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CARBIDE COATINGS ON GRAPHITE 

J o h n M . B l o c h e r , J r . , C a r l J . I sh , Don P . L e i t e r , 
L a y n e F . P l o c k , and Ivo r E . C a m p b e l l 

A method has been developed for the uniform coating of graphite tubes 
with carbides of niobium, tantalum, and zirconium by thermal decomposition of 
their respective halide vapors. Conditions of coating temperature and pressure 
are so chosen as to prevent the deposition of metal, but to permit the formation 
of the carbide as rapidly as carbon can diffuse to the surface. If the carbon 
diffusion can be made the rate-limiting step, the coating process becomes self-
regulating and uniform thickness results. The limits of the temperature-pressure 
range have been determined experimentally for the thermal decomposition of 
zirconium iodide and of the chlorides and bromides of niobium, tantalum, and 
zirconium. 

With the successful development of coating equipment and definition of 
conditions, 99 blowpipe test specimens were coated with uniform, continuous, and 
adherent layers of the carbides in three ranges of thickness, light (0.001 in.), 
medium (0.005 in.), and heavy (0.01 in.). 

Determinations were maae of the coefficient for the diffusion of carbon in 
zirconium carbide as a function of temperature. 

Exploratory work on small specimens of graphite impregnated with 7 w/o 
uranium indicated that the coating results were essentially unchanged, but that 
loss of uranium occurred. Means of avoiding the loss of uranium are discussed. 

I N T R O D U C T I O N 

The r e s e a r c h d e s c r i b e d in t h i s r e p o r t w a s e n g e n d e r e d by the p r o b l e m of u n i ­
f o r m l y coa t i ng g r a p h i t e wi th c a r b i d e s of n i o b i u m , t a n t a l u m , and z i r c o n i u m on the i n ­
s ide of long b o r e s . A l t h o u g h o t h e r m e t h o d s of coa t ing w e r e c o n s i d e r e d , v a p o r d e p o s i ­
t ion o f f e r ed the g r e a t e s t p r o m i s e of f o r m i n g c o n t i n u o u s , a d h e r e n t c o a t i n g s . H o w e v e r , 
a s n o r m a l l y p r a c t i c e d , v a p o r d e p o s i t i o n h a s the d i s a d v a n t a g e tha t c o n s i d e r a b l e a t t e n ­
t ion m u s t be g iven to the v a p o r - f l o w p a t t e r n to a v o i d n o n u n i f o r m i t y . A d j u s t m e n t of the 
v a p o r - f l o w p a t t e r n i s p r a c t i c a l in coa t i ng s o m e s h a p e s , b u t s e r i o u s l i m i t a t i o n s a r e 
i m p o s e d in the c a s e of s m a l l - b o r e t u b i n g . F o r e x a m p l e , if the coa t ing w e r e to be 
f o r m e d in the u s u a l m a n n e r ' ^ ^ by the h y d r o g e n r e d u c t i o n of a m e t a l h a l i d e - h y d r o c a r b o n 
m i x t u r e , one would e x p e c t i t to be t h i c k e r a t the v a p o r - e n t r a n c e end of the b o r e than 
a t the v a p o r - e x i t e n d . The s a m e di f f icul ty would be e n c o u n t e r e d in the d e p o s i t i o n of a 
l a y e r of m e t a l to be l a t e r c o n v e r t e d to c a r b i d e by i n t e r d i f fus ion a t e l e v a t e d t e m p e r a t u r e s . 

The nau l t i va l en t c h a r a c t e r of the t r a n s i t i o n e l e m e n t s i nvo lved in t h i s w o r k ho lds 
the key to a m e t h o d of avo id ing n o n u n i f o r m i t y by m a k i n g the r a t e of f o r m a t i o n of the 
coa t ing d e p e n d e n t on the r a t e of d i f fus ion of c a r b o n f r o m the b a s e t h r o u g h the c a r b i d e 
c o a t i n g . T h i s c a n b e s t be shown by e x a m p l e . 

(1) References at end of text. 
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• • • . « • • • . . . a . ^ ~ 



The the rma l decomposit ion of z i rconium iodide vapor at low p r e s s u r e s has long 
been used as a method of p repar ing high-pur i ty z i rconium meta l , (^) The ove r - a l l 
react ion is Zrl^ig)-^ Z r ( s ) + 41(g). However, owing to the stabil i ty of the lower iodides, 
Zr l3 and Zr l2 , reac t ions of the type Zrl4(g) + Zr ( s ) -* 2Zrl2(g) may a lso occur . In fact, 
as the p r e s s u r e of Z r l 4 is i nc reased , reac t ions of the second type become more i m ­
portant and, as equi l ibr ium calculat ions will show, at any given t empera tu r e there 
exis ts a l imiting te t ra iodide p r e s s u r e below which zirconium will be deposited and 
above which meta l will be consumed. This si tuation is genera l with the gaseous halides 
of the t rans i t ion m e t a l s . 

It can a lso be shown that a l imiting p r e s s u r e exis ts at a higher level for reac t ions 
of the type Zrl4(g) + C(s)-* ZrC(s ) + 41(g). Thus, by operating in the region above the 
limiting p r e s s u r e for meta l deposit ion and below the limiting p r e s s u r e for carbide 
formation, one can avoid the deposition of meta l and form only the ca rb ide . Moreover , 
if the vapor-f low ra te is made sufficiently high, the ra te of formation of the coating 
becomes l imited, not by kinet ics or m a s s - t r a n s f e r considerat ions at the vapor -ca rb ide 
interface, but by the r a t e of diffusion of carbon through the carbide coating. Since the 
ra te of diffusion is inverse ly propor t ional to the thickness of the coating, the thickness 
inc rease becomes sel f - regulat ing and independent of vapor-f low considera t ions over a 
wide r ange . 

The r e s e a r c h r epo r t ed he re was c a r r i e d out to develop and apply this technique 
to the coating of blowpipe spec imens for the Univers i ty of California Radiation Labo­
ra to ry at L ive rmore , California, where the protect ion of the graphite from high-
t empera tu re co r ros ion of ce r ta in gases was to be tes ted , 

A twofold plan of a t tack was adopted, consist ing of a fundamental and an engineer ­
ing approach . In the fundamental p r o g r a m , the p r e s s u r e - t e m p e r a t u r e l imits for meta l 
and carbide formation were to be de te rmined along with such other information as might 
be applicable, while, in the engineering p r o g r a m , a specimen pla ter was to be devel­
oped having stifficient flexibility to be operable in the ranges indicated by the funda­
menta l work. 

L i m i t i n g - P r e s s u r e Determinat ions 

The limiting p r e s s u r e s as functions of t empera tu re were de te rmined for meta l 
and carbide formation by the t h e r m a l decomposi t ion of z i rconium iodide and of the 
chlorides and b romides of niobium, tantalum, and z i rcon ium. Although it was not 
anticipated that al l of these hal ides would be used in the coating of blowpipe spec imens , 
data were obtained on thei r decomposit ion to provide the widest poss ible choice of con­
ditions for the coating work. The iodides of niobium and tantalum were not considered, 
since it was predic ted that, because of the i r low stabil i ty, formation of carbide in the 
absence of me ta l would have to be c a r r i e d out in a t empera tu re range so low as to make 
the ra te of diffusion of carbon through the carbide imprac t i ca l ly slow. 

The technique of making these m e a s u r e m e n t s is desc r ibed in Appendix A. Briefly, 
it consis ted of pass ing the meta l halide vapor at controlled p r e s s u r e over a res i s t ive ly 
heated wire for meta l deposit ion or a carbon rod for carbide formation, increas ing the 
t empera tu re of the deposition surface , and by monitoring the e l ec t r i ca l r e s i s t ance 

1 « • • • • • • • • • • • * • • • • • • • • 
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(and/or total emiss ion in the case of the carbides) , determining the t empera ture at 
which the wire or rod showed nei ther growth nor a t tack. Although it was possible to 
es tabl ish a t rue equil ibrium t empera tu re in severa l ins tances , the l imit was establ ished 
in most ca se s as a somewhat uncer ta in boundary between points of deposition and of no 
deposition or a t tack . 

The r e su l t s of this work a r e shown in F igu re s 1, 2, and 3, where the limiting 
p r e s s u r e s in m i l l i m e t e r s of m e r c u r y a re plotted on a logari thmic scale against the 
t empera tu re s in degrees cent igrade on a scale l inear with the rec iproca l of absolute 
t e m p e r a t u r e . The exper imenta l points a r e shown in Appendix A. 

