mole'-'-^^ and 52.0 
kcal p e r mole(19) at t e m p e r a t u r e s above 900 C. 

X - r a y s tudies were made on samples r eac t ed with n i t rogen at 775 to 1400 C. The 
exper imenta l conditions for the reac t ions and the X - r a y in tens i t ies of the detected p r o d ­
ucts a r e s u m m a r i z e d in Table 4 . Both Nb2N and NbN were produced below 1000 C. 
Only NbN phases were formed at 1200 C and higher . This difference in surface product 
accounts for the change in the reac t ion mechan i sm between 975 and 1100 C as shown in 
F igure 3. 
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TABLE 3. PARABOLIC RATE CONSTANTS FOR THE 
REACTION OF NITROGEN WITH NIOBIUM 

T e m p e r a t u r e , 
C 

Rate Constant, (jUg/cm^)2/sec 
This Study ~ Gulbransen and Andrew(li) 

600 
675 
700 
775 
800 
875 
975 

1100 
1200 
1300 
1400 
1500 
1600 

TABLE 4. 

9 . 4 

2 . 8 

6 . 9 
2 . 1 
1.0 
2 . 9 
1.1 
2 . 0 
4 . 9 
1.6 

- -
X 10-2 
__ 
X 10-1 
— 
X 10-1 

X 102 
X 102 
X 103 
X 103 
X 10^ 
X 104 

RESULTS OF X-RAY 

2.97 X 10-2 

1.512 X 10-1 

5.42 X 10-1 

FILMS OF NIOBIUM REACTED WITH NITROGEN 

Reaction 
T e m p e r a t u r e , 

C 
React ion T ime , 

h r 
X-Ray Intensi t ies '^) of Indicated Produc t s 

_____ Cubic NbN Hexagonal NbN 

775 
800 
875 
975 

1200 
1400 

1 1 5 . 3 
1669 

3 . 5 
3 

13 
2 . 5 

S 
VS 
M 

VS 

(a) V = very, S = strong, M = medium, and F = faint. 

M 

M 
VS 

VVS 

M F 
S 



7 

Diffusion and T e r m i n a l Solubility 

The diffusion coefficients and t e r m i n a l solubi l i t ies of n i t rogen in niobium were 
de te rmined from 800 to 1600 C. F i g u r e 4 shows a r ep re sen t a t i ve curve for ni t rogen 
concentrat ion dis t r ibut ion de te rmined from samples r eac t ed at 1200 C for 730 min . The 
ve r t i ca l dotted l ines r e p r e s e n t the boundar ies of the concentr ic l a y e r s and the points 
r e p r e s e n t the ave rage concentra t ion in each l aye r . The solid curve through the points 
shows the theore t i ca l concentra t ion dis t r ibut ion for the sample assuming the re la t ionship 

Dt / a^ = 0 .035 , (3) 

where 

D = diffusion coefficient, cm2 p e r sec 

t = t ime , sec 

a = rad ius of the cyl inder , cm. 

The diffusion coefficients for n i t rogen in niobium in the range 800 to 1600 C a r e 
given in Table 5. The var ia t ion of these coefficients with t e m p e r a t u r e i s shown in 
F i g u r e 5. A l e a s t - s q u a r e s calculat ion of the data y ie lds the equation 

D(cm2/sec) = 0 .061 exp [ - (38,800 ± 7 0 0 ) / R T ] , (4) 

in which 38, 8 kcal p e r g -a tom is the act ivat ion energy for the diffusion p r o c e s s . The 
entropy of diffusion, AS, was calcula ted f rom DQ, 0 . 0 6 1 , and the act ivat ion energy by 
the theory for in t e r s t i t i a l diffusion p r e s e n t e d by Wer t and ZenerC^O, 21)^ xhe equation 
for a body-cen te red-cub ic la t t ice i s 

Do= 1/6 aoM exp (AS/R), (5) 

where ao is the la t t ice constant and ji is the frequency of v ibra t ion of a solute a tom in an 
in t e r s t i t i a l posi t ion. The vibra t ional frequency is approximated from the express ion 

ju= ( E / 2 m X 2 ) l / 2 ^ ^̂ ^ 

where E is approximate ly equal to the act ivat ion energy in e r g s , m is the m a s s of a 
g r a m - a t o m of ni t rogen, and A, is the d is tance between the in t e r s t i t i a l posi t ions (X = RQ/Z). 

The AS for diffusion of n i t rogen in niobium was calcula ted to be 6. 2 ca l / (g -a tom)(C) , 
According to theoryC21)^ such a low posi t ive value i s c h a r a c t e r i s t i c of in te r s t i t i a l dif­
fusion a s opposed to diffusion through g ra in boundar ies or other shor t - c i r cu i t ing pa ths . 

