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ABSTRACT 

Experimental methods for determination of the activity 

of carbon in the refractory metals are reviewed and analyzed. 

The activity of C in Mo and W may be determined by several 

techniques, among which determination of the calcium vapor 
- 

pressure over mixtures of Me, Me2 C, and Ca C2 appears most 

promising. Measurement of the CO pressure over mixtures of 

Me + C ,  and Me 0 offers a possibility for determining the 

activity of C in Nh arid Ta at high temperatures. 

, 

-. 



1. 

I. INTRODUCTION 

In the initial phases of this project, effort has been 

concentrated on deriving a s e t  of thermodynamic properties 

for C, 0, and N dissolved interstitially in Mo, W, Nb, and 

Ta by analysis of existing phase equilibrium diagrams and 

other data. Although a few details of these calculations 

remain to be finished, it is clear that additional experi- 

- 

mental data are required Fn order to obtain a complete and 

accurate picture of the thermodynamic behavior of the inter- 

stitial elements in the refractory metals. The shortcomings 

and gaps in existing information were discussed in the last 

progress report(') and suggestions for the direction-of fur- 

ther experimental work offered. 

the feasibility of certain experimental approaches has been 

studied more closely, arid the results of this study are given 

In the latest report period, 

in the following. 

11. EXPERIMENTAL MEASUREMENT OF THE ACTIVITY OF CARBON IN 

THE REFRACTORY METALS 

As mentioned in the last progress report('), there are 

gaps in the available data for almost all of the carbon-metal 

systems which make these logical candidates for experimental 

investigation. Particularly, the free energies of formation 

of the lower carbides of W, Nb, and Ta have not been accurately 
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measured, which introduces an uncertainty in the values of 

thermodynamic properties of C in the terminal solid solutions 

as calculated from the phase diagrams. Attention has initially 

been given, therefore, to experimental methods for C in the 

- refractory metals. 
A. Gas Equilibration Methods: The free 'energy of for- 

mation o f  MoZC has been determined by Gleiser and Chipman ( 2 )  

by the equilibration of a mixture of No, MoZC, and Moo2 with 

an atmosphere of CO and COz. 

in principle to the determination of the activity of C in 

solution in the metal according to the reaction 

The same method can be applied 

C(in metal) + C02 = 2 CO. 

O ( i n  metal) + CO = COz. 

(1) 

The oxygen equilibrium must be simultaneously satisfied, 

(2 )  

It is evident that the maximum values which the activities 

of C and 0 can assume are those above which the lower carbide 

or oxide will form. The gas pressures and compositions in 

equilibrium with the carbide and oxide simultaneously, therefore, 

represent limiting pressures and compositions whose values 

may be used to judge the feasibility of using CO - C02 mix- 
tures to determine the activities of C in solution. Since 

the terminal solubilities are quite low, these values may be 

calculated from known or estimated free energies of formation 

of the respective carbides and oxides, and free energies of 



W 
I 
0 
rc 

x 
N 

d - 
d 
d 
I 
0 
r4 

x 
hl 

d - 
b 
I 
0 
d 

x 
M 

v) - 
In 
l-i 

I 
0 
d 
X 
\o 

r i  

a 
N 

u 

W 
I 
0 
t-i 

K 
d 

W - 
N 
rl 
I 
0 
r4 

x 
d 

t-i 

b 
I 

0 0  
U d  

\ x  
O M  

p c d  

b- 
4 
I 

0 0  
u r c  
a x  

d 

d 

\D 
I 
0 
r4 

x 
b 

CQ 

u 

VI 
I 
0 
rc 

x 
0. 