These graphs , showing the p r e s s u r e - t e m p e r a t u r e ranges favorable to carbide 
fornnation and unfavorable to meta l deposition, served as the bas is for the choice of 
conditions for coating blowpipe spec imens . 

X - r a y diffraction studies indicated that NbC, TaC, and ZrC were the pr incipal 
carbides formed in the above work. However, although the monocarbide invariably 
formed adjacent to the graphi te , it was poss ib le , under p r e s s u r e - t e m p e r a t u r e condi­
tions toward the meta l -depos i t ion limit, to form mixtures of carbides ( e . g . , TaC and 
Ta2C) and meta l , and, in some cases , carbides with reduced lattice p a r a m e t e r s , indi­
cating possible defect la t t ices or ranges of homogeneity. Where liquid or solid solu­
bility, or in te rmedia te carb ides exis t in the ca rb ide -me ta l sys tem, such coatings would 
be expected to form at equi l ibr ium at some point between the p r e s s u r e - t e m p e r a t u r e 
l imits for carbide and meta l deposi t ion. A study of the coating p roper t i es as a function 
of coating conditions would be prof i table . Unfortunately, t ime did not pe rmi t the adop­
tion of such a p r o g r a m . 

F igu re s 4, 5, and 6 a r e photomicrographs of typical coatings obtained in these 
exper iments on smal l A T J - g r a d e graphite r o d s . Although there a re microscopic d i s ­
continuities in the coatings, they a re considered to be continuous from a macroscop ic 
standpoint. 

It should be noted that, in these runs , the ra te of vapor flow was probably insuf­
ficient to pe rmi t the coating ra te to be control led by diffusion of carbon through the 
ca rb ide . The coating t imes given should be in te rpre ted with this condition in mind. 

The adherence c h a r a c t e r i s t i c of the coatings p repa red in this work is at tr ibuted, 
a t leas t in par t , to the fact that the g rea t throwing power evident in F igures 4, 5, and 6 
locks the coating to surface i r r e g u l a r i t i e s . In al l of the coatings p repared to date in the 
range 1900 to 2200 C, only one case of spalling was observed, and this was the resu l t 
of oil vaporizing from a graphite adaptor which had been contaminated during machining. 
Thus, the carb ides formed from carbon of the subs t ra te were adherent without exception. 

Thermodynamic Trea tmen t of L i m i t i n g - P r e s s u r e Data 

Since the exis tence of a l imiting p r e s s u r e in the thermal dissociat ion of a halide 
vapor r e q u i r e s the exis tence of a stable lower halide, it should be poss ible , in pr inciple , 
to de termine the nature and thermodynamic p rope r t i e s of the lower halides by p roper ly 
analyzing the l i m i t i n g - p r e s s u r e data . 

« • « • • • • • • « • • • • • • • • • • • • ^ 
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FIGURE 1. LIMITING PRESSURES FOR THE FORMATION OF NbC ON CARBON (DASHED LINE) AND OF 
NIOBIUM (FULL LINE) BY THERMAL DECOMPOSITION OF N b C ^ AND NbBrg 
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FIGURE 2. LI^:iTING PRESSURES FOR THE FORMATION OF TaC ON CARBON (DASHED LINE) AND OF 

TANTALUM (FULL LINE) BY THERMAL DECOMPOSITION OF TaClg AND TaBr5 



80 
60 

2 0 

0 6 

0.2 

0 

'% 

/ 

17 10 

> 

y 
/ 

00 II 

/ 

/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

30 12 

/ 
/ 

/ ' 
/ 

y 
/ ' 

/ 
/ 

/ 
/ 

J 

/ 

/ 

00 13 

y 

/ 
/ 

/ 

/ 
/ 

/ 
/ 

. * ! ^ 
V f 

00 14 

/ ' / 
^ / 

/ ' 
/ 

/ 

Y 

00 ISC 

» 

> 
/ 

/ 
/ 

/J 
/} 
/ 

1 
J 
1 
J 
/ 
/ 

/ 
/ 

1 
/ 

/ 
/ 

- . ~ i .s 
,o-~V 

•''r V / f 

/ 

1 

/ 

Zrmp 
1 

/ 

/ 
/ 

/I 
/ 

/ 

/ 

/ 

- / 

# 
/ 

/ 

y 
/ 

/ 

/ 

/ 

» 1600 1700 1800' 1900 2000 2100 2200 23002400 2600 2800 3000 33C 
Temperature,C 

FIGURE 3. LIMITING PRESSURES FOR THE FORMATION OF ZrC ON CARBON (DASHED LINE) AND OF 
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250X N41599 

FIGURE 4. NIOBIUM CARBIDE COATING ON AT J GRAPHITE FORMED 
IN 45 MIN BY THERMAL DECOMPOSITION OF NbBrg AT 
1200 TO 1500 C AT 100 MM OF MERCURY 

Run 12644-25. 

250X N41600 

FIGURE 5. TANTALUM CARBIDE COATING ON AT J GRAPHITE FORMED 
IN 10 MIN BY THERMAL DECOMPOSITION OF TaClc AT 
1890 TO 2000 C AT 48 MM OF MERCURY 

Run 12010-59. 
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250X N41601 

FIGURE 6, ZIRCONIUM CARBIDE COATING ON ATJ GRAPHITE FORMED 
IN 30 MIN BY THERMAL DECOMPOSITION OF ZrCl4 AT 
1900 TO 2100 C AT 12 MM OF MERCURY 

Run 12010-38. 
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Attempts have been made to t r e a t the data quantitatively, but with little success 
within the t ime l imit imposed by justifying the effort. Even the t rea tment of the s im­
ples t situation is beyond the scope of this repor t , and the simple model is not ent i re ly 
sa t i s fac tory . 

It is poss ib le , however, to obtain from thermodynamic considerat ions a s e m i ­
quantitative p ic ture of the range of p r e s s u r e between meta l deposition and carbide 
formation which is useful (see Appendix C). 

On the assumpt ion that d issocia t ion has p r o g r e s s e d to the point that the vapor at 
the limiting p r e s s u r e consis ts solely of halogen atoms and molecules of the lower 
halide, it can be shown that the following re la t ion holds: 

log P M C / P M = (n : i t 2 ' ^^0mT ' 

where 

-^MC ~ limiting p r e s s u r e for carbide formation 

-PM - l imiting p r e s s u r e for meta l formation 

AFj^Q = free energy of formation of the carbide MC 

T = t e m p e r a t u r e , K 

n = number of halogen a toms per atom of meta l in 
the lower hal ide . 

The carb ides of in te res t in this work have free energ ies of formation of -35 ±5 
kcal per mole '^) in the t empe ra tu r e range 1100 to 2000 C. Thus, if the t r ihal ide is the 
stable gaseous spec ies , the l imiting p r e s s u r e s for meta l and carbide formation should 
differ by 2 .6 log cycles at 1200 C, 2 .20 log cycles at 1600 C, and 1,68 log cycles at 
2000 C. If the dihalide is the stable spec ies , the above values a re doubled. 

It can be seen from F i g u r e s 1, 2, and 3 that these differences a re of the right 
o rde r and that the convergence of the limiting p r e s s u r e s with increas ing t empera tu re 
is consis tent with the ana lys i s . 

Another in teres t ing re la t ion der ived from the simple picture descr ibed above is 
the fact that the slope of the log P j ^ v e r s u s 1/T line gives d i rect ly (on multiplying by 
-2 .303R) the heat of the reac t ion MX2(g) = M(s) + 2X(g) or one-half of the heat of 
react ion 

MX3(g) = M(s )+ 3X(g), 

depending on whether the d i - or t r ihal ide is the existing stable spec ie s . 

In the ca ses of tantalum and niobium, the slopes (or heats of dissociat ion) a re 
g r ea t e r for the chloride than for the bromide as would be predic ted . The data for 
Z r B r 4 a r e out of line with the chloride and iodide, however, and would make an i n t e r ­
esting subject for study. On the bas i s of the simple analys is descr ibed above, this 

« « • • • • • * • • • • • • • • • 
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r e v e r s a l i n d i c a t e s t ha t , in the c a s e of Z r B r 4 d e c o m p o s i t i o n , the l o w e r v a l e n t s t a b l e 
s p e c i e s i s the d i h a l i d e r a t h e r t han the t r i h a l i d e , the i n d i c a t e d f o r m for c h l o r i d e and 
i o d i d e . 

