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ABSTRACT 

It is shown thermodynamically that the gas phase reaction of UF 6 with CH4 
and H2 to form UC solid is approximately 80% complete at 20000 K and 0.01 
atmosphere equil ibrium pressure. UC formation is shown to be strongly favored 
by decreased pressure and increased temperature. 

Thirteen pertinent reactions and their equll ibrium constants as a function 
of temperature are tabulated. ( 
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1. SUMMARY" . ': ~ . ... .. 
• ':,. 'I; J,. 

;.~:,,' ;';~; Calculations from thermodynamic ,data (!,g,1) suggest the posB1- " 
, ':, ,:,'::.'. bility of the direct gas-phase conversion of UF6 to UC by reaction with' 

. ' .i .. J:~ a mixture of methane and hydrogen at temperatures of 20000K and above, 
.:. " . 

.... : ','and equilibrium pressures of 0.01 atmosphere and b~low. Competing 

" . 
" 

1 ~<, . 

! .~ .. ' 

. ~; 
." "'..,:" 

'.. ~ . 

/, ,,: " reaction paths considered are summarized in the following three reactions -', ,. . . . '. , .. 
~:' :':,: : 

~, 'f,., with corresponding equilibrium constant-temperature equations '(see .. 
, ' ", ;'.-,; Appendix A): ,,~.,', '.'. 

~" l :' v'. 
' ",,' 

. "':",, ,,'.: UF 6(g) + CH4 (g) + H2(g) :;:'" =:::::a. UC(s) + 6HF (g) I", 

.. : 
• ' .• ~. !' ;' ::. ' 

'. (8)" 

: '.>:,>' ':. , •. ;,;,':' log K8 = -3.26 x 104 (l/T) + 22.0; 
"':, '·5' 

. . '~ 
~<: ,''', 

I, ~ " 

::lJF6 (g)+1/4CH4(g) < • UF4(s,1,g) + 1/4CF4(g) ... HF(g)' , -", , (II' ) 

" '-.. '. , :,"'" log JUt ,= -0.46' x 104 .(l/T)+ 1.2, (1309-l1230 K) 

,: ,10~ IS.l" = -1.31 x 104 (l/T) + 12.0 (1123-2000'1c); 
.,,:' ~,"~.1fl ",," ", 

~'>~" 
, " 

~', ~ :!" ' :'.',.j.. . 

, UF6 (g) + 2CH4(g) , .. UC(s) + CF4(g) +2HF(g) + 3~(g)' ". " (1.3) 
\ :. 

" .. 

~; ". log K1.3 = -4.1 x 104 (liT) + 25 .. 1. ' 

,C',/, Plots of the equations are shown in Fig. 1. 
.... , ... '. 

," .. the secondary reactions derived therefrom which were used to arrive at 
The primary reactions and 

.,' :::",': > the thre,e reactions above are slJlll11la.i.ized in Appendix A along with their 
, . r •• ,· " ,./~> ;'~ , . ' I 

" 

, ,~,~,' > • equil1 brium constant-temperature equations 0 

I .J' 

.: ' 
, " 

" 

." .-~ , 
EFFECTS OF TEMPERATURE AND PRESSURE 

Under the assumption of equal initial reactant partial pressure, 

,'~ : 

;".' 

,-.:,. .~. 
,,'" 

'- ' .. '. 

" .. '". " 

,'. " , 

• , r • . ' -. ' 

, ... 

:. " 

, L·' '-: 
, " 

, .' ,,:-., 

'r 

. ~. ' 

1-·' 

, it is easy to calculate reaction yields of interest for the reactions, 
"independently. The effects of deviating from this assumption may be 

qualitatively' predicted from the law of mass action" ,and in' special ' 

, ' ~," . ~ 

• .: ~' 1. ' 
,.'.\. . 

.' .. 
.' ~L~. . ',' . 

, cases 'may be easily calcul.a.ted q~titatively.,.', . 
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The equilibrium expression for reaction 8 Under the condition Of: ' 
; ,.!. ~ >, equal initial reactant partial pressures may be written' 

~ .• , ...... '~ ,b' /' T • ,-

':tea = 1728 x6 p3 -1;' '" ".,;,,' , .. c"'" 
"..: ' 

(A 2 _ x2)3 ' .' ' 1 

, .~, 

'Where x = moles of UQ at equilibrium, 
, ~-: ~f 

,,', 
,~ ,'" p = total pressure at equilibrium, and 
; . ~ , .~ . ~ 

A = moles of UF 6' CH4, and H2 im tially present. 