The equation for the var ia t ion of the diffusion coefficients with t e m p e r a t u r e , 
Equation (4), can be compared with, 

D (cm2/sec ) = 0 .098 exp [ -38 , 6 0 0 / R T ] , (7) 

r epor t ed by Ang(9) and with 

D (cm2/sec ) = 0.0072 exp [-34, 8 0 0 / R T ] , (8) 
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r epor t ed by P o w e r s and D o y l e " " ) . Both equations were developed from in terna l - f r ic t ion 
s tudies . Diffusion coefficients calculated f rom Equations (7) and (8) a r e p resen ted in 
Table 5. These values a r e a lso plotted in F igu re 5. It is seen that the data for the 
p r e s e n t study fall between the other se t s of data . 

TABLE 5. DIFFUSION COEFFICIENTS FOR NITROGEN IN NIOBIUM 

Diffusion Coefficient, 10"7 cm^ per sec 
T e m p e r a t u r e , C This Study F r o m Equation (7)̂ "^^ F r o m Equation (8)(10r 

800 0.0068 0 .014 0.0059 
1100 0 .41 0 .71 0 .21 
1200 1.3 1.8 0.50 
1300 3.1 4 . 3 1.1 
1400 5.5 8.9 2 ,1 
1500 8.8 18 3.7 
1600 15 31 6 .3 

The t e r m i n a l solubili ty of ni t rogen in a m e t a l is i ts concentra t ion in the m e t a l at 
the interface of the m e t a l and a surface film of the m e t a l n i t r i de . The values of CQ de­
t e rmined in the grad ien t study a r e , the re fore , the t e r m i n a l solubil i t ies for n i t rogen in 
niobium. The values obtained for 800 to 1600 C a r e given in Table 6. Their var ia t ion 
with t e m p e r a t u r e is shown in F igu re 6. A l e a s t - s q u a r e s calculat ion yielded the 
re la t ionship , 

C (a /o N) = 180 exp [ - (13,700 ± 2 0 0 ) / R T ] . (9) 

TABLE 6. TERMINAL SOLUBILITIES FOR NITROGEN 
IN NIOBIUM 

T e r m i n a l Nitrogen Solubility, a /o 
T e m p e r a t u r e , C This Study F r o m Equation (10)(11) 

800 0.28 0.20 
1100 1.2 0.32 
1200 1.6 0.35 
1300 2.3 0.39 
1400 2.8 0.43 
1500 3.4 0.46 
1600 4.7 0.49 
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Ang and Wert '^ 1/ r e p o r t the equation 

C (a /o N) = 1.7 exp [ -4 , 6 0 0 / R T ] , (10) 

de te rmined by in te rna l - f r ic t ion s tud ies . Values for the t e r m i n a l solubil i t ies for n i t r o ­
gen in niobium at 800 to 1600 C calculated from Equation (10) a r e given in Table 6 and 
a r e shown in F igure 6. The r e s u l t s of meta l lographic examination of niobiuin samples 
having concentra t ions of 1.7 to 2. 7 a /o n i t rogen also a r e shown in F igure 6. It can be 
seen that the phase s t ruc tu re of the samples is in good ag reemen t with the t e rmina l 
solubil i t ies obtained from the diffusion study. It can be seen that the published solu­
bi l i t ies a r e cons iderably l e s s than those obtained in this work. 

CONCLUSIONS 

The reac t ion of n i t rogen with niobium in the range 675 to 1600 C was found to 
follow a parabol ic r a t e law, A change in the reac t ion mechan i sm is indicated between 
1000 and 1100 C. The act ivat ion energ ies a r e 24 .4 ± 1.0 kcal per mole at 675 to 975 C 
and 50.0 ± 1 . 8 kcal pe r mole at 1100 to 1600 C. X - r a y studies indicate that the re is a 
change in the surface product of the reac t ion between 1000 and 1200 C. It is thought 
that the change in the reac t ion m e c h a n i s m is assoc ia ted with this change in the surface 
product of the reac t ion . 

The diffusion coefficients and t e r m i n a l solubil i t ies for n i t rogen in niobium were 
de te rmined in the range 800 to 1600 C. The diffusion coefficients were found to follow 
the re la t ionship 

D (cm2/sec) = 0,061 exp [ -38, 8 0 0 / R T ] , 

where the act ivat ion energy is 38. 8 ± 0. 7 kcal p e r g -a tom. The AS for diffusion was 
calculated to be 6. 2 ca l / (g -a tom)(C) , which is cons is tent with the theory for in te r s t i t i a l 
diffusion. 