Coa t ing of B lowpipe S p e c i m e n s 

The b lowp ipe t e s t s p e c i m e n s to be c o a t e d wi th the c a r b i d e s of n i o b i u m , t a n t a l u m , 
a n d z i r c o n i u m c o n s i s t e d of t u b e s of A T J g r a p h i t e , 0. 75 i n . in OD, 0. 25 i n . in ID, a n d 
abou t 18 i n . long , w i th a s h o u l d e r e d f i t t ing a t one end a n d a b a l l - a n d - s o c k e t f i t t ing a t 
the o t h e r . I n i t i a l l y , i t w a s p l a n n e d t h a t only the i n s i d e b o r e be c o a t e d , bu t a r r a n g e ­
m e n t s w e r e m a d e l a t e r to c o a t bo th the i n s i d e a n d o u t s i d e s u r f a c e s . 

T h e s h a p e of t h e s e s p e c i m e n s m a k e s t h e m a d m i r a b l y s u i t e d to r e s i s t a n c e h e a t i n g . 
H o w e v e r , i t w a s n e c e s s a r y to u s e long a d a p t o r s of s i m i l a r c r o s s s e c t i o n to r e d u c e c o n ­
duc t ive h e a t l o s s f r o m the e n d s of the s p e c i m e n s . R a d i a t i v e h e a t l o s s w a s r e d u c e d by a 
s h i e l d i n g c a p s u l e c o n s i s t i n g of two c o n c e n t r i c t u b e s of g r a p h i t e wi th c r u s h e d g r a p h i t e in 
the a n n u l u s . The i n n e r tube of the s h i e l d i n g c a p s u l e a l s o s e r v e d to d i r e c t the v a p o r 
flow a r o u n d the s p e c i m e n s . 

F i g u r e 7 i s a g e n e r a l v i e w of the e q u i p m e n t u s e d in m o s t of the coa t ing w o r k * 
showing one un i t r e a d y for o p e r a t i o n a n d the o t h e r p a r t i a l l y a s s e m b l e d . O p e r a t i o n of 
the p l a t i n g u n i t s c a n be u n d e r s t o o d by r e f e r e n c e to F i g u r e 8. T h e e n t i r e a s s e m b l y i s 
c o n t a i n e d in a w a t e r - c o o l e d v a c u u m - t i g h t t ank , w h i c h c a n be o u t g a s s e d and t h e n s u b ­
j e c t e d to a n a u t o m a t i c a l l y c o n t r o l l e d b a c k p r e s s u r e of i n e r t g a s . The i n t e r n a l a s s e m ­
b ly , c o n s i s t i n g of a r e s i s t i v e l y h e a t e d g r a p h i t e v a p o r i z e r , s p e c i m e n and a d a p t o r s , a n d 
c o n d e n s e r i s so a r r a n g e d t h a t the v a p o r i z e r t a k e s the w e i g h t of the a s s e m b l y when i t 
r e s t s on the b o t t o m of the v a c u u m tank , a n d the s p e c i m e n i s f r e e to e x p a n d on h e a t i n g . 
E l e c t r i c a l c o n n e c t i o n s to the v a p o r i z e r a r e m a d e t h r o u g h the v a c u u m t a n k to the b o t t o m 
of the v a p o r i z e r a n d to the s t a i n l e s s s t e e l p l a t e c o m m o n to the v a p o r i z e r and the l o w e r 
s p e c i m e n a d a p t o r . C o n n e c t i o n to the t op of the s p e c i m e n i s m a d e a t the p l a t e ho ld ing 
the c o n d e n s e r . The h e a v y c u r r e n t s r e q u i r e d a r e c o n d u c t e d to the e l e c t r o d e p l a t e s by 
w a t e r - c o o l e d c o p p e r tubing w h i c h i s c o i l e d for f l e x i b i l i t y . S e p a r a t e p o w e r s u p p l i e s a r e 
p r o v i d e d for the v a p o r i z e r a n d s p e c i m e n a s d e s c r i b e d in A p p e n d i x C , 

B r i e f l y , the o p e r a t i o n c o n s i s t s of a s s e m b l i n g the un i t , i n s e r t i n g the c h a r g e d 
v a p o r i z e r a t the l a s t m o m e n t b e f o r e c l o s u r e , e v a c u a t i n g the t ank , s e t t i n g the b a c k 
p r e s s u r e a t a p r e d e t e r m i n e d v a l u e , b r i n g i n g the s p e c i m e n up to t e m p e r a t u r e , and t h e n 
h e a t i n g the g r a p h i t e v a p o r i z e r on a p r e d e t e r m i n e d p o w e r s c h e d u l e to v a p o r i z e the 
ha l ide a t a n a p p r o p r i a t e r a t e . 

The p r o p e r b a l a n c e of v a p o r flow t h r o u g h a n d a r o u n d the s p e c i m e n w a s a c h i e v e d 
by o p t i m i z i n g the r e l a t i v e s i z e s of the a x i a l a n d r a d i a l h o l e s in the a d a p t o r s . 

In the e a r l i e r w o r k , w h e n only the b o r e of the s p e c i m e n w a s b e i n g c o a t e d , i t w a s 
p o s s i b l e to m e a s u r e the s p e c i m e n t e m p e r a t u r e by s i gh t i ng a n o p t i c a l p y r o m e t e r t h r o u g h 
the v i e w p o r t on the w a l l of the t ank a n d a hole in the s h i e l d i n g c a p s u l e . W h e n i t b e ­
c a m e n e c e s s a r y to c o a t b o t h the o u t s i d e a n d i n s i d e of the s p e c i m e n s , the s i g h t ho le w a s 
c l o s e d a n d the L a v i t e i n s u l a t i n g c a p s a t the top a n d b o t t o m of the c a p s u l e w e r e m a d e 

•An earlier coating unit used in Runs 11661-50-lLM through 12416-47-19LF is described in Appendix B. 
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c l o s e f i t t ing to m i n i m i z e e s c a p e of v a p o r and to d i r e c t p a r t of the v a p o r f low f r o m the 
r a d i a l h o l e s in the b o t t o m a d a p t o r a r o u n d the s p e c i m e n a n d in to the r a d i a l h o l e s in the 
top a d a p t o r . U n d e r t h e s e c o n d i t i o n s , the s p e c i m e n t e m p e r a t u r e w a s e s t i m a t e d by 
p r e v i o u s l y d e t e r m i n e d c o r r e l a t i o n s w i th h e a t i n g c u r r e n t and t e m p e r a t u r e of the o u t s i d e 
wa l l of the i n s u l a t i n g c a p s u l e . 

F i g u r e 9 s h o w s a n u n c o a t e d s p e c i m e n , a s e t of a d a p t o r s , a n d s p e c i m e n s c o a t e d 
in 1 h r a t abou t 2000 C wi th NbC, T a C , and Z r C f r o m the c h l o r i d e s a t 50, 100, and 
5 m m of m e r c u r y , r e s p e c t i v e l y , the c o n d i t i o n s f ina l ly a d o p t e d for coa t ing m o s t of the 
s p e c i m e n s . 

F i g u r e s 10, 11 , a n d 12 a r e r e p r o d u c t i o n s of the X - r a d i o g r a p h s of the above s p e c ­
i m e n s . To ob t a in the m e t a l - e q u i v a l e n t t h i c k n e s s of the c o a t i n g s , the r a d i o g r a p h of the 
s p e c i m e n w a s c o m p a r e d wi th t h a t of a m e t a l - f o i l s t e p g a g e , by m e a n s of a d e n s i t o m e ­
t e r . F i g u r e 13 g i v e s t he c o r r e s p o n d i n g d e n s i t o m e t e r t r a c e s showing m e t a l - e q u i v a l e n t 
t h i c k n e s s e s of 7 ± 1.5 m i l s of n i o b i u m , 3 ± 0. 7 m i l s of t a n t a l u m , and 2 ± 0 . 5 m i l s of 
z i r c o n i u m . 

S ince the r a t i o s of the d e n s i t i e s of m e t a l l ^ ) to m o n o c a r b i d e v 5 ) fo r n i o b i u m , t a n t a ­
lum, a n d z i r c o n i u m a r e 1 .092, 1 .14, a n d 1 . 0 1 , r e s p e c t i v e l y , the c a r b i d e t h i c k n e s s e s 
would be a l i t t l e g r e a t e r t han the v a l u e s g i v e n a b o v e . T h e f a c t o r s in f luenc ing the a c ­
c u r a c y of t h i s m e t h o d of m e a s u r e m e n t have n o t b e e n ful ly e v a l u a t e d . H o w e v e r , in the 
few c a s e s w h e r e the c o a t i n g t h i c k n e s s w a s a l s o m e a s u r e d by m i c r o s c o p i c e x a m i n a t i o n , 
the a g r e e m e n t w a s w i t h i n 25 p e r c e n t . 