4 
I_ 

C 
r( 
I 
a 
d 

x 
r( 

03 

c 
O d  

& x  
M 

rl 

x 
Q 

Dl 

E+ 
E 

0 
0 
0 
rl 

W 
I 
G 
r( 

x 
QI 

b - 
M 
I 
0 
d 

x 
N 

N 

IC; 
I 

c 
r( 

X 

cl 
ri 

4 
d 
cd 
+J 
d 
cd 
b 

d 
r( 
I 
0 
r 4  

x 
In 

M 

- 0  u 
0.4 

W 
I 
0 
r( 

x 
b 

r( 

. 
- 
M 
rl 
I 
0 
t-i 
x 
d 

t-i 

VI .- 0 
H 

E 
3 

r 4  
0 u 

0 u 
& 
\ 

c 
0 u 

0.4 

Q, 
M 

0 
. d 

e 
0 

+J 

v) 
M 
E: 
3 

E+ 
N 

I 
N 
I 
0 
r4 

x 
M 

0 - 

ca 
M 

0 
. 
- 
N 
I 

0 
r4 

x 
d 

rc 

0 u 
0.4 
\ 
c. 

0 

v) 
M 

0 
I) 
0.4 

M 
I 
0 
ri 

x 
N 

ri 
. 

rl 
t 
0 
rl 

x 
VI 

VI 
. 
- 

0 
0 
M 
4 

n 
E 
+J 

cd 
v 

0 u a 

c 
C ,  
r! 
i! 

0 
0 
e 
d 



4 .  

formation of CO and C 0 2 .  

Me2 C + C 0 2  

9 
= PcoL 

K3 -pco2 
Me On + nCO 

t 
K4 

= 2Me + 2CO 
A G 3 0  

= exp (-AT-) 

= Me + nCOZ 
.I 0 

( 3 )  

I 

The simultaneous solution of equations (3 )  and (4) 

give the required limiting pressures and compositions, and 

these are tabulated for the various systems in Table 1, as 

calculated using values of the free energies of formation 

of the lower carbides and oxides given in previous progress 

reports ( 3 )  in order to obtain AG3' and A G 4  . 0 

It is evident that equilibration with CO + C02 might 

be feasible for the Mo-C and W-C systems over the range of 

temperatures, approximately 1200-1600°K. For the Nb-C 

and Ta-C systems, the critical C02/C0 ratios as well as 

the CO pressures are low over most of the temperature range. 

The gas in equilibrium with amixture of Nb +C in solution, 

and NbO would be almost pure CO. 

total pressure over such a mixture should therefore suffice, 
knowing the free energy of formation of NbO, to ascertain 

A determination of the 

the C activity. The CO pressures above 1700°K are in a 
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range where they might be determined using an effusion 

method. 

A problem with the use of CO-C02 mixtures is the 

tendency of the refractory metals to form oxy-carbides of 

variable composition. This introduces a degree of error 

whose estimation is difficult because of the lack of de- 

tailed information about the mutual solubility. of the 

oxides and carbides. 

- 

A second gas equilibration method which it is ob- 

vious t o  consider is equilibration with H2-CH4 mixtures. 

Since hydrides do not form at hydrogen pressures below 

one atm..in the systems of concern, the critical CH4/H2 

raiio may be calculated from the following equation, 

assuming that the total pressure is one atmosphere. 

Me2C + 2H2 = Me + CH4 

Pc H4 A G ~ O  

Using a value of A G S 0  obtained from the free energy 

of formation of methane, and previously given values of the 

free energy of formation of the lower carbides(3), the 

ratios are ob- following values of the critical PcH4/P 2 
HZ 

tained. 

-. 
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TABLE 2: LIMITING VALUES OF CH4-H RATIOS OVER 

METAL -CARBON SYSTEMS 
-2 

Temp. OK 

1000 

1100 

. 1 2 0  

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

(Total Pressure = 1 atm.) Pch4/P 2 
HZ 

Mo . 

