
TABLE OF CONTENTS 

Page 

ABSTRACT . , . . 1 

INTRODUCTION I 

PROPERTIES OF NUCLEAR CARBIDES 3 

URANIUM, THORIUM, AND PLUTONIUM CARBIDE SYSTEMS . . . . . . 11 

INTRODUCTION 11 
THE URANIUM-CARBON BINARY SYSTEM . . . . . . . . . . . 12 
URAMUM-CARBON TERNARY SYSTEMS . . . . . . . . . . . . 15 
THE THORIUM-CARBON BINARY SYSTEM 40 
THORIUM-CARBON TERNARY SYSTEMS 42 
THE PLUTOMUM-CARBON BINARY SYSTEM . . . . . . . . . . 44 
PLUTONIUM-CARBON TERNARY SYSTEMS . . . . . . . . . . . 46 
QUATERNARY SYSTEMS . . . . . . . . . . . . . . . . . 47 

COMPATIBILITY AND CORROSION BEHAVIOR OF NUCLEAR CARBIDES . . . 49 

PREPARATION AND FABRICATION OF NUCLEAR CARBIDES . . . . . . . 58 

THERMODYNAMICS 58 
PREPARATION BY CHEMICAL REACTIONS . . . . . . . . . . . 64 
MELTING AND CASTING 70 
SOLID-PHASE FABRICATION . 77 
STORAGE AND HANDLING . . . . . . . . . . . . . . . . . 89 

E F F E C T S OF IRRADIATION UPON URANIUM CARBIDE . . . . . . . . . 92 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



AN E V A L U A T I O N O F D A T A ON N U C L E A R CARBIDES 

F r a n k A. R o u g h a n d W a l s t o n Chubb 

Available data on the physical and mechanical properties, constitution, 
compatibility, and radiation behavior and on fabrication methods for uranium, thorium, 
and plutonium carbides were reviewed. Very incomplete data on thorium and plutonium 
carbides were located. 

Only limited data on the physical and mechanical properties of uranium 
carbides were discovered. No information on high-temperature mechanical properties 
was found. Considerable information concerning the constitution of the carbides was 
obtained, however, and ternary diagrams were constructed. The incomplete data on 
the compatibility and corrosion behavior of the carbides that were found in the literature 
were supplemented by thermodynamic calculations for various possible reactions with 
coolants and claddings. 

Available information on preparation of bulk carbides was reviewed and data on 
thermodynamics, preparation by chemical reactions, melting and casting, solid-phase 
fabrication, and storage and handling were assembled. Some information on the effects 
of irradiation of cast uranium monocarbide to burnups of up to 1.7 a/o of the uranium 
was collected and evaluated. 

The results of the survey indicate that commercial production of bulk 
uranium carbide is feasible and that, on the basis of its radiation behavior, this 
material has excellent potential as a reactor fuel. 

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

As a result of promising irradiation results and favorable physical character­
is t ics , uranium monocarbide has been revealed as a promising prospect for the fuel to 
be used in various types of reactors . At present , the Reactor Development Division of 
the U. S. Atomic Energy Commission is supporting several programs intended to fur­
ther develop and evaluate bulk uranium carbides as fuels. Because of this current 
effort on carbides, it must be expected that any literature review will be quickly out­
dated. Nonetheless, a review and evaluation of the literature is needed as a basis for 
this research. In carrying out the review, no attempt was made to review research in 
progress , although the authors have drawn considerably upon Battelle research and 
experience for the details needed to give the report some depth. 

For a summ.ary of current research , the reader is referred to TID-7589, "Prog­
ress in Carbide Fuels" , May, I960, which contains summaries of the research being 
conducted at various laboratories. 

While considerable information is compiled in this report for uraniinn carbides, 
very little information is available for thorium and plutoni\im carbides. The informa­
tion that was found is reported with the uranium carbide data. No attempt was made to 
include information on fuel types other than bulk carbides, such as dispersions and 
cermets . 
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Considerable information i s avai lable on the const i tut ion of the c a r b i d e s , and, 
wherever pos s ib l e , the cor responding t e r n a r y d i ag rams have been cons t ruc ted . Very 
l imited data a r e repor ted on the phys ica l and mechanica l p r o p e r t i e s of u ran ium c a r ­
b ides . Additional r e s e a r c h i s needed to es tab l i sh and unders tand the effects of compo­
si t ion, i m p u r i t i e s , and fabricat ion h i s to ry upon the t e m p e r a t u r e dependence of t he rma l 
conductivity. High-tenaperature m e c h a n i c a l - p r o p e r t y data a r e completely lacking. 
Incomplete data on the compatibi l i ty and co r ro s ion behavior of ca rb ides have been a s ­
sembled. These data a r e supplemented by thermodynamic calculat ions for va r ious 
poss ib le r eac t ions with coolants and c laddings . 

Information available on methods of p r epa ra t i on of u ran ium carb ides i s reviewed. 
In genera l only the r e su l t s of l a b o r a t o r y - s c a l e exper iments a r e avai lable . T h e r m o ­
dynamic data re la t ing to the va r ious methods of p r epa ra t i on have been a s sembled and 
a r e p re sen t ed . Ser ious effort on methods for the c o m m e r c i a l p repa ra t ion of uran ium 
carbide as powder and also in fo rms suitable for feed for a r c - m e l t i n g p r o c e s s e s is 
needed. 

Information i s avai lable upon s eve ra l methods of fabricat ing bulk uran ium c a r ­
bide into pe l le t s or cas t s lugs . With r e s pec t to powder methods of forming, additional 
effort i s needed in a few of the m o r e p romis ing a r e a s . Unfortunately, d i sce rnmen t of 
any p romis ing a r e a s depends , in t u r n , upon advancemient of the technology of p r o d u c ­
tion of powders . P r e p a r a t i o n of u ran ium ca rb ides by cas t ing techniques has rece ived 
cons iderable s tudy, and pi lo t -plant opera t ions to es tab l i sh production p rocedures and 
e s t ima te s of expected cos t s a r e in o r d e r . C o m m e r c i a l feed m a t e r i a l i s needed even 
for the l a t t e r p r o c e s s . 

The effects of i r r ad ia t ion on urani-um carbide a r e rev iewed, and, although only 
a l imi ted number of t e s t s have been p e r f o r m e d , a lmos t exclusively on high-densi ty a s -
cas t s lugs of u ran ium monoca rb ide , the r e s u l t s a r e p romis ing . The t e s t s r e p r e s e n t 
burnups of up to 1.7 a /o u ran ium (10,000 MWD/T of uraniiiin) at modes t t e m p e r a t u r e s . 
Much additional tes t ing i s r equ i red to evaluate ca rb ides for va r ious specific 
appl ica t ions . 
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PROPERTIES OF NUCLEAR CARBIDES 

W. M. Phi l l ips 

Phys ica l P r o p e r t i e s 

The mel t ing po in t s , c r y s t a l s t r u c t u r e s , specific h e a t s , and e l ec t r i ca l r e s i s t i v i ­
t i e s of u r a n i u m , t ho r ium, and plutonium c a r b i d e s , insofar as they a r e p resen t ly avai l ­
ab le , a r e summar i zed in Table l ( l~13) ^^d a r e d i scussed briefly below. Thermal 
conduct iv i t ies , t he rma l -expans ion coeff ic ients , and the mechanica l p rope r t i e s a re also 
s \ immarized in this section. (14-18) Thermodynamic p r o p e r t i e s , however , appear in 
the sect ion of th is r epor t on p r e p a r a t i o n and fabricat ion of nuclear ca rb ides . 

The mel t ing-point data a r e , in g e n e r a l , m e a n values of severa l published values 
which a r e all within ±100 C of the va lues l i s ted . The c r y s t a l - s t r u c t u r e and l a t t i ce -
p a r a m e t e r data for the uran ium and thor ium ca rb ides were obtained by X - r a y and 
neutron-diffract ion techniquesC^,9). Those for the plutonium carb ides were determined 
by X - r a y diffraction techniques only. 

Analysis of the in te ra tomic d is tances in uranii im carb ides revea l s considerable 
information about the na ture of the bonding. C9) The in tera tomic dis tances in uraniimn. 
ca rb ides a r e shown in Table 2. In u ran ium monocarb ide , four of the valence e lec t rons 
of uran ium appear to be involved in covalent bonding with the uran ium and carbon 
a t o m s . The remain ing two valence e l ec t rons a r e available for meta l l i c bonding, a c -
coimting for the high t h e r m a l conductivity and other meta l l ic c h a r a c t e r i s t i c s of uranium 
monocarb ide . In U2C3, the bond between the u ran ium and carbon a toms i s not quite as 
s t rong , and covalent bonds a r e found between adjacent carbon a t o m s , pe rhaps account­
ing for the higher h a r d n e s s of U^Co. In U C T , m o s t of the u ran ium-ca rbon bonds a r e 
quite weak, and s t rong , covalent bonding between carbon atoms is indicated. (9) 

The e l ec t r i ca l r e s i s t iv i ty of u ran ium carb ide has been repor ted for both s in te red 
spec imens and cas t spec imens (Table 1). The unusually high value of 100 m i c r o h m - c m 
for the s in te red m a t e r i a l , which had a density of 10. 82 g per c m ^ , is probably re la ted 
to the low densi ty . The r e s i s t i v i t i e s of about 100 cas t spec imens , ranging in compos i ­
tion from 4. 8 to 5. 0 w/o ca rbon , have been m e a s u r e d . The r e s i s t iv i t i e s obtained 
ranged from 35 to 45 m i c r o h m - c m ; the m e a n value being about 40 m i c r o h m - c m . E a r ­
l i e r work produced values of 33 , 44,(13) and 99 microhm-cm.(19) . The l a t t e r high 
value may have been the resu l t of de te r io ra t ion o r cracking of the sample from exposure 
to m o i s t u r e during handling. Recent exper ience^ l°^ has shown that impuri ty var ia t ions 
of l e s s than 800 ppm of i r o n , n i cke l , s i l icon, and tungsten have no significant effect 
upon the r e s i s t iv i ty of cas t c a r b i d e s . The impur i t i e s in typical a s - c a s t m a t e r i a l amount 
to about 200 ppm of which about 100 to 110 ppm is oxygen. 

The available data for the t h e r m a l conductivi t ies of u ran ium monocarbide and 
uran ium dicarbide a r e shown in Table 3 and in F igure 1. These data seem to indicate 
that a carbon content in the range of 4. 8 to 5. 3 w / o does not have a significant effect 
upon t h e r m a l conductivity. The t e m p e r a t u r e dependence of t h e r m a l conductivity in this 
range of composi t ion i s not c l e a r . 