The g r a d i e n t in c o a t i n g t h i c k n e s s i s due to t e m p e r a t u r e g r a d i e n t s in the s p e c i m e n . 
C o n t a c t r e s i s t a n c e a t the j u n c t i o n of the a d a p t o r a n d s p e c i m e n nnay a c c o u n t for the 
t h i c k e r coa t i ng a t the e n d s . O t h e r v a r i a t i o n s a r e a t t r i b u t a b l e to s p e c i m e n i n h o m o -
g e n e i t y . The r e s i s t a n c e p e r un i t l e n g t h a s a fxinction of d i s t a n c e a long the s p e c i m e n 
a x i s w a s m e a s u r e d for a l l s p e c i m e n s p r i o r to c o a t i n g . T h o s e showing g r e a t e r t han 
±10 p e r c e n t v a r i a t i o n w e r e d i s c a r d e d . 

B e t t e r t e m p e r a t u r e c o m p e n s a t i o n a t the e n d s of the s p e c i m e n m a y be o b t a i n a b l e b y 
f u r t h e r a l t e r a t i o n of the a d a p t o r g e o m e t r y . 

F i g u r e s 14, 15, a n d 16 a r e p h o t o m i c r o g r a p h s of t y p i c a l c r o s s s e c t i o n s showing 
the con t inu i ty a n d g e n e r a l s t r u c t u r e of the b l o w p i p e - s p e c i m e n c o a t i n g s . The d i f f e r e n c e 
in a p p e a r a n c e of the c o a t i n g s s h o w n i s s i g n i f i c a n t . The o u t w a r d a p p e a r a n c e of the 
s p e c i m e n s i s c o n s i s t e n t w i th the m i c r o s t r u c t u r e , in t h a t N b C - a n d Z r C - c o a t e d s p e c i ­
m e n s a r e s m o o t h and b r i g h t * whi le the T a C c o a t i n g s a r e a m a t t e - g o l d , i n d i c a t i n g a 
r o u g h s u r f a c e . 

I t c a n be s e e n f r o m the p h a s e d i a g r a m s in F i g u r e 17 t h a t a t c o a t i n g t e m p e r a t u r e s 
of 2 0 0 0 - 2 2 0 0 C, Z r C a n d NbC c o a t i n g s ( 6 ) a r e f o r m e d a b o v e the s o l i d u s in the m e t a l -
c a r b i d e s y s t e m , w h e r e a s , T a C i s f o r m e d b e l o w the s o l i d u s { 7 ) . I t i s p r o b a b l e t h a t Z r C 
and NbC f o r m by c r y s t a l l i z a t i o n f r o m a l iqu id f i lm a t t h e o u t e r s u r f a c e of the c o a t i n g , 
l ead ing to a d e n s e r c a r b i d e . 

It i s i n t e r e s t i n g to no t e t h a t X - r a y d i f f r a c t i o n m e a s u r e m e n t s s h o w on ly t he m o n o -
c a r b i d e s in the b l o w p i p e - s p e c i m e n c o a t i n g s , 

* ZrC is silvery. NbC is silvery with a pink tinge. \ 
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ZrC NbC TaC Uncoated Adaptors 

N41077 

f l G U R E 9. COATED AND UNCOATED BLOWPIPE SPECIMENS AND 
A SET OF ADAPTORS 

TaC coated, Run 13331-19-75LF. 
NbC coated. Run 13331-28-78LM, 
ZrC coated. Run 1333 1-73-93LF. 
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N41147 

FIGURE 10. RADIOGRAPH OF NbC-COATED SPECIMEN 

Run 13331-28-78IM. Coated by thermal 
decomposition of NbC^. 

Note: Radiograph taken with portion of 
adaptor adhering to right end of specimen. 
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N41147A 

FKJtJBEll. RADIOGRAPH OF TaC-COATED SPECIMEN 

Run 13331-19-75LF. Coated by thermal 
decomposition of TaClg. 

Mote: Radiograph taken with portions of 
the adaptors adhering to the ends of the 
specimen. 
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N41148 

FIGURE 12. RADIOGRAPH OF ZrC-COATED SPECIMEN 

Run 13331-73-93LF. Coated by the t he rma l 
decomposi t ion of Z r C l 4 . 
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FIGURE 14. NIOBIUM CARBIDE COATING ON ATJ GRAPHITE FORMED 
BY THERMAL DECOMPOSITION OF NIOBIUM 
PENTACHLORIDE 

FIGURE 15. TANTALUM CARBIDE COATING ON ATJ GRAPHITE FORMED 
BY THERMAL DECOMPOSITION OF TANTALUM 
PENTACHLORIDE 
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FIGURE 16. ZIRCONIUM CARBIDE COATING ON ATJ GRAPHITE FORMED 
BY THERIVLAL DECOMPOSITION OF ZIRCONIUM 
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When the p r o p e r coa t ing c o n d i t i o n s w e r e d e t e r m i n e d and the e q u i p m e n t had b e e n 
d e v e l o p e d , s p e c i m e n s w e r e r o u t i n e l y c o a t e d a t a r a t e of two o r t h r e e p e r d a y . 

A to t a l of 99 use fu l s p e c i m e n s w a s c o a t e d wi th the t h r e e c a r b i d e s in v a r i o u s 
t h i c k n e s s e s r a n g i n g f r o m 0 . 5 to ZO m i l s . 

Coa t ing of U r a n i u m - I m p r e g n a t e d S p e c i m e n s 

U r a n i u m - i m p r e g n a t e d A T J g r a p h i t e s p e c i m e n s w e r e c o a t e d to t e s t the effect of 
the p r e s e n c e of u r a n i u m on the r e s u l t a n t coa t ing and to d e t e r m i n e the e x t e n t to wh ich 
x i ranium i s l e a c h e d f r o m the s p e c i m e n s in the coa t ing p r o c e s s . 

Six r o d s of A T J g r a p h i t e , 3 / 3 2 i n . in d i a m e t e r , w e r e s e n t to U C R L w h e r e t hey 
w e r e so lu t i on i m p r e g n a t e d wi th a b o u t 7 w / o u ran iunn and f i r e d to f o r m the c a r b i d e . 
The s p e c i m e n s w e r e c o a t e d a s r e c e i v e d in the a p p a r a t u s d e s c r i b e d in Append ix A . 
V a p o r i z a t i o n of the h a l i d e w a s b r o u g h t to a s t e a d y s t a t e b e f o r e the s p e c i m e n w a s h e a t e d 
to the coa t ing t e m p e r a t u r e of 2000 to 2070 C . 

In t h r e e c a s e s , the h a l i d e c o n d e n s a t e f r o m the coa t ing o p e r a t i o n w a s c o l l e c t e d 
and a n a l y z e d fo r t o t a l u r a n i u m to d e t e r m i n e the e x t e n t of l e a c h i n g . 

T a b l e 1 g i v e s t he coa t i ng c o n d i t i o n s and r e s u l t s . 

T A B L E 1. COATING O F U R A N I U M - I M P R E G N A T E D S P E C I M E N S 

S p e c i m e n H a l i d e 
P r e s s u r e , 

m m of m e r c u r y 
U r a n i u m Con ten t , m g L o s s , 

I n i t i a l ^^ ' C o n d e n s a t e p e r cen t 

L - l 
L - 2 
L - 3 
L - 4 
L - 5 
L - 6 

Z r C l 4 
Z r C l 4 
N b C l s 
N b C l 5 
T a C l s 
T a C l s 

6 . 0 
5 . 0 

49.5 
50.0 

1 0 6 . 5 
1 0 2 . 5 

58 
56 

53 

37.2 
37.9 

50.4 

64 
6 7 . 5 

95 

(a) UCRL analysis. 