, l' 

" ; ... 
This equation may be solved for X/A at various temperatures, since K8 
is known as a function of temperature. The quantity 100 (X/A) is the 
percent conversion of UF6 to UC. Figure 2 is a plot of 100 (x/A) vs T , 
for the conditions P = 1 and P = 0.1 atmosphere, with a single point 

.". calculated for x/A =0.90 at 0.01 atmosphere. The large influence of 
the change in equilibrium pressure is apparent. The points plotted in 
Fig. 2 were calculated assuming no reaction to occur other than reaction 
8. In the actual case, reaction 11' occurs in competition with 8. 
Reaction 13 has been neglected since it also forms UC and its effect 
is beneficial • In addition, it does not c6r.i:~ribute much to the over-
all reaction, as is apparent from Fig. 1. If reaction 11i is taken 

'into account, the temperatures and pressures Which must be employed to • 
achieve specified conversions of UF6 to UC may be estimated by making 
several approximations (Appendix B). The table below summarizes the 

", results of several such estimations. (The ~s of temperature 
,j-, \.,... 

" ',} ", recorded in the table are not meant to reflect a knowledge of them 

. d.r. ,> UC Formation at Several TesPeratures and Pressures 
(See Appendix B) 

, " 

.,> ". .' .:·i 

", ,;.-. 

<, 

. ' 

..' ':3 UF6 Converted to UC 

., 90 
eO 

, " 

. "", 

.', . 

. " 

",\< 
,"" 

'I', ,':"' 

': 

Pressure, Atmos. 
0.01 
0.01 

.,' . 

<, 
, ., O.Ol"u",,;'" 

0.01 ' 

','" ., ,.' 
, ~ , .,' 

',.' 

T!§P., OK 
>2000 
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'1920 
1810 
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':~, ' to 5 or 10<>X, but are merely recorded as they come out of the estimation 
procedure. If desired, the magnitude of error in the estimations may 

~ ". 

. be evaluated trom a consideration of the approximations made in the 
~alcula.tions involved in the estimation.) It is seen that the presence 
of the competing re~ct~on 11' ,necessitates a large increa.se in tempera-
ture to obtain a 90~ yield of UC at 0.01 atmosphere equilibrium pressure 

," over that required for reaction 8 alone (see Fig. 2). It should be' 
... ' ., noted that the lower percentage conversions listed' in' the table do not ' 

.~ , ' I '. '. 

meet the conditions of the 'a.pproximations made in Appendix~, and should . "."",' 

.' ' 
.;::-.. 'therefore be. considered as highly tenta.ti ve. 

,'"" : 

, . . . ~'\": ·3 ... GENERAL CONSIDERATIONS 

,. , 

t "'. ~ • ' 

, ',-. ~ 

It is clea.r that excessively high temperatures and low pressures 
are required to achieve UC in good yield free of UF4. However, UF4 in 
the products would not be particularly deleteriOUS, except insofar as it \. " 

, 
,_ represents a pa.rasitic consumption of tJF6o. At the tenwerature needed. to 
,~ get good UC yields, (~OOOK) nothing other than UC would be present as 

-: t } 

. a solid. All other constituents of the equili~r1um mixture would be 
gases, including tJF4' and these could be removed by an inert gas sparge. 

. \ . 

, ~ -. ,,' .:.~, To avoid reaction of UC with UF4 to fom less volatile fluorides such .. ,,' 
... ~. ' -

, , ' " , as UF 3.1' it w:ould be necessary to sparge at or a.bove the principal reac-
, tion temperature. To avoid carbon deposition and possible formation of 
, higher uranium carbides than UC, ~t seems that a slight deficiency of 
, CH4 , under, that required by reaction stOichiometry shoul.d be mainta.ined. 

It 'seems certain that the' tIC product would be extremely finely 
divided 'l¥lder most methods of carrying out the reactions, so its con-
solidation would pose a problem.. Present technology would suggest arc 

",' ", :,' melting at around 2800~ as a feasible approach to UC consolidation. 

'.' ,The probable extremely high reactivity of the finely divided UC also 
" ' ,.~ , 

,~":,'~ : ",> '. suggests handling difficulties if high product purity is to be achieved • 

... -, .. ~ - The na.ture of the reactants and the indicated required temperatures 
make the problem of proper selection of materials of construction for 
process equipment difficult., Besides the, obvious corrosive nature of 

. ~, 

.'~, " " '+ 
, .. '" '. '" ~ ~" . 