Thermal -expans ion data for u ran ium monocarb ide a r e shown in F igure 2. The 
m o s t re l iable data a re bel ieved to be those for the cas t m a t e r i a l , i^^l Significantly 



TABLE 1. PHYSICAL PROPERTIES OF URANIUM, THORIUM, AND PLUTONIUM CARBIDEStl'l^) 

Melting Point, C 

Crystal Structure 

Lattice Parameters, A 

Theoretical Density, 

g per cm3 

Specific Heat, 

cal/(g)(C) 

UC 

2400 

Fee, NaCl type 

a a 4. 9598± 0.0003 

13.63 

0.048 ± 0.003 (125 C), 

0 .053± 0.003 (250 C) 

Electrical Resistivity, 100 ± 4 (sintered; density, 

microhm-cm 10.82 g per cm^) 

40 (as cast; density, 

98 per cent) 

U2C3 

Decomposes at 1775 C 

Bcc 

a = 8 . 0 8 8 5 ± 0.0005 

12.88 

UC2 PuC 

2400 

Bet, CaCg type 

a - 3 , 5 0 9 ± 0 .003, 

cm 5 .980± 0.005 

11.68 13.6 

PU2C3 The ThC2 

1850 

Fee, NaCl type 

a = 4.97 

1900 

Bcc 

a = 8.129 

2625 

Fee, NaCl type 

a = 5.34 

2655 

Moaoclinic 

a = 6,53, b - 4 , 2 4 . 
c = 6 . 5 6 ; ^ s i 0 4 ' 

12.7 



TABLE 2. INTERATOMIC DISTANCES IN URANIUM CARBIDES(9) 

Compound Atom 

Uranium 
Uranium 
Carbon 

Uranium 
Uranium 
Uranium 
Uranium 
Uranium 
Uranium 
Carbon 

Uranium 
Uranium 
Uranium 
Uranium 
Carbon 

Adja< 
Number 

12 
6 

12 

3 
2 
6 
3 
3 
3 

--

8 
4 
2 
8 

— 

3ent Atoms 
Type 

Uranium 
Carbon 
Carbon 

Uranium 
Uranium 
Uranium 
Carbon 
Carbon 
Carbon 
Carbon 

Uranium 
Uranium 
Carbon 
Carbon 
Carbon 

Interatomic Distance, A 

UC 

UgCgCa) 

UCg 

3.50 
2.48 
3.50 

3.34 
3.48 
3.48 
2.60 
2.66 
2.82 
1.295 

3.90 
3.54 
2.325 
2.59 
1.34 

(a) For Xu « 0.050 and X^ » 0,295. 

Temperature, 
C 

20 
45 
60 

100 
115 
145 
200 
265 
300 
400 
500 
600 
700 
800 
900 

1000 
1020 

Arc-Cast 
U-5.2 w/oC 

[Reference (14)] 

. . 
_-
--

0.060 
. . 
_. 

0.056 
. . 

0.054 
0.053 
0.053 
0.057 
0.060 

. . 

. . 
__ 
--

TABLES. THEK 

Thermal < 
Arc-Cast 

U - 4 . 9 w / o C 
[Reference (17)] 

m . . 

--
.-
— 
. . 
__ 

0.056 
. . 

0.053 
0.051 
0.050 
0.049 
0.049 
0.049 
0.048 
0.048 
0.048 

MAL CONDUCTIVI': r y OF UC AN 

Conductivity of Material ShowOs 
Arc-Cast 

U-5.3 w/oC 
[Reference (17)] 

.... 

. . 
--
- . 
. . 
__ 

0.056 
_. 

0,056 
0.054 
0.054 
0.054 
0.054 
0,054 
0.064 
0.055 

"-

Sintered 
U-4.8 w/o 

ID UC 

cal/(< 

C 
peference (11)] 

..m, 

. . 
0.080 

._ 
0.074 
0.061 

— 
0.050 

._ 
— 
. . 
. . 
__ 
. . 
. . 
. . 
"-

2 

sm)(secXC) 
Sintered 

U-4.8 w/o C 
[Reference (1)] 

0.078 
. . 
--
--
. . 
--
. . 
--
. . 
--
. . 
— 
. . 
- . 
— 
— 
• " -

Sintered(a) 
UCg 

[Reference (15)] 

. . 
0.079 

— 
— 
— 
--
--
--
--
— 
--
--
— 
. . 
--
— 
~" 

(a) Sintered to a density of 10 g per cm" .̂ 
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FIGURE 1. THERMAL CONDUCTIVITY OF UC AND UC2 
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Reference Heat Cool Preparation Composition Density 

4.8 w/o C 

4 8 w/o C 

4.6 w/o C 

10.84 g ^ r c m ' 

13.60 g percm3 

12.87 g per cm' 

_ 

20-
0 1000 C 

J . X J . J . 
100 200 300 400 500 600 

Temperature , C 
700 800 900 

A-33944 

FIGURE 2. THERMAL-EXPANSION COEFFICIEN TS OF URANIUM MONOCARBIDE 
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higher and lower va lues have been obtained on s in te red p roduc ts . The h igher values 
a r e bel ieved to be the resu l t of free u ran ium in the s in te red p roduc t , but the r ea son 
for the lower m e a n value of 10. 4 x 10~° p e r C for 20 to 1000 C is not evident. 

Mechanical P r o p e r t i e s 

In general^ data on mechanica l p rope r t i e s^ such as h a r d n e s s , rupture s t reng th , 
duct i l i ty , e t c . , a r e available only on ca rb ides nea r UC in composi t ion. Because of i t s 
covalent bonding and high mel t ing point , uranii im monocarbide should exhibit high 
s t rength at e levated t e m p e r a t u r e s . However , it i s known to be ductile at 1800 ci^^l 
and can be expected to show slight ductility at about 1300 C (approximately 0.6 t imes 
i t s mel t ing point on the absolute t e m p e r a t u r e scale) while retaining high s t rength . The 
r o o m - t e m p e r a t u r e p r o p e r t i e s of u ran ium monocarbide a r e those one expects of a 
b r i t t l e m a t e r i a l . The ha rdnes s of u ran ium carb ide samples depends upon fabr ica t ion , 
heat t r e a t m e n t , and other v a r i a b l e s , but it genera l ly r anges from 560 to 800 VHN as 
shown in Table 4. Available data on the s t rength and modulus of e las t ic i ty of uran ium 
monocarbide a r e a lso given in Table 4. 

TABLE 4. SOME MECHANICAL PROPERTIES OF URANIUM-CARBON ALLOYS 

Material 

Cast U-4. 6 w/o C 

Cast U-5.2 w/oC 
As cast 
Amealed 1 hr at 1000 C 
Annealed 1 hr at 1500 C 

Cast U-7 w/o C 

Sintered UC 

Sintered UC 
Density, 10,84 g per cm^ 
Density, 10.2 g per cm^ 

Vickers 
Hardnessj 

kg per mm^ 

900 

600 
660 
760 

850 

750-800 

700 ± 160 
550 ± 150 

Rupture 
Transverse 

9,600 

. . 

._ 
--

13,000 

40,000-55,000 

— 
--

Strength^ psi 
Compressive 

--

54,500 
. . 
--

— 

. . 

42,500 ± 5.500 
--

Elastic 
Modulus, 

106 psi 

— 

31.5 
--
— 

— 

.. 

_. 
— 

Reference 

(18) 

(14) 
(14) 
(14) 

(18) 

(2) 

(11) 
(11) 

In g e n e r a l , U^Cg and UC2 a r e a lso quite b r i t t l e , since both have covalent 
u ran i i im-carbon and ca rbon-ca rbon bonding. Uranium sesquicarb ide appea r s to be 
h a r d e r than UC, having a ha rdnes s of about 1100 Knoop. '^®^ Uranium, dicarbide is b e ­
l ieved to have a ha rdnes s of about 500 Knoop. (18) Neither U2C3 nor UC2 is expected 
to compare with UC in mechanica l s t rength at high t e m p e r a t u r e s , since U2C3 decom­
poses per i tec to ida l ly at about 1775 C, and t e t ragona l UC2 i s stable only to about 1800 C 

Additions of 1 w/o of the soluble ca rb ides (VC, NbC, T iC , Z r C , and TaC) have 
been made to UC by mel t ing and cas t ing . (18) The resu l tan t h a r d n e s s e s were about 700 
Knoop a s compared with 600 Knoop for unal loyed, c a s t UC. Carbide cas t ings conta in­
ing addit ions of 10 w/o of the same ca rb ides p o s s e s s e d h a r d n e s s e s of 1200 to 1400 
Knoop and demons t ra ted up to 50 pe r cent i n c r e a s e s in the modulus of r u p t u r e . 
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URANIUM, THORIUM, AND PLUTONIUM CARBIDE SYSTEMS 

W, Chubb 

INTRODUCTION 

Diagrams 

Consti tutional d i ag rams a r e p r e sen t ed only for those sys tems where d iagrams 
a r e r epor t ed in the l i t e r a tu r e or where the re a r e sufficient data to justify construct ion 
of an i so the rma l t e r n a r y sect ion. Because many of these sect ions a r e const ructed 
from f ragmentary da ta , they mus t be cons idered as tenta t ive . The sections a re gen­
era l ly cons t ruc ted at a t e m p e r a t u r e nea r 1000 C. 

Symbols 

All b inary d i ag rams a r e p r e s e n t e d with weight per cent (w/o) and atomic per cent 
(a/o) s ca l e s . All t e r n a r y d i ag rams a r e p r e sen t ed with atomic pe r cent (a/o) s ca l e s . 
All qua te rnary d i a g r a m s and pseudo te rna ry d i ag rams a re p resen ted with mole per cent 
s ca l e s . 

Greek l e t t e r s a r e used only to desc r ibe those phases for which usage has e s t a b ­
l ished a c l ea r p r eceden t , as for example , " g a m m a " i ron and "gamma" uran ium. In te r -
me ta l l i c s a re shown in t e r m s of the i r chemica l s to ichiometry o r in t e r m s of thei r 
c ry s t a l s to ich iomet ry , if the l a t t e r is known. 

No data a r e p re sen ted on the c rys ta l lography of phases in the binary meta l l i c s y s ­
t e m s . 