T a b l e 2 g i v e s the r e s u l t s of X - r a y d i f f r a c t i o n e x a m i n a t i o n of the c o a t i n g s , 
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T A B L E 2 . C O N S T I T U T I O N O F COATINGS ON URANIUM-
I M P R E G N A T E D G R A P H I T E 

S p e c i m e n P h a s e I n t e n s i t y P a r a m e t e r , A R e m a r k s 

L - 2 

L - 4 

L - 5 

Z r 
Z r C 

N b C 
C u b i c 
Nb2C ( ? ) 

T a C 
T a C 
TazC 

F a i n t 
S t r o n g 

S t r o n g 
M e d i u m fa in t 
M e d i u m fa in t 

V e r y s t r o n g 
M e d i u m fa in t 
V e r y fa in t 

4 . 6 9 2 ( a ) 

4 .467^^) 
4 . 4 5 

4 , 5 5 ( a ) 
4 . 4 0 

C a r b o n d e f i c i e n t ? 

C a r b o n d e f i c i e n t ? 

(a) Schwarzkopf̂ )̂ gives a = 4.685, 4.46, and 4. 55 A for face-centered-cubic ZtC, NbC, and TaC, respectively. 

F i g u r e s 18, 19, a n d 20 c o m p a r e t he c o a t i n g s wi th s a m p l e s o b t a i n e d on x i n i m p r e g -
n a t e d g r a p h i t e ( p r e v i o u s l y p i c t u r e d in F i g u r e s 14, 15, a n d 16). 

C o m p a r i s o n of the p h o t o m i c r o g r a p h s r e v e a l s the s i m i l a r i t y of the c o a t i n g s , wi th 
a s o m e w h a t g r e a t e r c o n c e n t r a t i o n of v o i d s a n d f i s s u r e s p r e s e n t in the c o a t i n g s of the 
i m p r e g n a t e d s p e c i m e n s . H o w e v e r , o t h e r c o a t i n g s s u c h a s t h o s e p i c t u r e d in F i g u r e s 4 , 
5, and 6 show v a r y i n g c o n c e n t r a t i o n s of v o i d s . T h u s , i t i s no t p o s s i b l e , w i thou t f u r ­
t h e r s tudy u n d e r c o n t r o l l e d c o n d i t i o n s , to a s s e s s a c c u r a t e l y the ef fec t of the p r e s e n c e 
of u r a n i u m on the r e s u l t a n t c o a t i n g . 

T h e l o s s of u r a n i u m , p r e s u m a b l y b y the r e d u c t i o n of the h a l i d e v a p o r s , i s the 
m o s t s i g n i f i c a n t r e s u l t of t h e s e e x p e r i m e n t s . S o m e l e a c h i n g w a s e x p e c t e d . H o w e v e r , 
l o s s of t h i s m a g n i t u d e w a s s u r p r i s i n g . S ince i t i s u n d e r s t o o d t h a t t he u r a n i u m c o n ­
c e n t r a t i o n w a s g r e a t e s t a t the s u r f a c e of t h e s e s o l u t i o n - i m p r e g n a t e d s a m p l e s , the 
l e a c h i n g effect would b e e x p e c t e d to be m o r e d r a s t i c h e r e t h a n wi th g r a p h i t e , w h i c h i s 
h o m o g e n e o u s l y l o a d e d wi th u r a n i u m d u r i n g i t s m a n u f a c t u r e . 

T h e l e a c h i n g of u r a n i u m f r o m u n i f o r m l y l o a d e d g r a p h i t e w a s t e s t e d wi th s a m p l e s 
r e s u l t i n g f r o m l o n g i t u d i n a l l y q u a r t e r i n g a tube s u p p l i e d by the L o s A l a m o s Sc i en t i f i c 
L a b o r a t o r y , T h e s p e c i m e n s w e r e in t he f o r m of r o d s of r o u g h l y t r i a n g u l a r c r o s s 
s e c t i o n , a b o u t 3 / 3 2 i n . on a s i d e . 

T h e u r a n i u m c o n t e n t of one of the q u a r t e r s , 7 , 2 w / o , w a s t a k e n a s t he o r i g i n a l 
load ing of the o t h e r t h r e e . Coa t ing c o n d i t i o n s a n d r e s u l t s a r e g i v e n in T a b l e 3 . T h e 
coa t ing t h i c k n e s s w a s no t m e a s u r e d in t h i s s e r i e s of e x p e r i m e n t s . H o w e v e r , t he c o a t ­
ing a p p e a r e d to be n o r m a l a n d a b o u t 2 to 5 m i l s in t h i c k n e s s . 

r-^ ^^' • 
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2 SOX Impregnated With 7 w/o Uranium N41047 

500X Uiiimpregnated N41101 

FIGURE 18. NbC COATINGS ON ATJ GRAPHITE 
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500X 

T . 

I 
Impregnated With 7 w/o Uranium N41049 

«v , 

M ' - . 

500X Unimpregnated N41100 

FIGURE 19. TaC COATINGS ON AT J GRAPHITE 
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^^^ 

250X Impregnated With 7 w/o Uranimm N41046 

\ 

fW^ 

500X Unimpregnated N4110Z 

FIGURE 20. Z r C COATINGS ON AT J GRAPHITE 
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T A B L E 3 . L E A C H I N G O F U N I F O R M L Y L O A D E D G R A P H I T E 

P r e s s u r e , R e s i d u a l U r a -
T e m p e r a t u r e , Tinne, m m of n i u m Conten t (a ) , L o s s , 

S p e c i m e n H a l i d e C h r m e r c u r y w e i g h t p e r c e n t p e r c e n t 

A Z r C l 4 1950 1 5 4 , 1 43 

B N b C l 5 1950 1 50 3 , 7 4 8 , 5 

C N b C l s 1950 1 50 1,75 7 5 . 0 

(a) Analysis of the heated section of the rod. 

A s e x p e c t e d , the l o s s of u r a n i u m f r o m h o m o g e n e o u s l y l o a d e d g r a p h i t e w a s , in 
g e n e r a l , l e s s t h a n f r o m s u r f a c e - i m p r e g n a t e d m a t e r i a l . H o w e v e r , the l a c k of a g r e e ­
m e n t b e t w e e n the r e s u l t s of the R u n s , B a n d C, t inder p r e s u m a b l y i d e n t i c a l c o n d i t i o n s 
d e s e r v e s f u r t h e r i n v e s t i g a t i o n . 

S ince the l e a c h i n g i s a s u r f a c e p h e n o m e n o n , p r e s u m a b l y c o n t r o l l e d b y the r a t e of 
dif fusion of u r a n i u m t h r o u g h the g r a p h i t e , the n e t l o s s would b e e x p e c t e d to d e c r e a s e a s 
the s p e c i m e n s i z e i s i n c r e a s e d . I t m a y a l s o b e p o s s i b l e to d e c r e a s e t he l o s s of u r a n i u m 
by " b u f f e r i n g " the c o a t i n g v a p o r f e e d wi th a n a p p r o p r i a t e c o n c e n t r a t i o n of u r a n i u m 
h a l i d e . 

Dif fus ion of C a r b o n i n C a r b i d e s 

A s w a s n o t e d a b o v e , coa t ing of the b l o w p i p e s p e c i m e n s w a s c a r r i e d out u n d e r c o n ­
d i t i o n s d e s i g n e d to c o n t r o l the o v e r - a l l r a t e by t h e r a t e of d i f fus ion of c a r b o n t h r o u g h 
the c a r b i d e . I d e a l l y , i t shou ld be p o s s i b l e to ob t a in d i f fus ion c o n s t a n t s f r o m the r a t e of 
c o a t i n g f o r m a t i o n . H o w e v e r , i t i s p o s s i b l e to o b t a i n on ly l o w e r l i m i t i n g v a l u e s f r o m 
the coa t ing d a t a s i n c e , a l t h o u g h the t i m e - t e m p e r a t u r e s c h e d u l e of h e a t i n g the v a p o r i z e r 
w a s known in e a c h c a s e , i t w a s no t c e r t a i n when v a p o r i z a t i o n of the h a l i d e u n d e r a p ­
p r o p r i a t e c o n d i t i o n s h a d s t a r t e d a n d s t o p p e d . M o r e o v e r , to the e x t e n t t h a t o t h e r f a c t o r s 
( s u c h a s m a s s - t r a n s f e r a t t he v a p o r - s o l i d i n t e r f a c e ) m a y have e f fec ted p a r t i a l c o n t r o l , 
the coa t i ng d a t a g ive on ly m i n i m u m v a l u e s for the d i f fus ion r a t e . 