2.2 

1.3 

5.4 

3.2 

2.2 

1.6 

1.2 

9.6 x 

8.k x 10’’ 

9.5 x 

5.6 x 

4.5 x 

3.7 x 

3.1 x 

W 
2.2 

1.1 

5.8 

3.3 

2.1 

1.3 

9.1 

6.4 

4.7 

4.7  IO-^ 
2.6 

2.1 

1.6 

1.3 

Cb 
5.4 x lo-= 

-11 

-11 
1.1 x 10 

2.7 x 10 
5.9 x 10 -11 

-10 

-10 

-10 

-10 

-10 

1.1 x 10 

1.9 x 10 

3.1 x 10 

4.5 x 10 

6.4 x 10 

1.2 

1.1 

1.5 

1.8 

2.2 

~~ ~ 

Ta 
9.9 x 10-lL 

-11 

-11 

-10 

-10 

-10 

-10 

-10 

3.6 x 10 

8.2 x 10 

1.6 x 10 

2.8 x 10 

4.6 x 10 

6.8 x 10 

9.7 x 10 

1.3 

2.3 

2.1 

2.6 

3.1 

3.6 
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For t h e  C-Mo, and C-W'systems t h e s e  v a l u e s  wh i l e  low 

are  s t i l l  measurable ,  while  t h e  r a t i o s  a r e  t o o  low t o  

make t h i s  method f e a s i b l e  for t h e  C-Nb and C-Ta sys tems.  

E l l i s ,  e t .  a l .  ( 4 ) ,  have p o i n t e d  o u t  t h e  danger  of expe r -  

imental e r r o r  a r i s i n g  from t h e  u s e  of  CH4-H2 m i x t u r e s  a t  

low r a t i o s  of  PCH4 : P H 2 ,  due t o  t r a c e s  of m o i s t u r e  i n  

t h e  atmosphere.  P o s s i b l e  s o l u t i o n  of hydrogen i n  Mo2C 

and \VzC might a l s o  be a c a u s e  of  e r r o r .  
(5) 

B. Galvanic  C e l l  Method: Egan and Aronson have used 

ce l l s  of t h e  type  C ( s )  + Me C (s)  + Me F ( s ) I  Ca F2 ( s ) I  

Me ( s )  +,Me F ( s )  t o  de te rmine  t h e  f r e e  e n e r g i e s  o f  f o r -  

mation of  thorium c a r b i d e s .  The t r a n s f e r  o f  f l u o r i n e  i s  

e q u i v a l e n t  t o  t h e  r e a c t i o n s :  

a )  Me F + C = Me C + F 

b )  Me + F = Me F 

o v e r a l l  c e l l  
r e a c t i o n  - -  Me + C = Me C 

A l i m i t a t i o n  t o  t h e  use of t h i s  t ype  o f  c e l l  i s  

imposed by t h e  m e l t i n g  p o i n t s  of  t h e  h a l i d e s ,  about  1050°C 

i n  t h e  c a s e  of Th F4.  The m e l t i n g  p o i n t s  of t h e  r e f r a c t o r y  

meta l  h a l i d e s  appear  t o  be much lower than  1050°C, however. 

For example, NbF5 melts a t  78OC, MoF5 a t  67OC, 66' F4 a t  

28loC, and TaF5 a t  22OoC. 

An analogous c e l l  which overcomes t h i s  o b j e c t i o n  and 

might be cons ide red  i s :  



The o v e r a l l  c e l l  r e a c t i o n  produced by t h e  t ransfer  

o f  oxygen is:  

(7 )  Me C + Me = Me2 C 

Hence t h e  f r e e  energy of format ion  of Me2 C could  be  ob- 

t a i n e d  from t h e  emf of a c e l l  of t h i s  t y p e ,  i f  t h e  f r e e  

energy  o f  format ion  o f  MeC were known. Such a c e l l  i s  

- 

f e a s i b l e  only  i f  t h e  CO + C 0 2  p r e s s u r e  ove r  t h e  l e f t  

e l e c t r o d e  is  low enough t o  be  e a s i l y  c o n t a i n e d ,  and v a l u e s  

of such  p r e s s u r e s  f o r  t h e  va r ious  sys tems are  as  fo l lows:  