References 

While per t inent r e f e rences a r e ci ted in the d i scuss ions of the individual systemis, 
the following publicat ions were found ex t remely useful in compiling much of the informa­
tion p re sen ted throughout this sect ion: 

Uranitmi and Thorium 

(1) B a u e r , A, A. , and Rough, F . A. , Consti tution of Uranium and Thorium 
Alloys , Addison-Wesley Publishing Company, Reading, Massachuse t t s 
(1958); BMI-1300 (June, 1958). 

(2) Baue r , A, A. , and Rough, F . A. , "Uranium Alloy S y s t e m s " and "Thorium 
Alloy S y s t e m s " , P r o g r e s s in Nuclear Ene rgy , Ser ies V, Metal lurgy and 
F u e l s , P e r g a m o n P r e s s , New York (1959), Vol Z, pp 600-11 and 612-20, 
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Carbides 

(1) Hansen, M. , and Anderko , K, , Constitution of Binary Al loys , McGraw-
Hill Book Company, Inc. , New York (1958). 

(2) Sheipl ine, V. M. , and Runck, R. J , , " C a r b i d e s " , High Tempera tu re 
Technology, John Wiley and Sons , New York (1956). 

Plutonium 

(1) Waldron, M, B. , G a r s t o n e , J . , L e e , J . A . , Mardon, P , G. , M a r p l e s , 
J . A . C. , Poo l e , D. M. , and Wil l iamson, G. K. , "The Phys ica l Meta l ­
lurgy of P lu ton ium" , P roceed ings of the Second United Nations In te r ­
nat ional Conference on the Peaceful Uses of Atomic Ene rgy , Geneva 
(1958), Vol 6, A/Conf, 1 5 / P / 7 1 , pp 162-69. 

(2) Bochver , A. A. , Konobeevsky, S. T. , Kuta i t sev , V. I. , Menshikova, 
T. S, , and Chebotarev , N. T. , " Interact ion of Plutonium and Other 
Metals in Connection With Thei r Ar rangemen t in Mendeleev ' s Pe r iod ic 
Tab l e " , P roceed ings of the Second United Nations Internat ional Conference 
on the Peaceful Uses of Atom.ic Ene rgy , Geneva (1958), Vol 6, A/Conf. 
1 5 / P / 2 1 9 7 , pp 184-93, 

(3) Coffinberry, A. S, , Schonfeld, F . W, , C r a m e r , E . M. , Miner , W. N. , 
EUinger , F . H. , E l l io t t , R. O. , and St ruebing, V, O. , "The Phys ica l 
Metal lurgy of Plutonium and Its A l loys" , P roceed ings of the Second 
United Nations Internat ional Conference on the Peaceful Uses of Atomic 
Ene rgy , Geneva (1958), Vol 6, A/Conf. 1 5 / P / 1 0 4 6 , pp 681-85. 

(4) Schonfeld, F . W. , C r a m e r , E . M. , M i n e r , W, N. , EUinger , F . H. , 
and Coffinberry, A. S, , "Plutonium Consti tutional D i a g r a m s " , 
P r o g r e s s in Nuclear Ene rgy , Ser ies V, Metal lurgy and F u e l s , 
Pe rgamon P r e s s , New York (1959), Vol 2, pp 579-99. 

THE URANIUM-CARBON BINARY SYSTEM 

Constitution 

The mel t ing point of UC in contact with tungsten was de te rmined to be 2280 C by 
Newkirk and Ba tes f l ) . The mel t ing point of UC was de te rmined by BrownleeC^) by focu 
ing an optical pyronaeter on the l iquid-sol id interface of an a r c me l t and found to be 
2520 C. Chiotti(3) found the mel t ing point of UC to be 2590 C. Mal le t t , G e r d s , and 
Nelson(4) found the mel t ing point of UC to be 2390 C and the m.elting point of UC2 to be 
2480 C. Chubb and PhillipsC^) have found meta l lographic evidence of a eutect ic b e ­
tween 6, 2 and 6. 6 w/o carbon in cas t samples of u ran i t im-carbon a l loys . Chubb and 
Phil l ips(5) a lso indicate a naiscibili ty gap between UC and UC2 above 2200 C in a g r e e ­
ment with the suggestion of Hansen and Anderko(") . Chubb and Phi l l ips(5) found ev i ­
dence that the homogeneity range of cubic UC2 at about 1800 C was from 7 to 9 w/o 
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carbon; a eutectoid at 7 w/o carbon was indicated. This eutectoid r e su l t s in the 
formation of UC and te t ragonal UC2. The al lotropy of UC2 was d iscovered by 
WilsonC^) using a h igh- tempera ture X - r a y c a m e r a . 

Mal le t t , et a l . , ( 4 ^ ° / indica tes that u ran ium sesquicarbide (U2C3) is stable below 
1775 C, forming by a sluggish o r s t r e s s - s e n s i t i v e nucleation p r o c e s s . The fact that 
the eutectoid at 7 w / o carbon and 1800 C p roduces UC and UC2 ra the r than U2C3 and 
the fact that UC2 p rec ip i t a t e s from UC containing 4. 9 to 5. 5 w/o carbon on cooling from 
high t e m p e r a t u r e s suggest that the t e m p e r a t u r e for per i tec to id formation of U2C3 
should be well below the eutectoid at 1800 C and probably below 1775 C. Chubb and 
Phil l ips(5) have produced equi l ibr ium amounts of U2C3 in cas t samples containing 5, 7 
to 7. 8 w/o carbon by reheat ing to 1550 C for 1 h r . 

Bl\imenthal(9) has obtained data indicating a eutect ic at 0, 05 w/o carbon and 
1117 C between UC and gamma uran ium containing 0. 015 w/o carbon. The solubility 
of carbon in liquid urani imi is 0. 1 w/o at 1300 C and 0. 15 w/o at 1400 C. 

The u ran ium-ca rbon const i tut ional d iagram is p re sen ted in Figure 3. 

Crys ta l lography( l " ) 

UC: fee (NaCl, Bl type) , a = 4. 9598 A, four molecules pe r unit cel l ; density = 
13. 6 g p e r cm^. 

U2C3: bcc (space group I43d), a = 8. 0885 A, eight molecules pe r unit cell ; 
density = 12. 5 g p e r cm^ . 

UC2 (below 1800 C): t e t ragona l (CaC2, CI l a type) , a = 3.509 A, c = 5.980 A, 
two molecu les p e r unit cel l ; density = 11.7 g pe r cm-3, 

UC2 (above 1800 C): fee (CaF2 , CI type) , a = 5. 47 A (at 1820 C) , four molecules 
p e r unit ce l l . 

References 

(1) Newkirk, H. W. , and B a t e s , J . L. , "The Melting Points of U02^ UC, 
and UN", HW-59468 (March , 1959). 

(2) Brownlee , L. D. , "The Pseudo -B ina ry Sys tems of UC With Z r C , TaC, 
and NbC" , J . Inst . M e t a l s , 87_, 58-61 (October , 1958). 

(3) Chiott i , P , , "Exper imen ta l Refrac tory Bodies of High-Melting N i t r i d e s , 
C a r b i d e s , and Uranium Dioxide" , J . Am, C e r a m , Soc. , _35, 123-30 
(May, 1952). 

(4) Mal le t t , M. W. , G e r d s , A. F . , and Nelson , H. R. , "The Uranium-
Carbon Sys t em" , J. E l ec t rochem. Soc, , 99 , 197-204 (May, 1952). 

(5) Chubb, W. , and Ph i l l i p s , W. M. , "Consti tution of the P a r t i a l System: 
UC-UC2" , to be publ ished. 
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FIGURE 3. URANIUM-CARBON CONSTITUTIONAL DIAGRAM 
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(6) Hansen , M. , and Anderko , K. , "Consti tution of Binary Al loys" , 
McGraw-Hil l Book Company, New York (1958). 

(7) Wilson, W. B. , "H igh-Tempera tu re X-Ray Diffraction Investigation 
of the Uran ium-Carbon Sys t em" , J . Am. C e r a m . Soc, , 4 3 , 77-81 
( F e b r u a r y , I960), 

(8) Mal le t t , M, W, , G e r d s , A. F . , and Vaughan, D. S. , "Uranium 
Sesqu ica rb ide" , J . E l ec t rochem. Soc. , _98, 505-9 (December , 1951). 

(9) Blumenthal , B. , "Consti tution of Low Carbon Uran ium-Carbon Al loys" , 
ANL-5958 ( F e b r u a r y , 1959). 

(10) Aust in , A. E, , "Carbon Pos i t ions in Uranium C a r b i d e s " , Acta Crys t . , 
j ^ , 159-61 (February 10, 1959). 

URANIUM-CARBON TERNARY SYSTEMS 

Aluminum 

Constitution 

The t e r n a r y section shown in F igure 4 i s based on s ta tements by Thurber and 
Beave r ( l ) to the effect that UC r e a c t s with a luminum to produce UAI3 and UAI4; and that 
some UAI3 o r UAI4 was detected by X - r a y in s amples of u ran ium-ca rbon alloys con­
taining m o r e than 7 w/o carbon after being in contact with aluminum for 24 h r at 620 C, 
They found that UC2 showed negligible reac t ion with a luminum, suggesting a pseudo-
binary between UC2 and a luminum. 

The mel t ing point of AI4C3 is above 2800 C. 

Crys ta l lography 

AI4C3: rhombohedra l (D7 type) , a = 8. 55 A, a = 22 ' ' 18 ' , one molecule p e r unit 
cel l ; density = 2, 99 g p e r cm-3. 

Reference 

(1) T h u r b e r , W, C. , and B e a v e r , R, J . , "Dispers ions of Uranium Carbides 
in Aluminum P la t e -Type R e s e a r c h Reac to r Fue l E l e m e n t s " , ORNL-2618 
(November, 1959). 
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Be ry Ilium 

Constitution 

Burd ick , P a r k e r , Roth, and M c G a n d y " / indicate that the re is no solubility of UC 
or UC2 in Be2C, but that UC disso lves 40 and 20 mole pe r cent Be2C at 1900 and 1700 C, 
respec t ive ly . The solubility of Be2C in UC d e c r e a s e s to 6 mole pe r cent at t e m p e r a ­
t u r e s below 1700 C. No t e r n a r y phases were found between UC, UC2^ and Be2C. The 
solubility of Be2C in UC2 is negl igible . 

Ivanov and B a d a y e v a " ) r e p o r t that pseudobinary sect ions exist between UC and 
U B e j 3 , between UBex3 and Be2C, and between UC and Be2C. Eutec t ics a r e found in 
the UC-Be2C and in the UBej s -UC sec t ions . No t e r n a r y compounds a r e formed. 