T h u s , a f t e r the l i m i t i n g p r e s s u r e s fo r m e t a l a n d c a r b i d e f o r m a t i o n h a d b e e n d e ­
t e r m i n e d t o w a r d the end of the c o n t r a c t p e r i o d , i t w a s d e c i d e d to a t t e m p t dif fusion 
m e a s u r e m e n t s in the c o a t i n g e q u i p m e n t f o r s m a l l r o d s p e c i m e n s ( s e e A p p e n d i x A ) . In 
t h i s e q u i p m e n t , v a p o r i z a t i o n c a n be i n i t i a t e d a n d the s p e c i m e n h e a t e d a n d c o o l e d qu i ck ly 
so t h a t the t i m e a t c o a t i n g t e m p e r a t u r e i s k n o w n . M o r e o v e r , i t w a s found tha t , wi th 
s u i t a b l e p r e c a u t i o n s , i t w a s p o s s i b l e to fo l low the p r o g r e s s of t he coa t i ng by m o n i t o r i n g 
the e l e c t r i c a l c o n d u c t i v i t y of the r e s i s t i v e l y h e a t e d s p e c i m e n . 
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If diffusion of carbon through the carbide i s actual ly controlling, the coating ra t e 
follows a parabol ic function: 

d = k fF , 

where d is the coating thickness (assuming a plane surface), k is a constant,and t is the 
t ime . If the ove r - a l l ra te were control led by m a s s t r ans fe r at the vapor interface, the 
rate would be l inear with t i m e . Thus, it is a s sumed that, if the coating rate is p a r a ­
bolic, it is cha r ac t e r i s t i c of the diffusion of carbon through the carb ide . * 

It can be shown'" ' that diffusion for c a s e s of this type occurs according to the 
re la t ion 

2^[Dr 

w h e r e y i s a c o m p l e x func t ion of the c o n c e n t r a t i o n g r a d i e n t t h r o u g h w h i c h diffusion t a k e s 
p l a c e . D i s t he coe f f i c i en t of d i f fus ion in the f u n d a m e n t a l di f fusion equa t i on : 

dt ox dx 

Since no d a t a a r e a v a i l a b l e on the s o l u b i l i t i e s of c a r b o n in N b C , T a C , a n d Z r C 
wi th wh ich to e v a l u a t e y and , t h e r e f o r e , D e x p l i c i t l y , i t i s n e c e s s a r y to u s e the e q u a -

7 d2 
t ion in the f o r m : Dy'^ = — fo r the i n t e r p r e t a t i o n of the d a t a . Now, if the c o n c e n t r a t i o n 

4t 
g r a d i e n t d o e s no t v a r y wi th t e m p e r a t u r e , a p l o t of log Dy^ v e r s u s 1/T wi l l g ive the t r u e 
v a l u e of the a c t i v a t i o n e n e r g y fo r d i f fus ion . M o r e o v e r , if i t c a n be a s s u m e d t h a t the 
s a m e c a r b o n c o n c e n t r a t i o n g r a d i e n t e x i s t s in the coa t ing p r o c e s s a s in the a t t a c k of the 
c o a t e d s p e c i m e n , fo r e x a m p l e by h y d r o g e n r e a c t i n g wi th the diffusing c a r b o n , the dif­
fus ion d a t a f r o m the c o a t i n g e x p e r i m e n t s c a n be a p p l i e d d i r e c t l y to the c o r r o s i o n 
p r o b l e m . 

E x p e r i m e n t a l Work 

The p r i n c i p a l d i f f icul ty wi th ob t a in ing the r e q u i r e d da ta in the s m a l l coa t ing a p ­
p a r a t u s w a s t h a t of p r o v i d i n g v a p o r - f l o w r a t e s su f f i c ien t ly high to avo id m a s s - t r a n s f e r 
c o n t r o l a t the v a p o r - s o l i d i n t e r f a c e a n d p e r m i t the o b s e r v a t i o n of s o l i d - s o l i d dif fusion 
c o n t r o l . By us ing a l a r g e supp ly of h a l i d e in the v a p o r i z e r s e c t i o n , a h igh h e a t input 
to the v a p o r i z e r , and by e l i m i n a t i n g the b a c k p r e s s u r e ( e v a c u a t i n g the c o n d e n s e r s e c ­
t ion of the tube ) , i t w a s p o s s i b l e to ob t a in p a r a b o l i c g r o w t h c u r v e s of the type shown in 
F i g u r e 2 1 . * * A t l o w e r h e a t i n p u t s to the v a p o r i z e r , l o w e r l i n e a r coa t i ng r a t e s w e r e 
o b t a i n e d . 

*It is also possible to interpret the data on the basis of diffusion of the metal through the carbide. However, since the carbon 
is the more mobile, it is considered to be the diffusing species. 

••The points along these curves were obtained by combining the coating thickness measured at the end of a run with conductivity 
measurements during the run. Electrical leads were provided to measure the voltage drop across the heated section of the 
specimen carrying a known current, A quattz-wool plug was used to prevent entrainment of solid halide particles. 

•« .•• 
^ * ^ * " * " » . , „ ^ '-^ 
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Figu re 22 shows the coating ra te as a function of tennperature for the formation of 
Z rC by the t he rma l decomposi t ion of ZrCl^.. As would be expected, the l inear , or 
vapor-f low-control led r a t e s a r e al l below the parabol ic r a t e s . 

It appeared that, a t the high vapor-f low r a t e s , and despite the evacuation of the 
condenser section of the tube, the p r e s s u r e below the vapor b a r r i e r and in the region 
of the specimen was in the range favorable to carbide formation, but unfavorable to 
metal deposition, e , g , , above 0 .8 mm of m e r c u r y at 2100 C. This was checked by 
making two runs with a back p r e s s u r e of 2 m m which i s well within the des i r ed range 
(see F igure 3). The r e su l t s (enc i rc led points in F igure 22) confirmed those obtained 
with the condenser section evacuated to p romote maximum vapor flow. 

The equation for the ra te of Z r C formation, which p resumably r e p r e s e n t s the 
ra te of diffusion of carbon through the carbide i s : 

l o g i o D y ^ = - l » ^ . 0 . 2 4 . 

The indicated act ivat ion energy of 91 .5 kcal falls between the values 108 kcal and 
59 kcal given respec t ive ly by Andrews and Dushman^ ' ' and by P i ran i and Sandor'^*^) for 
the diffusion of carbon through W^C. A d iscuss ion of the d i sc repancy between the va l ­
ues for W^C is beyond the scope of this r e p o r t . 

Investigation of the corresponding niobium sys tem was inconclusive at the end of 
the cont rac t per iod . Several anomalous r e su l t s were obtained, and it is not cer ta in 
that the r a t e s of coating formation were control led by the diffusion of carbon through 
the ca rb ide . Additional r e s e a r c h would be r equ i red to obtain re l iable information on 
the diffusion of carbon through NbC, 
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A P P E N D I X A 

A P P A R A T U S A N D P R O C E D U R E F O R 
L I M I T I N G - P R E S S U R E D E T E R M I N A T I O N S 

The a p p a r a t u s c o n s i s t e d of two i d e n t i c a l u n i t s m o u n t e d s ide by s i d e , u t i l i z ing the 
s a m e e l e c t r i c a l s y s t e m , v a c u u m s o u r c e , s u r g e tank , and g e t t e r i n g f u r n a c e . The un i t s 
w e r e o p e r a t e d a l t e r n a t e l y . F i l a m e n t t e m p e r a t u r e s w e r e m e a s u r e d wi th an op t i c a l 
p y r o n n e t e r . 

F i g u r e A - 1 s h o w s Uni t 1 in o p e r a t i o n . F i g u r e A - 2 shows Unit 2, wi th a h o t - w i r e 
f i l a m e n t , be ing e v a c u a t e d p r i o r to c h a r g i n g wi th h a l i d e . F i g u r e A - 3 shows the e l e c ­
t r o d e a s s e m b l y wi th a c a r b o n r o d . T h e c o r r e s p o n d i n g e l e c t r o d e a s s e m b l y for m e t a l 
d e p o s i t i o n can be s e e n in the r e a c t i o n tube in F i g u r e A - 2 . 

S ince the v a c u u m r e q u i r e m e n t s for the a p p a r a t u s w e r e n o m i n a l , a r u b b e r - s t o p p e r 
c l o s u r e w a s u s e d fo r s i m p l i c i t y and f l e x i b i l i t y . H o w e v e r , b e c a u s e of l e a k a g e r e s u l t i n g 
f r o m the l a c k of r a d i a l s y m m e t r y of the V y c o r tub ing , i t w a s n e c e s s a r y to p r o v i d e an 
a u x i l i a r y c l o s u r e hav ing a t r u l y c i r c u l a r o p e n i n g . The s t a i n l e s s s t e e l h e a d a d o p t e d 
for t h i s p u r p o s e w a s f i t t ed wi th a r u b b e r O - r i n g , wh ich was c o m p r e s s e d a g a i n s t the 
o u t e r w a l l of the tub ing to a c c o m m o d a t e the e l l i p t i c i t y and g ive an a d e q u a t e s e a l . 