TABLE 4 :  CO PRESSURES OVER MIXTURES OF 

Me 0,  Mc2 C ,  and Me C 

Temp. OU 

1000 

1 2 0 0  

1 4 0 0  

1600 

1800 

2000 

2200 

co 
w 

8 . 1  x l o 6  

1.1 lo9 

r e s su re  (atm 
Efb 

5 . 5  x 

3 . 3  

3.1 

0.96 

38.0 

T a  
-8 1 . 2  x 1 0  

6 . 6  x 

1.6 

591 x 10-1 

6.5 x 

1 . 6  

7 4 . 0  

I t  is c lear  t h a t  the method is  n o t  f ea s ib l e  f o r  t h e  

W and undoubtedly a l s o  t h e  M o - C  systems b u t  might  be p r a c -  

t i c a l  f o r  t h e  Nb and Ta-C systems up t o  about  1600-1800°K. 
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4 

3 

i: 

i .  : .  

Another possible emf method, suggestecl by the recent 

work of Hawkes and Morris (6), is the use of galvanic cells 

utilizing fused salt solutions containing Ca C2 as the 

electrolyte. Electrolytic conduction via the C2 acetylide 

ion occurs in such electrolytes, and a cell of this type 

was used successfully to determine the activity of carbon 

in austenite up to 1000°C. With suitable choice of  fused 

salt it is possible that such cells could be used at even 

higher temperatures. 

- - 

In a cell of the type: 

I C  Me + Me C Ca C12 + Ca C2 I 
a possible side reaction is: 

2 Me (s)  + Ca C2 ( 1 )  = Ca (8) + . 2  Me C ( s ) .  

The severity of this reaction may be judged froin the 

data of Table 5 ,  which gives the Ca (g) pressures over a 

mixture of metal, metal carbide, and calcium carbide. It 

is obvious that this side reaction would be v e r y  sericus 

and probably preclude the use of cells in which elemental 

Nb or Ta were in contact with Ca C2 in any form. such cells 

with Mo or I\' might be feasible, however, up to quite high 

temperatures. 

C.  Other Methods: Komareck and associates ('I have 

determined the activities of oxygen in Ti, Zr, and Hf by 

equilibrating samples with Mg 0 (s) and Mg (g) in a gradient 

furnace. This suggests determination of the activities of 

carbon in the refractory metals by equilibration with Ca C2 (s )  
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and Ca (g). 

magnitude of calcium vapor pressures developed. 

The feasibility of the method depends upon the 

Limiting 

I 

values of these vapor pressures may be estimated from the 

free energies of formation of Ca C2 and the refractory metal 

subcarbides. The pertinent equations are: 

Me (s )  + Ca C2 (s )  = Me2 C (s )  + Ca (g) - 
] K = Pca = exp (- RT 

Values of Cz Pressures over mixtures of metal, metal 

carbide, and calcium carbide, as well as Ba pressures over 

mixtures of metal, metal carbide, and barium carbide, cal- 

culated a.s indicated above, are 'given in Table 4 .  

and, without a doubt, also the Ba pressures over the Xb 

and Ta systems are much too high for this to be a feasible . 

method for C in Nb or Ta. 

over the Mo and W systems are reasonable over much of the 

The Ca 

However, the Ca and Ra pressures 

temperature scale. 

As a final possibility, the effusion method may be 

mentioned as a technique for measuring the vapor pressures 

of carbon and/or metal at very high temperatures in these 

metal-carbon systems. This technique has been used to study 

the thermodynamic properties of a number of refractory metal 

carbides, as reviewed by Storms(8). The details of the 

method depend upon the system under consideration, since 

evaporation of metal as well as carbon occurs. 

-. 



Temp. OK 

loop 

1200 

1300 

1400 

1600 

1800 

1900 

2000 

2200 

2300 

11. 

TABLE 5: VAPOR PRESSURES OF Ca AND Ba OVER 
MIXTURES OF METAL, Me2 C, AND Ca C, OR Ra C2 

c 

M 

’,a 

3.2 

3.3 x 

- - -  
2.6 x 10-1 
9.8 x 10-1 

2.8 
- - -  
6.6 

13.1 

17.6 

Due to the low 

Pressure, atm. 