The t e r n a r y sect ion shown in F igure 5 i s based on information provided by both 
the above s o u r c e s . 

The Be20 phase decomposes at about 2200 C. 

Crys ta l lography 

Be2C: fee (CaF2 , CI type) , a = 4. 34 A, four molecu les p e r unit cel l ; density = 
2. 44 g pe r cm^. 

References 

(1) Burdick , M. D. , P a r k e r , H. S. , Roth, R. S. , and McGandy, E. L. , 
"An X-Ray Study of the System: UC, UC^^ Be2C" , J . R e s e a r c h Natl . 
Bur . S tandards , 54 , 217-29 (Apri l , 1955). 

(2) Ivanov, O. S. , and Badayeva, T. A. , "Phase D iag rams of Cer ta in 
Uranium and Thoritam S y s t e m s " , P roceed ings of the Second United 
Nations Internat ional Conference on the Peaceful Uses of Atomic 
Ene rgy , Geneva (1958), Vol 6 , A/Conf. 1 5 / P / 2 0 4 3 , p 139. 

Chromium 

Constitution 

Nowotny, Kieffer , and Benesovsky( l ) r epo r t that UC and Cr3C2 a r e not soluble in 
one another . Ivanov and BadayevaC^) r e p o r t no solubility between UC and ch romium. 
A t e r n a r y section i s p r e sen t ed in F igure 6. 

Cr3C2 m e l t s at about I9OO C. 

Cr7C3 m e l t s at about 1700 C. 

^ ^ 2 3 ^ 6 decomposes pe r i t ec t i ca l ly at about 1550 C. 
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A l u m i n u m , 0 / 0 - 1 - UAi j UAIj UAU 

FIGURE 4. URANIUM-CARBON-ALUMMUM TERNARY SECTION AT 600 C 

Beryilsum , a/o-a- UBe J 

FIGURE 5. URANIUM-CARBON-BERYLLIUM TERNARY SECTION AT 1000 C 
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Crys ta l lography 

^^3^2° or thorhombic (D5|o type) , a = 2. 82 A, b = 5. 52 Aj c = 11.46 A, four 
molecu les p e r unit cel l ; density = 6, 7 g p e r cm^ . 

CrYC3: hexagonal , a = 14. 00 A, c = 4. 52 A, eight molecu les p e r unit cel l ; 
density = 6, 9 g pe r cm^ . 

Cr23C^: fee (D84 type) , a = 10. 64 A, four molecu les p e r unit cel l ; density = 
7. 0 g p e r c m 3 . 

References 

(1) Nowotny, H. , Kieffer , R, , and Benesovsky, F . , " P r e p a r a t i o n of UC and 
Its Relat ion to the Carb ides of Refrac tory Trans i t ion M e t a l s " , Rev. 
me t . , 5i5_, 453-58 (May, 1958); see also Reference (2). 

(2) Nowotny, H. , Kieffer , R. , Benesovsky , F . , and Laube , E . , "Contr ibu­
tion to the Knowledge of the P a r t i a l Sys tems: UC with TiC, Z r C , VC, 
NbC, TaC, Cr3C2^ M02C, and WC" , Monatsh. Chem. , 88 , 336-43 
(June , 1957). 

(3) Ivanov, O. S. , and Badayeva, T. A. , "Phase Diag rams of Cer ta in U r a ­
nium and Thoritim S y s t e m s " , P roceed ings of the Second United Nations 
Internat ional Conference on the Peaceful Uses of Atomic Ene rgy , 
Geneva (1958), Vol 6 , A/Conf. 1 5 / P / 2 0 4 3 , p 139-

Cobalt 

Consti tution 

Bowman'^^ r e p o r t s that cobalt m a y be added to UC to aid s inter ing at 2000 to 
2200 C and removed l a t e r by vacuum t r e a t m e n t at these t e m p e r a t u r e s . This would indi­
cate a pseudobinary of the UC-chromi\ im type between UC and cobalt at l eas t up to 
2200 C. A u ran ium-ca rbon -coba l t t e r n a r y sect ion i s shown in F igure 7. 

Crys ta l lography 

The compoxinds C02C and C03C, if they ex i s t , apparent ly decompose a t t e m p e r a ­
t u r e s above about 300 C. 

Reference 

(1) Bowman, M. G, , "Bonding Uranium Carbide to Tan ta lum" , AECU-4303 
(May, 1959). 
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Chronnium, o/o —-»» 

FIGURE 6. URANIUM-CARBON-CHROMIUM TERNARY SECTION AT 1000 C 

FIGURE 7. URANIUM-CARBON-COBALT TERNARY SECTION AT 1000 C 
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Copper 

Consti tution 

Bowman(l) r e p o r t s that copper may be added to UC to aid s inter ing at 2000 to 
2200 C and removed l a t e r by vacuum t r e a t m e n t at these t e m p e r a t u r e s . This would in ­
dicate a pseudobinary of the UC-chromium type between UC and copper at l eas t up to 
2200 C. A t e r n a r y sect ion is shown in F igure 8. 

Crys ta l lography 

The ca rb ides of copper a r e r epo r t ed by Meerson and UmLanskii(^/ to be unstable 
to the point of explo sivene s s, 

References 

(1) Bowman, M, G. , "Bonding Uranium Carbide to Tan ta lum" , AECU-4303 
(May, 1959). 

(2) M e e r s o n , G. A. , and Umanski i , I, S. , "On the Hardness of Refractory 
C a r b i d e s " , Izvest , Sektora F iz . Khim. Anal. , 22 , 104 (1953). 

Hafnium 

Consti tution 

The na ture of the uranium-hafnium b ina ry sys tem has been repor ted recent ly by 
P e t e r s o n and B e e r n t s e n " / . Since the un i t - ce l l s ize of HfC is only 7 pe r cent sma l l e r 
than that of UC, complete solubility between UC and HfC i s to be expected. While HfC 
ex is t s over a range of compos i t ions , the composi t ion l imi t s have not been repor ted . 

Although i t is not known, the t e r n a r y section of the u ran ium-earbon-hafn ium s y s ­
tem i s expected to r e s e m b l e the u r a n i u m - c a r b o n - t h o r i u m sys tem section at 1000 C. 

HfC m e l t s at about 3900 C. 

Crys ta l lography 

HfC: fee (NaCl, Bl type) , a = 4. 64 A , four mo lecu le s p e r unit cel l ; density = 
12, 2 g p e r cm^ . 

Reference 

(1) P e t e r s o n , D. T. , and B e e r n t s e n , D. J . , "The Uranium-Hafnium Equi ­
l ib r ium System"^ T r a n s . ASM, 52 , 763-80 (I960). 
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Iron 

Constitution 

Bowman(l) r epo r t s that i ron may be added to UC to aid sintering at 2000 to 
2200 C and then removed by vacuum t r e a t m e n t at these t e m p e r a t u r e s . This would in ­
dicate a pseudobinary of the UC-chromium type between UC and i ron up to about 
2200 C. 

Fe3C is metas tab le and decomposes rapidly at t e m p e r a t u r e s above 1200 C. 

The u r a n i u m - c a r b o n - i r o n d iag ram at 1000 C i s shown in Figure 9 = 

Crys ta l lography 

F e s C : o r tho rhombic , a = 4. 52 A, b = 5, 08 A, c = 6, 74 A; density = 7. 67 g pe r 
cm^ . 

Fe2C: hexagonal o r o r thorhombic ; density = 7.2 g pe r cm~^. 

Reference 

(1) Bowman, M. G, , "Bonding Uranium. Carbide to Tanta lum", AECU-4303 
(May, 1959). 

Molybdenuin 

Consti tution 

The t e r n a r y sect ion shown in F igure 10 is based on s ta tements by P h i l l i p s ' l ' and 
Nowotny, Kieffer , and Benesovsky '^) to the effect that UC and M02C do not dissolve in 
one ano the r , and by Bois?man(^) to the effect that UC r e a c t s with molybdenum to form 
M02C. 

The mel t ing point of MoC is about 2650 C, It decomposes o r t r a n s f o r m s below 
about 1900 C. 

M02C decomposes pe r i t ec t i ca l ly at about 2400 C. 

Crys ta l lography 

MoC: hexagonal (WC type) , one molecu le p e r unit c e l l , a = 2 .901 A, c = 2. 768 A; 
density = 8. 5 g p e r cm^ . 

M02C; hep (W2C type) , one molecule pe r unit c e l l , a = 2 .994 A, c = 4,722 A; 
density = 8, 9 g per cm-^. 
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Copp«r,a/o- UCu, 

FIGURE 8. URANIUM-CARBON-COPPER TERNARY SECTION AT 1000 C 

uc+u 

FIGURE 9. URANIUM-CARBON-IRON TERNARY SECTION AT 1000 C 
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References 

(1) Ph i l l i p s , W. M. , BMI, P r i v a t e Communicat ion (November, 1959). 

(2) Nowotny, H. , Kieffer , R. , and Benesovsky , F , , "P repa ra t i on of UC 
and Its Relation to the Carb ides of Refrac tory Transi t ion M e t a l s " , 
Rev. me t . , 55 , 453-58 (May, 1958); see also Reference (4). 
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bution to the Knowledge of the P a r t i a l Sys tems: UC with T iC , Z r C , 
VC, NbC, TaC, Cr3C2^ M02C, and WC", Monatsh. Chem. , 88 , 
336-43 (June, 1957). 

Nickel 

Consti tution 

Bowman(l^ r e p o r t s that nickel may be added to UC to aid sintering at 2000 to 
2200 C and rennoved l a t e r by vacuum t r e a t m e n t at these t e m p e r a t u r e s . This would i n ­
dicate a pseudobinary of the UC-chromium type between UC and nickel up to at l eas t 
2200 C. 

Boet tcher and Schneider(^) r e p o r t that n ickel r eac t s with UC at 1000 C to form 
U^Ni. Since U^Ni normal ly decomposes to liquid above 790 C , Boettcher and 
Schneider probably had a liquid layer in the i r sample at 1000 C. 

Ni3C probably i s stable only in a n a r r o w t e m p e r a t u r e range from 2000 to 2500 C. 

The u ran ium-ca rbon -n i eke l d i ag ram at 1000 C is p re sen ted in F igure 11. 

Crys ta l lography 

Ni3C: or thorhombic (Fe3C type); density = 7 .96 g p e r cm^ . 

Ni^C has been r epor t ed but may ex is t only a s a t e r n a r y compound of the Fe3W3C 
type . 