. ' .-' 
, ~, " 

• "f • 

\ ' 

. , .. 

f .', ~., 
.:, -: 

.. ,", 

.' 
'I,. " 
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the UF6' it must be recognized that the possibilities exist for hydrogen 
embrittlement as well as for carburization to 'occur • 

It does not seem unreasonable to suggest the possibility of the 
use of a plasma. Jet for this synthesis of UC from UF 6' since the necessary, < 
temperatures are readily obtained, as are the pressures. Use of a 
plasma. Jet would obviate many of the materials of construction problems, 
and on the whole would quite likely solve more problems than it created" 
A possible' bonus is that the UC product might be obtained in a consoli-
dated form rather. than finely divided, as suggested above. This possi-
bility is apparent from the melting point shown in t~e' ~ab1e of properties ",'., 

< 
of UC given below: 

Physical ProRerties of UC . 
. " 

Melting point, OK (not well known) -', 
., 

... ;. ';,,, Density, gfcm3 at 250 C (theoretical) " ">. 

2520-2910 
13.63 

"," ... '" .. ' .) Thermal conductivity, cal/sec·cm·oC 0.045 (393-5090 K) 

, 
, ' 
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5. APPENDIX A ' 

, ; 

Summary of Reactions and Equilibrium Constant-Temwerature Equations 

, ;,," 

" , •• ,.~ .<>, 

, .",' 

. ; - . 

, " 
. i . .,' 

" . 
',' 

.' *' ' 

:," : :',\, '"' ,":-

" t-·.., 

':... . ~ . . \ " 

, " Primary Reactions (T in oK; equiiibriUm"concent~tions 1 i~ partial pressures)" ,', l 
~. . " j •• : .,. 

~ ".. . 

,.',:',:,'.:,:',; ~:' 1. U(S, 1), + 312(g) ;:::,' :=h UF6(g) ":':";'j.: ' ,,:l~g KJ. • u.a x 104 (lIT.) - '16.5 
'1". ;. 

.,:.: ' 

• J ... ~ '.' 

.), '~~."'~', 
\',' " ' . .,' ", , , 

:", t:" . 108,12', =.0.498 x 104 (?-/T) ,-,-1.05 . :~:~' , ' ' 
','" . ~ ~. I,j~2· 

. ~. , .. " :' . 

log ~·~';'-0.507 X'104 (l/T),+ 6.08 " 
. ';i .,. .. , 

. ';. 

, :... . ,r '.:;':' . 

' .. ' 
, i," 

, ':'", ,';' log X4 =: 2~85 x 104 (lIT) + 0.13: .,', .' ) 
, ,': t 

? ' 
1"" ', ... ). ".'. 

-"., " . 
", I , 

'. '. t, 

'~ ". " . :~. ~,-' .. 
. , ., ", Secondary Reac~ions 

. '. "~ 

."," ~"\ . 

... '!" " ' ••• 

'." -. (. 

'"'.',, . , 

" 

',.' .,. < 

:'; 

":'>;';: 7. ,UF6(g) + '3H2 (g) :: .... =='" U(s,l) + 6BF(~) 'lOg ~,'~ ~3.25 x'104 
(lIT) +',16.9 

.:' '. -:~, ;. " . 
;,,-' , " " J' .. '~ - , 

• J " ," 

'.'t: ::' 8.~, ,l!F6(g) + ,CB4(g),'+ 'H2(g) :;:, :::::: .... ' UO(8),< ;', 108 xa .,. -2063 'x 10
4 

(1/T) + 27·1 \" 
, :::,/ ':.; .-.. ' + 6BF (g) '~':'-:'~' ' ' 

: .... 
,.,," <" 

. ;" 

',,' , ' 

, -. .. : 
/ . ',~ . 

. /' " ~ .J ; 
II'·', 

'1'-

, ' ' 
"~ .. ~ . .'., . 

, .' . 
:'; 

, ~.' ! 
'.," " ,', 

. , 
, ' 

' ... !. 
• , . 1 • 

- j " • 

. , , . 
, ' . . " 

'~ ,'" .. " 
,,\ ',". 

" ", " 
.,t. ':,. ;"0,' • . . ~. .' 
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, 4 ': ' 
,13.,*. UF6(g) + 2CB4(g) :;:, =='" uC(s} + CF4(g),' log 113 = -4.10 x 10 (l(T), = 25,.1',' , 

• • t .< • ~ • ~, • 

, ' 

+ 2BF(g) + 3H~(g) 

,';, * ", 
"\' ,:",' Equations 8, 11, and 13 are the three reactions considered as repre- .. 