The t e r m i n a l solubi l i t ies for n i t rogen in niobium ejqjressed in a / o ni t rogen were 
found to have the re la t ionship 

C (a /o N) = 180 exp [ -13 ,700 ± 2 0 0 / R T ] . 

These solubil i t ies were checked by meta l lographic examinat ion of hea t - t r ea t ed niobium 
samples containing known concentra t ions of n i t rogen. 

ACKNOWLEDGMENT 

The authors wish to thank D. A. Vaughan and A. F . G e r d s of the Battel le staff for 
making, respec t ive ly , the X - r a y m e a s u r e m e n t s and the meta l lographic examinat ions . 



12 

REFERENCES 

(1) Becker , K. , and Eber t , P . , Z . Physik , 3_i, 268(1925) . 

(2) Umanski , Y. S. ^ J. P h y s . Chem. ( U . S . S . R . ) , M, 332(1940) . 

(3) Asche rmann , G . , F r i e d e r i c h , E . , Jus t i , E . , and K r a m e r , J . , P h y s i k Z . , 42, 
349 (1941). 

(4) Horn, F . H. ^ and Z ieg le r , W. T . , "Superconductivi ty and St ructure of Hydrides 
and Ni t r ides of Tanta lum and Columbium", JACS, 69, 2762 (1947). 

(5) B r a u e r , G . , and Jander , J . , Z . anorg . u. a l lgem. C h e m . , 270, 160 (1952), 

(6) B r a u e r , G . , J ande r , J . , and Rogener , H. , Z . Physik , 134, 432(1953) . 

(7) Schonberg, N. , Acta Chem, Scand. , 8, 208(1954) . 

(8) Gulbransen , E. A. , and Andrew, K. F . , "Kinet ics of the React ion of Columbium 
and Tanta lum with Oxygen, Nitrogen, and Hydrogen", T r a n s . AIME, 188, 586 
(1950). 

(9) -A-ng, C. Y . , "Activation Ene rg ie s and Diffusion Coefficients of Oxygen and N i t ro ­
gen in Niobium and Tanta lum", Acta Met. _!_? 123 (1953). 

(10) P o w e r s , R. W. , and Doyle, M. V . , " In terna l F r i c t ion Studies in Niobium", 
T r a n s . AIME, 209, 1285 (1957). 

(11) Ang, C. Y. , and Wert , C. , "Some P r o p e r t i e s of Niobiuna Containing Ni t rogen", 
T r a n s . AIME, 197, 1032(1953). 

(12) Albrecht , W. M. , and Mallet t , M. W. , "React ion of Hydrogen with Uran ium", 
J . E l ec t rochem. S o c , 103, 404(1956) . 

(13) Mallet t , M. W. , Albrecht , W. M . , and Bennett , R. E. , "React ion of Zi rconium 
with Water Vapor at Subatmospher ic P r e s s u r e s " , J. E l ec t rochem. S o c , 104, 
349 (1957). 

(14) Mallett , M. W. , Baroody, E . M . , Nelson, H. R . , and Papp, C. A . , "The Dif­
fusion and Solubility of Nitrogen in Beta Z i rcon ium" , J . E l ec t rochem. S o c , 100, 
103 (1953). 

(15) Mallett^ M. W. , Bel le , J . , and Cleland, B. B . , "The React ion of Nitrogen with 
and the Diffusion of Nitrogen in Beta Z i rcon ium" , J . E l ec t rochem. S o c , 101, 1 
(1954). 

(16) Gulbransen , E. A . , and Andrew, K. F . , "Kinet ics of the React ions of Vanadium 
with Oxygen and Ni t rogen" , J . E l ec t rochem. S o c , 97, 396(1950) . 



13 and 14 

(17) Gulbransen, E. A . , and Andrew, K. F . , "Kinet ics of the React ions of Zi rconium 
with Oxygen, Nitrogen, and Hydrogen", T r a n s . AIME, 185, 515(1949) . 

(18) Gulbransen , E . A . , and Andrew, K. F . , "Kinet ics of the React ions of Titanium 
with Oxygen, Nitrogen, and Hydrogen", T r a n s . AIME, 185, 741 (1949). 

(19) Dravnieks , A. , "The Kinet ics of the Z i rcon ium-Ni t rogen React ions at High Temi-
p e r a t u r e s " , JACS, 72, 3568 (1950). 

(20) Wert , C , and Zener , C , " In te r s t i t i a l Atomic Diffusion Coefficients", P h y s . Rev 
76, 1169 (1949). 

(21) Zener , C , "Theory of D^ for Atomic Diffusion in Meta l s " , J . Appl. P h y s . , 22, 
272 (1951). 

WMA: WDG / m a r 