References 

(1) Bowman, M. G. , "Bonding Uranium Carbide to Tantal \ im", AECU-4303 
(May, 1959). 

(2) Boe t t cher , A. , and Schne ider , G. , "Some P r o p e r t i e s of Uranium Mono­
c a r b i d e " , P roceed ings of the Second United Nations Internat ional Confer­
ence on the Peaceful Uses of Atomic E n e r g y , Geneva (1958), Vol 6, 
A/Conf. 1 5 / P / 9 6 4 , pp 561-63. 
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FIGURE 10. URANIUM-CARBON-MOLYBDENUM TERNARY SECTION AT 1000 C 

FIGURE I L URANIUM-CARBON-NICKEL TERNARY SECTION AT 1000 C 



25 

Niobium 

Consti tution 

The u ran ium-ca rbon-n iob ium d iag ram at 1000 C i s shown in Figure 12. The e x ­
is tence of complete solubility between NbC and UC has been es tabl ished. (1>2,3) 
Brownlee ' l ) r e p o r t s that the liquidus of the pseudobinary s y s t e m , UC-NbC, is a smooth 
curve between the t e r m i n a l composi t ions^ and that the melt ing point of NbC is 3485 C. 
Appreciable solubility of u ran ium in Nb^C^ analogous to the solubility of uranium in 
Ta2C is to be expected. 

Nb2C decomposes pe r i t ec t i ca l ly at about 3260 C. ^^' The melt ing point of NbC is 
about 3500 C. 

Crys ta l lography 

Nb2C: hcp^ a = 3. 117 A, c = 4 .951 A, one molecule pe r unit cel l ; density = 
7. 9 g p e r cm-^. 

NbC: fee (NaClj Bl type) , a = 4.459 A, four molecules p e r unit cell ; density 
7. 82 g p e r cm^. 
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(5) Pochon, M. L. , McKinsey, C. R. , P e r k i n s , R. A. , and F o r e n g , W. D. , 
"Solubility of Carbon and S t ruc ture of Carbide P h a s e s in Ta and Nb" , 
AIME React ive Metals Conference , Buffalo, May 1958, Reactive M e t a l s , 
In tersc ience P u b l i s h e r s , New York (I960). 
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Nitrogen 

Consti tution 

The exis tence of complete solubility between UN and UC has been e s t a b ­
l ished. (1 ,2 ,3 ) The exis tence of extensive solutions between U2C3 and U2N3 and b e ­
tween UC2 and UN2 is cons idered l ikely. The p r e s s u r e of ni t rogen over UN reaches 
1 a tm at a t e m p e r a t u r e between 2300 C and i t s melt ing point , 2630 C. It has been 
found that U2N2 decomposes per i tec to ida l ly at 1300 to 1550 C. The UN2 compoimd can 
be p r e p a r e d only at high p r e s s u r e s . A t e r n a r y sect ion is shown in F igure 13. 

Crys ta l lography 

UN: fee (NaCl, Bl type) , a = 4. 880 A, four molecu les p e r unit cel l ; density = 
14. 3 g p e r cm-^ 

U2N3: b c c , a = 10. 678 A; densi ty = 11. 24 g p e r cm^ 

UN2: fee (CaF2 , CI type) , a = 5. 31 A; density = 11.73 g pe r cm^. 

References 

(1) Rundle , R. E . , Baenz ige r , N. C. , Wilson, A. S. , and McDonald, R. A , , 
"The S t ruc tu res of the C a r b i d e s , N i t r i d e s , and Oxides of Uran ium" , 
J . Am. Chem. Soc. , 70., 99-105 (1948). 

(2) Aust in , A. E . , and G e r d s , A. F . , "The Uran i inn-Ni t rogen-Carbon 
Sys t em" , BMI-1272 (June , 1958). 

(3) Wi l l i ams , J , , and Sambel l , R . A . J . , "The Uranium Monocarb ide-
Uranium Mononitride S y s t e m " , J . L e s s Common M e t a l s , 1, 217-26 
(June , 1959). 

Oxygen 

Uranium monocarbide r e a c t s with u ran ium dioxide to produce u ran ium m e t a l and 
carbon monoxide in a vacuum at detectable r a t e s at t e m p e r a t u r e s above 1300 C. At 
p r e s s u r e s nea r a t m o s p h e r i c , u ran ium monocarbide and u ran ium dioxide a r e stable in 
contact with one another to about 1800 C. Molten u ran ium monocarb ide r e a c t s with 
uran ium dioxide at p r e s s u r e s n e a r a t m o s p h e r i c , re ject ing the oxygen as carbon dioxide 
so that general ly l e s s than 200 ppm of oxygen i s found in the solidified ingot. 

The phase once identified as a solid solution of UC and UOfl) is bel ieved on the 
bas i s of r ecen t observationsC^) to have been a solid solution of UC and UN. 
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References 

(1) Vaughan, D. A, , Mel ton, C. W. , and G e r d s , A. F . , "Expe r imen t s on 
the P r e p a r a t i o n of UO2-X ^^^ ^ O " , BMI-1175 (March 6, 1957). 

(2) Kehl , G. L. , Mendel , E . , F . [ s i c ] , E. J . , Mue l le r , M. H. , "Meta l -
lographic Identification of Inclusions in Uran ium" , T r a n s . ASM, 5 1 , 
717-35 (1959). 

Plutonium 

Consti tution 

The exis tence of complete solubili ty between PuC and UC has been suggested( l ) ; 
and extensive solid solubility between PU2C3 and U2C3 i s to be expected. 

PuC decomposes pe r i t ec t i ca l ly between 1200 and 1850 C. 

PU2C3 m e l t s at about 1900 C. 

A higher c a r b i d e , n e a r 67 a / o c a r b o n , m e l t s at about 2200 C. 

The u ran ium-ca rbon-p lu ton ium d iag ram at 1000 C appea r s in F igure 14. 

Crys ta l lography 

PuC: fee (NaCl, Bl type) , a = 4. 97 A, four molecu les p e r unit cel l ; density 
13. 6 g p e r cm^. 

PU2C3: bcc (space group I43d), a = 8. 13 A, eight molecu les per unit cel l ; 
density = 12. 7 g p e r cm-^. 

Reference 

(1) Nowotny, H. , Kieffer , R. , and Benesovsky, F . , " P r e p a r a t i o n of UC 
and i t s Relation to the Carb ides of Refrac tory Trans i t ion M e t a l s " , 
Rev. m e t . , _55, 453-58 (May, 1958). 

Rhenium 

Consti tution 

Bowman^-^* has r epor t ed that UC and rhenium do not dissolve in one another but 
produce a s imple eutect ic at 1850 C. This would imply a pseudobinary between UC and 
rheniimn, but no d iagram has been cons t ruc ted . 
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Crysta l lography 

Carb ides of rhen ium, if they e x i s t , a r e re la t ive ly unstable and do not form above 
1600 C. 

Reference 

(1) Bowman, M. G. , LASL, P r iva t e Comnaunication (August, 1959). 

Silicon 

Constitution 

According to Boet tcher and S c h n e i d e r ^ " , s i l icon r e a c t s with UC at 1000 C to 
form USi3. 

Ivanov and Badayeva^^' r e p o r t no solubility between UC and SiC. 

SiC decomposes by a pe r i t ec t i c reac t ion between 2200 and 2700 C. 

A u r a n i u m - c a r b o n - s i l i c o n t e r n a r y sect ion is shown in F igure 15.. 

Crys ta l lography 

SiC has many polymorphic f o r m s . Beta SiC: fee , a = 4. 359 A; density = 
3. 2 g p e r cm^ . 

References 

(1) Boe t t cher , A. , and Schne ider , G. , "Some P r o p e r t i e s of Uranium Mono­
c a r b i d e " , P roceed ings of the Second United Nations Internat ional Confer­
ence on the Peaceful Uses of Atomic E n e r g y , Geneva (1958), Vol 6, 
A/Conf. 1 5 / P / 9 6 4 , pp 561-63. 

(2) Ivanov, O. S. , and Badayeva, T. A. , "Phase Diag rams of Cer ta in 
Uranixnn and Thorium S y s t e m s " , P roceed ings of the Second United 
Nations Internat ional Conference on the Peaceful Uses of Atomic Ene rgy , 
Geneva (1958), Vol 6, A/Conf, 1 5 / P / 2 0 4 3 , p 139. 

Tantalum 

Consti tution 

The exis tence of a continuous solid solution between TaC and UC has been e s t a b ­
l ished. (1~4). Brownleel^) and Bowmanl^) r e p o r t that the liquidus of the pseudobinary 
s y s t e m , U C - T a C , is a smooth curve between the t e r m i n a l composi t ions . Brownlee 
gives the mel t ing point of TaC as 3780 C. Bowman(2) found that tantaliim d isp laces 
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FIGURE 14. URANIUM-CARBON-PLUTONIUM TERNARY SECTION AT 1000 C 

FIGURE 15. URANIUM-CARBON-SILICON TERNARY SECTION AT 1000 C 
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uranium from uranitma carbide at increas ingly rapid r a t e s at t e m p e r a t u r e s above 
1800 C. He successfully r e t a r d e d th is reac t ion (forming liquid uranium) by introducing 
l aye r s of TaC and Ta2C between the tanta lum and the UC. Pa r the and P e m s l e r " ) 
state that the re a r e no t e r n a r y compounds in the u ran ium-ca rbon- t an ta lum sys tem at 
l e s s than 50 a /o ca rbon , and that the only t h r e e - p h a s e field in this region involves 
Ta2C, the f ace -cen te red-cub ic (Ta,U)C solution, and a body-centered-cubic m e t a l , 
e i ther u ran ium or tan ta lum. Apparen t ly , they r ega rded tantaltim and uranium as a 
single phase because they a r e s t ruc tu ra l ly i somorphous . Some solubility of uranium 
in Ta2C is indica ted , but the extent i s unknown. (1) 

The t e r n a r y sect ions shown in F i gu re s 16 and 17 a r e based on the above s t a t e ­
m e n t s . The sect ion shown at 2000 C i s r ega rded as typical of mos t u ran ium-carbon 
t e r n a r y const i tut ion d i ag rams above the mel t ing point of u ran ium. 

The mel t ing point of TaC is about 3800 C. 

Ta2C decomposes pe r i t ec t i ca l ly at about 3400 C. 

Crys ta l lography 

TaC: fee (NaCl, B l type ) , a = 4 .446 A, four molecules p e r unit cell ; density = 
14. 48 g p e r c m ^ . 