,,) ,,- sentative of those likely to occur between llF6 and hydrocarbons. 
',j E~uation 11 has been divided by 4 and the resUlting equation, called 

11 in the body ot this memo. " ' ,> , 

, , ;T" 

~f!: 

6. APPENDIX B 
4,.:, 
.' , 

, The effect on OF 6 conversion to UC of the simultaneous occurrence ' 
of reactions 8 and 11' may be estimated at various temperatures and 

" pressures ' with the use of several approximations I as shown below. 

A sum reaction ot reactions 8 and 11 t may be written in the form 

(A-x-y) 
2UF6 + + 

(C-x) 

~ 

(x) (y) . (y/4) 
UC + OF4 + 1/4 CF4 + 

(6x+y) 

7HF 1 

'where the quantities in parentheses above the reactants and products are 
,the moles of the respective substances present at equillbnum. Partial' 

" pressures of the gaseous substances may be expressed in terms of the 
':';":, moles present at equilibrium and the total equilibrium pressure, P. 

".,: ',>,::', The partial pressure of UF6 at equilibrium, PUP' ' given as an example; , 6 ' " ' 
. is' , ' 

, (A-X':'~ P / 
PUF6 7' (A+B+C x+y)'" 

, The, fractional conversion o~ UF6 to VC, vizo x!A;under the condition 
of equal initial rea.ctant partial , pressures, is of primari· concern herf(!I, ' 

-. '.~' " ' 

so the ab9Ve example is mOre convenient' ill the form,' ,." 
," ~ .' 

". ": ;-,: : '. : ,\ 
, ,~,,", ... ' . 

-,.- .. ' ," ,. 
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,'\ tJ ,,'r. , .... , .... • " ': ~ , ' .: .. 
The equilibrium expression for reaction 8 is give~ in its most general ' 

. \', 

, - ,~ . form by ,.', 

',: , ; ~ 

.;, '. 
" .'\' 
t· T 

.... -. 
{ " :'j " ' 

. <~. ':",:~, "':' Substituting 'for the p's their corresponding' equilibrium values' in terms ,., 
',:",::>:,::::, of 'x/A and y/A leads to the expression " ::,i,,' ." 

" 

, ',.' 

, , 

.. ~ " 

';';t,· , 

'~" ; '<, .'., :' 

. I • 

;'~, , , ' .. 

'" l,' 

Ke = (1-X7A-Y7AH1-$i~ir£tt~-~AH3+4li/A+Y7Al3. .' .," 
The equilibrium expression for reaction 11 t is, similarly, t .' 

, '=' (y/q,.~1/4~x/A+~Af(ytAkP , 'Ku" (l-ijA-y!A(l-A-y! ) 14-3 XjA+y/A) • 

The ratio KallS.J. v may be taken to give the expression 

v_I ' , I (6X/A+Y~ p2, 
""8' KuD = {1-X7A-y74A)3r~(1-X/A)(3 A+Y/AP~(y/liA)lJ ~(Y/A) 0 " 

From Figs gland 2 and the reactions involved, it is apparent that the 
,conversion of UF6 to products, whether it be UC or UF4, may be made ; 

., essentially 'lOO~ complete by proper selection ot temperature and pressure. :,:;;, 
Therefore, x/A+y/A AS 1 to a very good approx1mation under conditions of, 

"t, 

~ .. ' . 

L - ~ ';.:, " 

•• ,! : .i ~:", ' 
,,' '.;': 

,_', ',<.' ,'/ low pressure and high temperature. Using this f:!opprox1mation, and letting 
the s;y:mbol F equal. xl AI the abo~ ratio may be ~i tten ' . ," , 

,', ,', 

1, ,'\' 
, , 

" f.' 

i 

; .? • 

• 

>. ' 

If it is specified that the reaction shall be' carried out ,Under conditions 
, " ,such that UC is the prinCipal. product, then the ,ratio may be simplified to 

~ , 2 ' 
y_/K.._ Itf 278.5 P _I..... / . 
""8'-u' ,(l~F)3 , ".Af A ,.> Y. A. :" 

The assignment of numerical values to F and P permits calculation of 
KallS.J.v,and the ratio Kalxu 8 Uniquely defines a temperature" as is 
apparent from Fig. 10 'l'his is the procedure which vas used ,to es~1ms.te 
the temperature values S1 'Yen in the table on page 3 •. :: .. . .' . I 
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