T h e d e s i r e d e l e c t r o d e a s s e m b l y w a s p l a c e d in the r e a c t o r , a s shown in F i g u r e 
A - 2 , wh ich w a s e v a c u a t e d to a b o u t 10 jJ. p r e s s u r e . The p r e s s u r e wi th in the tube 
w a s t h e n a d j u s t e d to a t m o s p h e r i c by h e l i u m w h i c h had b e e n p a s s e d o v e r a z i r c o n i u m 
g e t t e r to r e m o v e t r a c e s of oxygen , n i t r o g e n , a n d w a t e r v a p o r . 

T h e e l e c t r o d e a s s e m b l y w a s r e m o v e d and the r e a c t i o n tube c h a r g e d wi th the d e ­
s i r e d m e t a l h a l i d e t h r o u g h a g l a s s tube a t t a c h e d to a c h a r g i n g b o t t l e . Af t e r the e l e c ­
t r o d e s w e r e r e p l a c e d a n d c o n n e c t e d , the l i q u i d - n i t r o g e n t r a p b e f o r e the vacuunn p u m p 
w a s c h a r g e d a n d w a t e r r o u t e d to the c o n d e n s e r on the r e a c t i o n t u b e . T h e r e a c t i o n - t u b e 
f u r n a c e . F i g u r e A - 1 , w a s p o s i t i o n e d and c o n n e c t e d and the s y s t e m a g a i n e v a c u a t e d . 

When the p r e s s u r e in the s y s t e m r e a c h e d 10 ji o r l e s s , g e t t e r e d h e l i u m w a s 
a d d e d to r e a c h the d e s i r e d o p e r a t i n g p r e s s u r e . T h e f u r n a c e s u r r o u n d i n g the r e a c t i o n 
tube w a s h e a t e d to a t e m p e r a t u r e s l i gh t l y a b o v e the dew po in t of the h a l i d e . T h i s p r e ­
v e n t e d p r e m a t u r e c o n d e n s a t i o n of t he h a l i d e on the w a l l s . The b o t t o m f u r n a c e w a s 
p o w e r e d by a V a r i a c o p e r a t i n g t h r o u g h a M i c r o m a x c o n t r o l l e r , s e t a t the t e m p e r a t u r e 
w h e r e the v a p o r p r e s s u r e of the h a l i d e s l i gh t l y e x c e e d e d the a d j u s t e d h e l i u m p r e s s u r e 
in the t u b e . T h e f i l a m e n t o r rod t e m p e r a t u r e w a s a d j u s t e d by a V a r i a c , and the t e m ­
p e r a t u r e of the f i l a m e n t w a s m e a s u r e d by an o p t i c a l p y r o m e t e r * f o c u s e d t h r o u g h the 
s l i t shown in F i g u r e A - 1 . 

T h e c u r r e n t i n c r e a s e c a u s e d b y - m e t a l o r c a r b i d e d e p o s i t i o n w a s m e a s u r e d by the 
a m m e t e r shown in F i g u r e A - 1 . The f i l a m e n t t e m p e r a t u r e a t which the r i s e o c c u r r e d 
a n d the s y s t e m p r e s s u r e w e r e r e c o r d e d . 

Final temperatures were adjusted for emissivity and absorption by the Vycor tube wall. 
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1. Get ter ing furnace 
2. Manometer 
3. Liquid ni trogen t r a p 

4. A m m e t e r 
5. Fu rnace with e l ec t r i ca l and thermo­

couple leads at tached 
6. Surge Tank 

FIGURE A - 1 . LIMITING-PRESSURE EQUIPMENT IN OPERATION 

L^ 3 
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N40673 

1. E l ec t r i ca l lead for heating e lement 
2. O-ring vacuum head 
3. Vacuum line 
4. Water -cooled condenser 
5. Trap 

6. Spl i t - r ing vapor b a r r i e r 
7. Molybdenum adaptor 
8. Wire fi lament 
9. Vycor react ion tube 

10. McLeod gage 

FIGURE A - 2 . LIMITING-PRESSURE EQUIPMENT SHOWING 
FILAMENT ASSEMBLY IN PLACE 
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1. 
2. 
3 . 
4. 

N40620 

Water-cooled e l ec t rodes 
P y r e x tubing shielding 
Molybdenum adaptors 
Molybdenum legs m 

P y r e x tubing 

5. Vycor p la tes 
6. Carbon adap tors 
7. Carbon expansion ring 

(vapor b a r r i e r ) 

FIGURE A - 3 . GRAPHITE-ROD ASSEMBLY FOR LIMITING-
PRESSURE MEASUREMENT 
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It may be asked whether the vapor b a r r i e r shown in F igures A-2 and A-3 was 
effective in maintaining a saturat ion par t i a l p r e s s u r e of halide vapor in the region of 
the fi lament without introducing a significant p r e s s u r e drop. Its effectiveness is evi­
denced by the consis tency of the data of F igu re s A-4 through A-10, taken over severa l 
runs for each sys tem in which the vaporizat ion r a t e s varied over an appreciable range. 

It will be noted that, for the deposit ion of zirconium from ZrCl^*, it was n e c e s ­
sa ry to work in the liquid range on a tungsten f i lament. The magnitude of the effect of 
alloying with the tungsten was not de te rmined . Alloying would be expected to reduce 
the act ivi ty and make deposition in the alloy m o r e favorable than deposition of pure 
metal , i . e . , the exper imenta l ly de te rmined limiting p r e s s u r e would be on the high side. 

- 5/ 
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APPENDIX B 

COATING OF BLOWPIPE SPECIMENS 

Mate r i a l 

With the exception of z i rconium chlor ide , which was purchased from the Stauffer 
Chemical Company, the hal ides used in this work were synthesized from the e lements , 
using high-pur i ty m a t e r i a l s . All were handled under an ine r t -gas blanket. 

Appara tus 

The coating equipment is desc r ibed genera l ly in the body of this r e p o r t . Several 
«leta-ils of i n t e re s t a r e d i scussed h e r e . 

Heating C i rcu i t s 

The specimen was heated by a thyra t ron-con t ro l l ed Ignitron-fed t r ans fo rmer unit 
having a capacity of 2100 amp at 29 v, made by the Fede ra l Welding and Machine 
Company. 

The vapor ize r c i rcu i t was fed by a Trans ta t - con t ro l l ed t r ans fo rmer system having 
a capaci ty of 500 amp at 15 v. 

It was found that at l eas t 1060 amp could be c a r r i e d by 1/4-in, copper tubing 
(0. 032-in. wall) cooled by tap water at 42 gal p e r h r . The 36 F t empera tu re r i se of the 
water flowing through a 5-ft length cor responded to a power loss of 3 . 7 kw. A tubing 
d iamete r of 3 /8 in. was used in construct ion of the coating equipment, although the 
1/4-in. tubing would have been adequate . 

Vacuum System and P r e s s u r e Control 

The coating equipment was evacuated by means of a Cenco Hypervac-25 pump 
through a liquid ni t rogen-cooled t r ap and a g lass -wool fi l ter designed to catch entrained 
halide p a r t i c l e s . An adjustable m e r c u r y manomete r provided with e lec t r ica l contacts 
and an e lec t ronic re lay was used to control the p r e s s u r e in the units by operating a 
solenoid valve which pe rmi t t ed in te rmi t t en t punaping of an ine r t gas b leed . 

Typical Data 

Tables B - 1 , B-2 , and B-3 give typical data taken from Runs 13331-28-78LM, 
13331-19-75LF, and 13331-73-93L,F, r e spec t ive ly . Variat ions in coating thickness 
were obtained by varying the quanti t ies of halide charged to the vapor i ze r . 