Ta2C: hexagonal (C27 type) , a = 3. 09 A, e = 4 .93 A, one molecule p e r unit cell ; 
density = 15. 1 g p e r c m ^ . 

Refe rences 

(1) P a r t h e , E . , and P e m s l e r , J . P . , "Note on the Exis tence of ' U T a i o C 4 ' " , 
T r a n s . AIME, 215, 1070 (December , 1959). 

(2) Bowman, M. G. , "Bonding Uranium Carbide to Tanta lum", AECU-4303 
(May, 1959). 

(3) Nowotny, H. , Kieffer , R. , and Benesovsky, F . , "P repa ra t i on of UC and 
i t s Relat ion to the Carb ides of Refrac tory Trans i t ion M e t a l s " , Rev. m e t . , 
55 , 453-58 (May, 1958); see a lso Reference (5). 

(4) Brownlee , L. D. , "The Pseudo-Bina ry Systems of UC with Z r C , TaC, 
and NbC" , J . Inst . M e t a l s , 87_, 58-61 (October 1958). 

(5) Nowotny, H. , Kieffer , R. , Benesovsky , F . , and Laube , E. , "Contr ibu­
tion to the Knowledge of the P a r t i a l Sys tems : UC with T iC, Z r C , VC, 
NbC, T a C , Cr3C2 , M02C, and WC", Monatsh. Chem. , 88 , 336-43 
(June, 1957). 
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Tliv»i i u i i i 

Constitution 

The exis tence of complete solubility between ThC and UC has been e s t a b ­
l ished. (1"4) Ivanov and Badayeval l ) r e p o r t that the re is complete solubility between 
ThC and UC, that thor ium disso lves about 10 a /o ca rbon , and that thor ium reac t s with 
UC to produce uran ium plus (Th,U)C. They found that between UC and tho r ium, the 
two-phase reg ion , (U, Th)C + u r a n i u m , ex i s t s up to 40 a /o t h o r i u m , the t h r ee -phase 
region, (U, Th)C + uran ium + t h o r i u m , ex i s t s between 40 and 81 a /o t ho r ium, and the 
two-phase reg ion , u ran ium + t h o r i u m , ex i s t s above 81 a /o thor ium. The section 
shown in F igure 18 i s based on these data. B r e t t , Law, and Liveyl^) suggest a poly­
morphic t r ans i t i on in ThC2 (probably s imi l a r to that in UC2) which r e su l t s in complete 
solubility between UC2 and ThC2 above 1900 C, but which may produce im.naiscibility 
below 1900 C. 

The mel t ing point of ThC is about 2620 C. 

The mel t ing point of ThC2 i s about 2660 C. 

Crys ta l lography 

ThC: fee (NaCl, Bl type) , a. = 5. 34 A, four molecules p e r unit cel l ; density = 
10. 67 g p e r cm-' . 

ThC2: monoc l in ic , a = 6. 53 A, b = 4. 24 A, e = 6. 56 A, /3 = 104", four molecule 
p e r unit cel l ; density = 9. 6 g pe r cm^ . 

Refe rences 

(1) Ivanov, O. , and Badayeva, T. , "Phase Diagrams of Cer ta in Uraniinn and 
Thorium. S y s t e m s " , P roceed ings of the Second United Nations Internat ional 
Conference on the Peaceful Uses of Atomic Energy , Geneva (1958), Vol 6, 
A/Conf. 1 5 / P / 2 0 4 3 , p 139. 

(2) B r e t t , N. , Law, O. , and Livey, D. T. , "Some Investigations of the 
U:Th:C S y s t e m " , A E R E - M / R - 2 5 7 4 (June , 1958). 

(3) Nowotny, H. , Kieffer , R, , Benesovsky , F . , and Laube , E. , "Note on 
the P a r t i a l System UC-ThC" , P l a n s e e b e r . Pu lve rme t . , 5_, 102-3 
(December , 1957). 

(4) C i r i l l i , V. , and B r i s i , C. , "Solid Solutions Between UC and ThC" , 
R ice rca sc i . , 28 , 1431-34 (July, 1958). 
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Titanium 

Consti tution 

Nowotny, Kieffer , and Benesovsky '^ ' r epor t that UC dissolves l e s s than 10 mole 
p e r cent of TiC and that TiC d isso lves about 20 mole p e r cent of UC. Phi l l ipsi^) sug­
ges ts a eutect ic between UC and TiC at about 12 mole p e r cent , and no solubility of 
t i tanium m e t a l in UC. 

The mel t ing point of TiC is about 3200 C. 

The u ran ium-ea rbon - t i t an ium d iag ram at 1000 C i s shown in F igure 19. 

Crys ta l lography 

TiC: fee (NaCl, Bl type) , a = 4. 32 A, four molecu les p e r unit cel l ; density = 
4. 25 g pe r em^ . 

References 

(1) Nowotny, H. , Kieffer , R. , and Benesovsky , F . , "P repa ra t i on of UC and 
i t s Relat ion to the Carb ides of Refrac tory Trans i t ion M e t a l s " , Rev. m e t . , 
5 5 , 453-58 (May, 1958); see a lso Reference (3). 

(2) P h i l l i p s , W. M. , BMI, P r i v a t e Communicat ion (November , 1959). 

(3) Nowotny, H. , Kieffer , R. , Benesovsky, F . , and Laube , E. , "Contr ibu­
tion to the Knowledge of the P a r t i a l Sys tems : UC with T iC, Z r C , VC, 
NbC, T a C , 0 x 3 0 2 , M02C, and WC" , Monatsh. Chem. , 88 , 336-43 
(June , 1957). 

Tungsten 

Consti tution 

Newkirk and BatesC^) obse rved that UC in contact with tungsten mel ted at 2280 C. 

Nowotny, Kieffer , and B e n e s o v s k y " ) r epo r t that UC disso lves about 10 mole p e r 
cent WC, but that WC disso lves no UC. 

W2C m e l t s at about 2800 C. 

WC m e l t s at about 2800 C. 

The u ran ium-ca rbon- tungs t en diagram, at 1000 C i s shown in F igure 20. 
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Crysta l lography 

W2C: hep , a = 2. 99 A, c = 4 . 7 2 A, one molecule per unit cel l ; density = 17. 2 g 
p e r c m 3 . 

WC: hexagonal , a = 2. 90 A, c = 2. 83 A, one molecule per unit cel l ; density = 
15. 5 g p e r e m 3 . 

References 

(1) Newkirk, H. W. , and B a t e s , J- L. , "The Melting Points of UO2, UC, 
and UN", HW-59468 (March , 1959). 

(2) Nowotny, H. , Kieffer , R. , and Benesovsky, F . , "P repa ra t i on of UC 
and i ts Relat ion to the Carb ides of Refrac tory Trans i t ion M e t a l s " , 
Rev. m e t . , 55 , 453-58 (May, 1958); see also Reference (3). 

(3) Nowotny, H. , Kieffer , R. , Benesovsky , F . , and Laube , E. , "Contr ibu­
tion to the Knowledge of the P a r t i a l Sys tems : UC with TiC, Z r C , VC, 
NbC, TaC, Cr3C2 , M02C, and WC", Monatsh. Chem. , 88_, 336-43 
(June, 1957). 

Vanadium 

Constitution 

Nowotny, Kieffer , and B e n e s o v s k y " ' r epo r t that UC dissolves about 20 mole p e r 
cent of VC and that VC disso lves p rac t i ca l ly no UC. 

V2C decomposes pe r i t ec t i ca l ly at a t e m p e r a t u r e above 1800 C. 

The mel t ing point of VC is about 2800 C. 

A uran i t im-carbon-vanadium sect ion i s shown in F igure 21 . 

Crys ta l lography 

V2C: hep (L '3 type) , a = 2. 906 A, c = 4. 597 A, one molecule p e r unit cell ; 
density = 5.6 g pe r cm^ . 

VC: fee (NaCl, Bl type) , a = 4. 17 A, four molecu les p e r unit cel l ; density = 
5. 36 g p e r cm^. 
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(1) Nowotny, H. , Kieffer , R. , and Benesovsky , F . , " P r e p a r a t i o n of UC and 
i ts Relat ion to the Carb ides of Refrac tory Trans i t ion M e t a l s " , Rev. 
m e t . , 55_, 453-58 (May, 1958); see a lso Reference (2). 

(2) Nowotny, H. , Kieffer , R. , Benesovsky, F . , and Laube , E. , "Contr ibu­
tion to the Knowledge of the P a r t i a l Sys tems : UC with T iC, Z r C , VC, 
NbC, T a C , C r 3 C 2 , M02C, and WC" , Monatsh. Chem. , 88 , 336-43 
(June, 1957). 

Zinc 

Consti tution 

Boet tcher and Schneider^-'-' r epo r t that UC is wet by mol ten z inc . 

Reference 

(1) Boe t t che r , A. , and Schne ider , G. , "Some P r o p e r t i e s of Uranium Mono­
c a r b i d e " , P roceed ings of the Second United Nations Internat ional Confer­
ence on the Peaceful Uses of Atomic Ene rgy , Geneva (1958), Vol 6 , 
A/Conf. 1 5 / P / 9 6 4 , pp 561-63 . 

Z i rconium 

Consti tution 

The exis tence of complete solubil i ty between ZrC and UC has been e s t a b ­
l i shed. (1~4) Brownlee( l ) r e p o r t s that the l iquidus of the pseudobinary s y s t e m , U C - Z r C , 
i s a smooth curve between the t e r m i n a l compos i t i ons , and that the mel t ing point of Z rC 
is 3535 C. 

The mel t ing point of Z r C i s about 3500 C. 

A t e r n a r y sect ion i s p r e s e n t e d in F igu re 22. 