W I Nb 

’ca 

3.1 

6.5 
- - -  

5.7 I O - ~  

3.0 x 10” 

1.1 x- 10-1 

3.0 x l o - ’  
6.8 x 10-1 

9.8 x 10-1 

carbon concentrations 

‘Ba I ’ca 

15.w x 10 12 

11 13.0 x 10 
I 

- - -  
l o  I 

2.0 x 10 

2.7 lo9 
5.7 x 10 8 

- - -  
1.7 x l o 8  

7 5.5 x 10 

3.5 lo7 

and high temperatures 

involved, it was felt that the effusion method might be 

difficult to put into effect for our purposes, and it has 

not been given serious consideration at this point. 

111. CONCLUSIONS 

Ta 

PCa 

1.1 x loz3 
9 3.2 x 10 

- - -  
8 3.1 x 10 

5.3 lo7 
7 1.4 x 10 

- - -  
6 

6 

5 

4 . 6  x 10 

1.9 x 10 

4 . 8  x 1 0  

It is evident that there is a variety of  possibilities 

for the experimental determination of the thermodynamic 

properties of C in these systems, certain techniques being 

I 

-. 
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more suitable for some systems than others. For C in Mo 
, or W, equilibration with mixtures of C02 and CO appears 

feasible up to about 1600'K. 

under certain circumstances, is the known solubility of 

A disadvantage of this method 

oxygen in the metal carbides. 

mixtures appears also to be a possibility for the Mo-C 

and W-C systems at lower temperatures, although the CH4 

Equilibration with CH4/Hz 

- 

concentrations are quite low. Again, the emf method using 

fused salt solutions containing Ca C2 is theoretically 

feasible for investigations of C activities in the Mo-C 

and W-C systems at temperatures in the vicinity of 1000 c .  

Finally, equilibration of mixtures of metal, metal carbide, 

calcium (barium) carbide, with gaseous calcium (barium) 

0 

might be a useful technique in these two systems over a 

wide temperature range. 

It is felt at this time that there are some points in 

The solubility of Ca or Ba favor of the latter technique. 

in Mo and 1f and their carbides is probably very low. 

free energies of formation of Ca C2 and Ba C2 have recently 

been accurately determined by measurement of Ca or Ba vapor 

The 

\ 

pressures over the carbidel'? (lo). It is felt that a 

measurement of the Ca or Ba vapor pressure over a mixture 

of Me, Me2 C,  and (Ca or Ba)Z C would, in view of the fact 

that the solubilities of C in Mo and W are very low, permit 

an accurate determination of the activity of C in the ter- 

minal solutions at the compositions of the solvus lines. 

i 
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' L  

These mezsurements would in addition provide an interesting 

check of the data of Gleiser and Chipman ( 2 )  for the free 

energy of formation of Mo2 C, where the presence of oxygen 

in the system introduced an uncertainty. Techniques for 

measurement of  the Ca or Ba vapor pressures are being 

I .  

- examined, in further exploration of this possibility. 
In the Nb-C and Ta-C systems, the measurement of CO 

pressures over mixtures of Me + C and Me On offer a possibility 

of determining C activities at higher temperatures in view 

of the fact that the free energies of formation of NbO and 

Ta2 Os are well known. 

in the terminal solid solutions would introduce an uncertainty 

into the accuracy of this method. Some assistance in deter- 

mination of the free energies of formation of Nb and Ta 

subcarbides might be obtained by the emf method using a 

solid Th O2 electrolyte, as previously mentioned, although 

The appreciable solubility of oxygen 

the variable composition of these carbides would introduce 

complications into the interpretation of data from a cell 

of the type discussed, namely: 

Me 0 (s)  + MeZ C (s) + Me C (s )  I (Tho2 + Y203)(s) I 
Me (s)  + Me0 ( s )  

The possibilities here are still being appraised. 

In the future, experimental methods for the oxygen- 

metal systems will also be carefully studied, since further 

data are required for particularly the Mo-0 and W-0 solutions. 
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