54 

TABLE B - 1 , DATA FROM RUN 13331-28-78LM 

Halide 
Weight of Charge 
P r e s s u r e 
Coating T e m p e r a t u r e 

NbCl5 
255 g 
50. 0 mm of m e r c u r y 
2000 C 

Time 

Specimen Shield 
Cur ren t , T e m p e r a t u r e , 

amp F 

Vapor izer 
Cur ren t , T e m p e r a t u r e , 

amp F R e m a r k s 

0930 

1010 

1015 
1025 
1035 
1045 
1050 
1055 
1100 
1105 
1110 
1120 
1130 
1140 
1150 
1155 
1200 
1300 

--

65 

440 
445 
440 
440 
440 
440 
445 
450 
450 
455 
460 
465 
470 
475 
--

--

— 

--
--
--
--
1400 
--
--
1410 
--
1440 
--
1440 
--
--
_.. 

--

--

--
--
--
_-
160 
160 
165 
165 
185 
200 
215 
235 
235 

--

— 

--
--
120 
125 
160 
385 
460 
470 
490 
520 
570 
630 
650 
--
__ 

Unit a s sembled and 
evacuated 

Specimen fired and p r e s ­
sure brought to 50. 0 mm 
of m e r c u r y with helium 

Power r a i s ed to specimen 

Vapor izer coolant dra ined 
Vapor izer fired 

Vapor izer power ra i sed 
Vapor izer power r a i sed 
Vapor izer power r a i sed 
Vapor izer power r a i s e d 

All power off 
P r e s s u r e brought with 

helium to a tmospher i c 
and unit opened 



55 

TABLE B-2 DATA FROM RUN 13331-19-75LF 

Halide 
Weight of Charge 
P r e s s u r e 
Coating T e m p e r a t u r e 

TaCls 
395 g 
100 mm of m e r c u r y 
2000 C 

T i m e 

Specimen 
Curren t , 

amp 

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

F 

Vapor izer 
Cur ren t , 

amp 
Tempera tu r e , 

F Remarks 

0900 

0945 
0950 

65 
460 

1000 
1010 
1020 
1025 
1030 
1040 
1050 
1100 
1110 
1120 
1125 
1130 
1135 
1230 

445 
440 
440 
440 
440 
445 
455 
460 
465 
465 
465 
465 
--

--
— 
--
1400 
--
--
1410 

1420 
--
1440 
— 
--

— 
--
--
--
160 
100 
185 
200 
205 
230 
250 
250 
--

— 
--
130 
150 
200 
490 
550 
565 
600 
660 
710 
735 
--
--

Unit assembled and 
evacuated 

Specimen fired 
P r e s s u r e brought to 

100. 0 mm of m e r c u r y 
with helium, power 
ra i sed 

Vapor izer coolant drained 
Vapor izer fired 
Vapor izer power ra i sed 

Vapor izer power ra i sed 

Vaporizer power ra i sed 
Vapor izer power ra i sed 

All power off 
P r e s s u r e brought to 

a tmospher ic with 
helium and unit opened 
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TABLE B - 3 . DATA FROM RUN 13331-73-93LF 

Halide 
Weight of Charge 
P r e s s u r e 
Coating T e m p e r a t u r e 

Z rC l4 
170 g 
5. 0 mnn of m e r c u r y 
2000 C 

Specimen 
Cur ren t , 

Time amp 

Shield 
Tenapera ture , 

Vapor izer 
Cur ren t , 

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

F R e m a r k s 

1030 

1115 

1120 
1125 
1135 
1145 
1155 
1200 
1210 
1220 
1230 
1240 
1250 
1300 
1310 
1320 
1415 

--

— 

65 
430 
425 
420 
420 
420 
420 
420 
425 
425 
430 
430 
430 
--
__ 

--

— 

— 

1410 
— 

1440 
— 

1470 
— 

1470 

1460 
— 
__ 

--

--

__ 
--

--

165 
195 
205 
210 
220 
220 
240 
240 
--
•- — 

--

--

--

__ 

150 
230 
560 
615 
645 
675 
700 
715 
780 
--
wmmm. 

Unit a s sembled and 
evacuated 

P r e s s u r e brought to 5.0 
mm of m e r c u r y with 
helium 

Specimen fired 
Power r a i s e d 

Vapor ize r coolant dra ined 
Vapor ize r f ired 

Vapor izer power r a i s ed 

Vapor izer power r a i sed 

All power off 
P r e s s u r e brought to 

a tmospher i c with 
helium and unit opened 
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A t m o s p h e r i c - P r e s s u r e Coater 

Runs 11661-50- lLM through 12416-47-19LF were made in a coating unit cons i s t ­
ing of separa te vaporizing, coating, and condensing chambers which was la ter aban­
doned. Difficulty was exper ienced in obtaining a vacuumtight, e lec t r ica l ly insulated 
seal which would opera te at the halide vaporizat ion t empera tu re , and accommodate the 
the rmal expansion of the spec imen. Consequently, use of the unit was l imited to Z rC 
coating from Z r l ^ where a tmospher i c p r e s s u r e could be used. Unfortunately, this 
p r e s s u r e is so close to the limiting p r e s s u r e for meta l deposition that, on occasion, 
convection c u r r e n t s , sweeping iner t gas into the coating region, lowered the par t ia l 
p r e s s u r e of Z r l ^ to the point that liquid z i rconium formed and ran down the specimen. 
Some success was obtained when c a r e was taken to avoid mixing of the vapor s t r eam 
with the i n e r t - g a s blanket . 

? 
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APPENDIX C 

THERMODYNAMIC ANALYSIS OF PRESSURE RANGE 
FOR M E T A L - F R E E CARBIDE FORMATION 

Consider a s imple example in which the meta l halide MXg d i ssoc iaWi to form 
the meta l and halogen a toms*: 

MX5(g) = M(s )+ 5X(g). ( C - l ) 

Consider fur ther that one lower hal ide, MXjj(g) is s table , aaoA tltat the equil ibrium 

MXn(g) =M(s) + nX(g) (C-2) 

mus t be cons idered . At total p r e s s u r e s corresponding to the limiting p r e s s u r e for 
meta l deposition (see F igu re s 2 or 3), the pentahalide being fed to the hot surface is 
d issocia ted to halogen and the lower halide, but meta l is nei ther deposited nor con­
sumed. It seems reasonable to a s s u m e that, a t the t e m p e r a t u r e s involved in this work, 
the vapor cons is t s pr incipal ly of lower hal ides and the halogen and that pentahalide (in 
this case) is unimpor tant . 

Thus, the l imiting p r e s s u r e is defined by Equation (C-2) and the s toichiometry 
condition: 

whence. 

F r o m Equation (C-2), 

(5-n)Pj^X„ = PX. 

^ l i m i t = ^MXn + ^X = i(>-^)^MX^-

^Z=~ = (5 -n )«p""^ 
MX, 

MX 
n 

OT 

aMid 

K 
n - 1 

MX 
n 

( 5 - n ) "^-i 

1 

P , . . - ( 6 -n ) j , ^ - l 
•^ l imi t — ^ 2 

( 5 - n ) n - 1 

•It can be ihown that at the temperatures and pressures of interest m this work, the halogens in question are predominantly 
monatomic. 

• ••• • • • • » •• • ••• • ••• • • • • • • • • • • • • • • • • • • • • • . . • • • • • 
• t • » • • • • • • • • • « • • • • • • • • • • • • . • « • • • • « • • •• •• • • • ••* 

: P < . 
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In logar i thmic form: 

log P j ^ = log f(n) + - L . log K2* (C-3) 

where P j ^ is the l imiting p r e s s u r e for meta l deposi t ion. Now, in the formation of 
carbide, the same s to ichiometry condition holds at the limiting p r e s s u r e and Equation 
(C-2) i s rep laced by Equation (C-4) : 

MXn(g)+ C(s) = MC(s) + nX(g), (C-4) 

Since the gaseous const i tuents a r e the same, we have, corresponding to Equation (C-3), 

l ° g P M C = l o g f ( n ) + ^ l ° g K 4 , (C-5) 

and. 
log P M / P M C = i ^ [ log KZ - log K4] , (C-6) 

1 / - A F 2 + A F 4 \ 
log P M / P M C = ^ U . 3 0 3 R T / ^^"'^ 

It will be noted that Equat ions (C-2) and (C-4) differ by 

M ( S ) + C(s) = M C ( S ) , (C-8) 

where AFg = AF4 - AF2 i s the free energy of formation of the carbide , A F j ^ c whence: 

log P M C / P M = (n-1) 2.303 RT ' (^"^^ 

o r 

' It should be noted at this point that log Ko = (n-1) log Pj^ and that (n-l) —2&_M = - ^ 
d (1/T) 2,303 R 

2^ '^ "^ ,-j 