Crys ta l lography 

Z r C : fee (NaCl, B l type) , a = 4 .687 A, four mo lecu l e s p e r unit ce l l ; densi ty = 
6. 9 g p e r cm-3. 
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FIGURE 22. URANIUM-CARBON-ZIRCONIUM TERNARY SYSTEM AT 1000 C 
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THE THORIUM-CARBON BINARY SYSTEM 

Constitution 

The mel t ing points of ThC and ThC2 were found to be 2625 and 2655 C by 
Wilhelm and Chiot t i i l ) . The banded s t ruc tu re of ThC2 obtained by Wilhelm and Chiotti 
is ident ical to that produced in UC2 by t r ans fo rma t ion from the h igh - t empera tu re cubic 
s t ruc tu re to the l ow- t empera tu re form. B r e t t , Law, and Livey(2) suggest that ThC2 
has a polymorphic t rans i t ion at about I9OO C. The s t ruc tu re obtained by Wilhelm and 
Chiotti on cooling a thorium.-?. 2 w/o carbon alloy from 2400 C suggests that ThC and 
ThC2 a r e immisc ib le at this t e m p e r a t u r e . The s t ruc tu re obtained by Wilhelm and 
Chiotti on cooling a t h o r i u m - 6 . 1 w/o carbon alloy from 2615 C is c l ea r ly a eutect ic 
s t ruc tu re as postulated by t h e i r const i tut ion d i a g r a m . The s t ruc tu re obtained on coo l ­
ing a t h o r i u m - 8 w/o carbon alloy from 2655 C is consis tent with an eutectoid near 
8 w/o carbon and 1900 C resul t ing from the polymorphic t rans i t ion suggested by Bre t t , 
Law, and Livey. 

The exis tence of an a l lot ropie t r ans fo rmat ion in thor ium was d iscovered by 
Chiot t i '^ / . This d iscovery of a t rans i t ion from the l o w - t e m p e r a t u r e f ace -cen t e r ed -
cubic to the h igh - t empe ra tu r e body-cen te red-cub ic s t ruc tu re has been conf i rmed, and 
the t e m p e r a t u r e of t r ans format ion has been es tab l i shed as about 1360 C. Wilhelm and 
ChiottiCl) found a region of s ingle-phase solid solution at 2. 6 w/o carbon and 1900 C 
and indicated that this meant a region of solid solution between thor ium and thor ium 
ca rb ide . While such a const ruct ion is not i m pos s i b l e , as Hansen and Anderko^"*' point 
out , continuous solid solubility of carbon from the meta l l i c f ace -cen te red-cub ic s t r u c ­
tu re of t ho r ium, through the ionic (NaCl) s t ruc tu re of ThC, to the unl<;nown (probably 
CaF2) h igh - t empe ra tu r e s t ruc tu re of ThC2 i s not conceivable . Wilhelm and Chiot t i ( l ) 
have apparent ly ignored a two-phase s t ruc tu re obtained at 4. 1 w/o carbon and 2110 C 
indicating that ThC has low solubility for tho r ium. 

A poss ible consti tution d iagram based on the above data and suggest ions has been 
cons t ruc ted (Figure 23). The exis tence of a p h a s e , Th2C3, s imi la r to U2C3 has not 
been ruled out by the above inves t igat ions . 

Crys ta l lography 

ThC: fee (NaCl, Bl type) , a = 5. 34 A , four molecu les pe r unit cel l ; density = 
10. 6 g pe r cm^. 

ThC2 (below 1900 C): monoc l in ic , a = 6. 53 A, b = 4. 24 A, c = 6. 56 A, four 
molecu les p e r unit cel l ; density = 9 .6 p e r c m ' . 

ThC2 (above I9OO C): s t ruc tu re unknown, probably f ace -cen te red cubic of the 
CaF2 type since B r e t t , Law, and LiveyC^) suggest complete solubility above 1900 C 
between UC2 and ThC2* 
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THORIUM-CARBON TERNARY SYSTEMS 

Nitrogen 

Consti tution 

It has been repor ted by Scaife and Wyl ie ' ^ ' that one of the thor ium n i t r ides 
(probably ThN) is m o r e stable than ThC2 below 2100 C. 

The mel t ing point of ThN is about 2600 C , and it i s apparent ly stable in a vacuum 
at t e m p e r a t u r e s below 2000 C. (2) It i s known that Th2N3 i s not stable in a vacuum at 
1500 C. 

Crys ta l lography 

ThN: fee (NaCl, Bl type ) , a = 5. 21 A , four mo lecu le s p e r unit ce l l ; densi ty = 
11. 6 g p e r cm^. 

Th2N3: hexagonal , a = 3. 87 A, c = 6. 16 A, one molecule p e r unit ce l l ; density 
10. 5 g p e r cm^. 
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F u e l s " , Aus t ra l i an Atomic Energy Sym.posium (1958), "Section 1, High 
T e m p e r a t u r e and C e r a m i c s " , pp 172-81. 
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Oxygen 

Thorium monocarbide hydro lyses rapidly in mo i s t a i r and tends to oxidize at 
room t e m p e r a t u r e . It should be s to red in a d r y , ine r t a tmosphere . 

Thorium m e t a l has p rac t i ca l ly no solubility for oxygen, and it may be p r e s u m e d 
that the same is t rue of the thor ium c a r b i d e s . 

Uranium 

Thor ium-ca rbon -u ran ium composi t ions a r e d i scussed in the section on u r a n i u m -
carbon t e r n a r y s y s t e m s . 

Zi rconium 

Consti tution 

Thorium monocarb ide is evidently a ve ry poor solvent , for , according to Ivanov 
and BadayevaCl), it d i sso lves only 6 mole p e r cent of Z r C , which is one of the few 
monocarb ides likely to dissolve in ThC. There is no solubility of ThC in Z rC . 

Murray!^) r e p o r t s that z i rconium r e a c t s with carbon p r e s e n t in solution in 
thor ium to form z i rconium ca rb ide . 

The t h o r i u m - c a r b o n - z i r c o n i u m d iag ram at 1000 C i s shown in Figure 24. 

Crys ta l lography 

ZrC : fee (NaCl, Bl type) , a = 4.687 A, four molecu les p e r unit cell ; density = 
6. 9 g pe r cm^. 

Refe rences 

(1) Ivanov, O. S. , and Badayeva, T. A. , "Phase Diagrams of Cer ta in 
Uranium and Thorium S y s t e m s " , P roceed ings of the Second United 
Nations Internat ional Conference on the Peaceful Uses of Atomic 
Ene rgy , Geneva (1958), Vol 6 , A/Conf. 1 5 / P / 2 0 4 3 , p 139. 

(2) M u r r a y , J . R. , "The Consti tution of Thorium-Zirconi-um Alloys 
Containing m o r e than 15 P e r Cent Z i r con ium " , AERE-R-3048 
(September , 1959). 



44 

FIGURE 24. THORIUM-CARBON-ZIRCONIUM TERNARY SECTION AT 1000 C 

THE PLUTONIUM-CARBON BINARY SYSTEM 

Constitution 

The p lu tonium-carbon const i tut ional d iagram is shown in F igure 25. The melt ing 
points of PuC and PU2C3 were found by Drum.mond, McDonald, Ockenden, and Welch(l) 
to be about 1850 and 1900 C, respec t ive ly . Drummond, et a l . , found an additional sub­
stance containing from 8. 5 to 9- 5 w/o carbon (corresponding to PUC2) which m e l t s at 
about 2200 C. 

Shonfeld, C r a m e r , Mine r , E l l inge r , and Coffinberry^^' r epo r t that there is a 
eutect ic between PuC and plutonium at an unknown locat ion and that PuC forms by a 
pe r i t ec t i c reac t ion at about 1200 C. In view of the fact that plutonium is a m a t e r i a l 
with a ve ry low mel t ing point , the formation of PuC by a pe r i t ec t i c reac t ion seems 
r easonab le . The data obtained by Drummond, et a l . , may r e p r e s e n t a m a t e r i a l having 
some contaminat ion by uran ium. 

Crys ta l lography 

PuC: fee (NaCl, Bl type) , a = 4. 97 A, four molecu les pe r unit cel l ; density = 
13. 6 g pe r cm^ . 

PU2C3: bee (space group I43d), a = 8. 129 A, eight m.olecules p e r unit cel l ; 
density = 12. 7 g p e r cm-^. 
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PLUTONIUM-CARBON TERNARY SYSTEMS 

Nitrogen 

Constitution 

Coffinberry and E l l i n g e r " ^ state that " P u C , PuN, and PuO have apprec iable 
mutua l solid solubil i ty , a s well a s homogeneity ranges for each b inary p h a s e , and dif­
fe rences in content of ca rbon , n i t rogen , and oxygen a r e difficult to cont ro l or to d e t e r ­
m i n e " . Since PuC and PuN a r e i somorphous and the i r un i t -ce l l s izes differ by only 
1 p e r cen t , it would be very su rpr i s ing if PuC and PuN were not completely soluble in 
one another . 

Crys ta l lography 

PuN: fee (NaCl, B l type) , a = 4 .905 A, four mo lecu le s p e r unit cel l ; density = 
14. 2 g pe r cm^ . 

Reference 

(1) Coffinberry, A. S. , and E l l i nge r , F . H. , "The In te rmeta l l i c Compounds 
of P lu ton ium" , No. 826, P roceed ings of the [ F i r s t United Nations] 
Internat ional Conference on the Peaceful Uses of Atomic Energy , New 
York (1956), Vol 9 , A/Conf. 8 / P / 8 2 6 , pp 138-46. 

Oxygen 

Consti tution 

In 1955, Coffinberry and Ell inger^ '- ' r epo r t ed that PuO and PuC had apprec iab le 
mutual solid solubility and that PuO was f ace -cen te red cubic with a la t t ice p a r a m e t e r 
of 4. 96 A. Since th is i s in te rmedia te to that of PuC (a = 4. 97 A) and PuN (a = 4. 90 A), 
which a r e probably mutual ly soluble , it s e ems likely that the PuO observed was r ea l ly 
Pu(C ,N) . 
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In 1959, Schonfeld, C r a m e r , Miner , E l l i nge r , and Coffinberry!^) stated that 
"PuO has not been observed except as formed under special condit ions. " They also 
observed that "The solubility of oxygen in mol ten plutonium up to 1000 C does not 
exceed 30 ppm by weight. " Since plutonium r e p r e s e n t s an oxidation state in te rmedia te 
to that of PuC and plutonium oxide , it may be ass t tmed that the solubility of oxygen in 
the plutonitim ca rb ides is s imi l a r to or l e s s than that of oxygen in plutonium. 
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and Coffinberry, A. S. , "Plutonium Consti tutional D i a g r a m s " , P r o g r e s s 
in Nuclear E n e r g y , Se r i e s V, Metal lurgy and F u e l s , Vol n , Pe rgamon 
P r e s s , New York (1959), pp 579-599. 

Uranium 

P lu ton ium-ca rbon-u ran ium composi t ions a r e d i scussed in the section on 
u r an ium-ca rbon t e r n a r y s y s t e m s . 

QUATERNARY SYSTEMS 

U r a n i u m - T h o r i u m - C a r b o n - Z i r c o n i u m 

Consti tution 

The pseudo te rna ry sys tem involving the monocarb ides of t ho r ium, u ran ium, and 
zirconii im has been invest igated by Ivanov and Badayeva( l ) . This investigation d i s ­
c losed the exis tence of solubility in the pseudo te rna ry sys tem in all al loys containing 
m o r e than 70 mole p e r cent UC and in a l l a l loys containing l e s s than 6 mole pe r cent 
Z rC . The al loys were examined both in the a s - e a s t condition and as annealed at 2000 C 
and furnace cooled. No changes in consti tut ion w e r e observed as a resu l t of these 
changes in heat t r e a tmen t . 

A T h C - U C - Z r C section i s shown in F igure 26. 
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FIGURE 26. ThC-UC-ZrC SECTION AT 2000 TO 2400 C 
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COMPATIBILITY AMD COF.ROSIOH BEHAVIOR 
OF NUCLEAR CARBIDES 

W. M. Ph i l l ips and J . J . Ward 

Introduction 

This sect ion cons is t s of a brief sxammary of the p resen t ly available data on com­
patibil i ty and co r ros ion behavior of u ran ium ca rb ides . Essent ia l ly , no such data a r e 
available on thor ium and plutonium ca rb ides . The data reviewed include those available 
on compatibil i ty with meta l l i c cladding o r m a t r i x m a t e r i a l s , and with liquid and gaseous 
coolants and chemica l s . Also included a re thermodynamic data calculated for the r e a c ­
tion of uranium^ thor ium, and plutonium carb ides with var ious selected coolants. Simi­
l a r data a r e included for the reac t ion of UC with the re f rac to ry me ta l s molybdenum, 
niobium, tanta lum, and tungsten. Additional information on the compatibil i ty of these 
carb ides with meta l l i c m a t e r i a l s can be obtained in the section on constitution. 

At bes t , compatibi l i ty i s a difficult thing to define, and usual ly the observed r e ­
sults a re highly dependent on the exper imenta l conditions and the quality of m a t e r i a l s 
used in the tes t . The data p re sen ted a r e s p a r s e and based on l imited experimentat ion, 
and offer l i t t le opportunity for evaluation. The si tuation is r a the r s imi la r for the few 
data available for the co r ros ion of ca rb ides in va r ious media . Here also the r e su l t s 
will be grea t ly affected by fabr ica t ion h i s t o r y and the quality of m a t e r i a l s , s ince v a r i a ­
tions in chemica l composit ion and type and amount of poros i ty and cracking will affect 
both the chemical reac t iv i ty and the r a t e of at tack. 

The thermodynamic data p re sen ted a r e bel ieved to be the bes t avai lable. How­
ever , the re la t ive ly low free energy of format ion of these carb ides means that apprec i ­
able e r r o r m a y be p r e s e n t in calculat ions of the f ree energy of the var ious chemical 
react ions cons idered . 

Thermodynamics of React ions With Coolants and With Claddings 

The the rmodynamics of reac t ion of gaseous coolants such as ni t rogen, oxygen, GO, 
CO2, and H2O a r e p re sen ted in Table 5. Liquid coolants such as NaK, sodium and t e r -
phenyl were a lso cons idered . No reac t ion between these l iquids and UC is predicted; but 
the data a r e not complete ly sa t i s fac tory , s ince the solubili ty of the carb ides in the 
l iquids is not known. Thus , the calculated data a r e not included. 

Similar ly , thermodynamic data on the reac t ion of carb ides with me ta l s cannot be 
considered completely sa t i s fac tory un less data on the solubility of the carb ides in the 
m e t a l s a r e avai lable . Although the needed solubili ty data a r e not avai lable, data a r e 
p resen ted in Table 6 for the reac t ion potent ia ls of UC with molybdenum, niobium, tanta­
lum, and tungsten, neglect ing the poss ib i l i ty of solubili ty of the UC in these naetals. 
The r e su l t s indicate that molybdenum and tungsten should not r eac t with UC while tanta­
lum and niobium should. One obvious d i sc repancy a r i s e s when these predic t ions a r e 
compared with the data shown below and in the consti tution section. It is repor ted that 
molybdenum r e a c t s with UC to fo rm M02C. 



TABLE 5, STANDARD FREE-ENERGY CHANGE FOR CARBIDE REACTIONS WITH COOLANTS 

React ion 

UC(s) + 3 H 2 0 ( g ) - ^ U 0 2 ( c ) + m^ig) + CO(g) 
UC2(c) + 4 H 2 0 ( g ) - ^ U 0 2 { c ) + 4H2(g) + 2CO{g) 
ThC2(c) + 4 H 2 0 ( g ) - ^ Th02(c) + 4H2{g) + 2CO(g) 
PuC(c) + 3 H 2 0 ( g ) _ - P u 0 2 ( c ) + 3H2(g) + CO(g) 

UC (c) 4 3 / 2 0 2 ( g ) - ^ U02(c) + CO(g) 
UC2(c) + 202(g) U02(c) + 2CO(g) 
ThC2(c) + 202(g) Th02(c) + 2CO(g) 
PuC{c) + 3 / 2 0 2 ( g ) - ^ P u 0 2 ( c ) + CO(g) 

UC(c) + 3C02(g)=^U02{c) + 4CO(g) 
UCzfc) + 4 C 0 2 ( g ) — U 0 2 ( c ) + 6CO(g) 
ThC2{c) + 4C02(g)--—Th02{c) + 6COCg) 
PuC(c) + 3 C 0 2 ( g ) = ^ P u 0 2 ( c ) + 4CO{g) 

UC{c) + 2CO(g) U02(c) + 3C(graphite) 
UC2(c) + 2CO(g) U02(c) + 4C{graphite) 
ThC2(c) + 2CO(g) Th02(c) + 4C{graphite) 
PuC(c) + 2 C 0 ( g ) - . ^ P u 0 2 ( c ) + 3C(graphite) 

UC(c) + l / 2 N 2 ( g ) - ^ U N ( c ) + C(graphite) 
UC2(c) + l/2N2(g) UN(c) + 2C(graphite) 
ThC2(c) + 2/3N2Cg) 1/3 Th3N4(c) + 2C(graphite) 
PuC(c) + l /2N2(g) PuN(c) + CCgraphite) 

Standard F r e e -
600 K 

-100 ,320 
-68 ,020 
-95 ,780 
-82 ,610 

-253 ,770 
-272 ,600 
-300 ,380 
-236 ,060 

-88 ,650 
-52 ,460 
-80 ,220 
-79 ,940 

-135 ,690 
-115 ,180 
-142 ,940 
-117 ,980 

-35 ,910 
-15 ,400 
-42 ,000 
-61 ,000 

800 K 

-105 ,010 
-79 ,300 

-105 ,680 
-86 ,860 

-250 ,930 
-273 ,860 
-300 ,240 
-232 ,780 

-98 ,350 
-70 ,420 
-96 ,800 
-80 ,200 

-119 ,890 
-99 ,140 

-125 ,520 
-101 ,740 

-29 ,790 
-11 ,700 
-36 ,550 
- 5 8 , 0 0 0 

•Energy Change 
1000 K 

__ 

__ 
__ 
__ 

__ 

__ 
- -
— 

__ 

— 
- -
__ 

__ 

__ 
— 
— 

-28 ,990 
- 8 , 0 0 0 

-31 ,090 
-55 ,000 

i, A G T , cal 
1200K 

__ 

- -
- -
- -

__ 

— 
- -
— 

__ 

__ 
- -
— 

__ 

__ 
- -
__ 

-25 ,530 
-4 ,300 

-25 ,640 
-52 ,000 

1400 K 

__ 

__ 
__ 
- -

__ 

- -
- -
- -

__ 

__ 
__ 
- -

-72 ,980 
-51 ,480 
-74 ,320 
-53 ,180 

-22 ,100 
-600 

-20 ,190 
-49 ,000 
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TABLE 6. REACTiOî  p-umwHAL^-'Or UKANIUIVI iviui^OC/iKBlJjt wiiH MOLYBUENUKI, NIOBIUM, lANlALUM, AND 
TUNGSTEN METALS AS A FUNCTION OF TEMPERATURE 

Standard Free Energy of Reaction, AG'J-, cal 

900 K 1000 K "l200K 1400 K 1600 K~" 1800 K 2000 K 2200 K 2400 K 

UC(c) + 2Mc<c)~*-U + M02C(c) +11,700 +11.310 +10,470 +9,600 +8,600 +7,900 +7.300 +6,700 +6,100 

UC(c) + WCc)^:U +WC(c) +9,660 +9,310 +8.560 +7,760 +6,740 +6,220 +5,700 +5,180 +4,660 

UC(c) + Ta(c) : ^ U + TaC(c) -19,060 -19,330 -19,940 -20,680 -21,140 -21,810 -22.180 -22,560 -22,920 

UC(c) + N l < c ) ^ U + NbC(c) -14,220 -14,490 -15,090 -15,720 -16.580 -16.940 -17.300 -17,660 -18,020 

(a) These data indicate that UC is chemically stable with respect to tungsten and molybdenum over the range of 900 to 2400 K. 
The stability tends to decrease with increasing temperature. The data indicate that tantalum and niobium tend to react 
chemically with UC and that the tendency increases with increasing temperature. These data give no information on 
behavior patterns dependent upon solubilities of carbides in metals. 

C o m p a t i b i l i t y W i t h M e t a l s 

A l u m i n x m i 

W o r k a t O a k R i d g e C l ) h a s s h o w n t h e r e a c t i o n b e t w e e n a l u m i n u m a n d u r a n i i i m c a r ­

b i d e a t 6 2 0 C t o v a r y a s a f u n c t i o n of c a r b o n c o n t e n t , a s s h o w n i n T a b l e 7 . 

TABLE 7. REACTION BETWEEN ALUMINUM AND UC AT 620 C^^) 

T i m e 

620 C. 

4 

10 

16 

24 

48 

74 

96 

at 

hr U - 9 . 2 w / o C 

NR 

NR 

NR 

NR 

NR 

NR 
•ifo UAI4 

U-8 .24 w / o C 

NR 

NR 

NR 

NR 

9fo UAlg 

9fo UAI3 

Reaction(*) Occurring With 

U-7 .98 w/o C 

NR 

NR 

NR 

NR 

Ifo UAlg. 

Ifo UAI4, 

V a O.^p 

U-6 .96 w / o C 

NR 

NR 

NR 

^ 0 UAI4, 

Alloy Shown 

U-5 ,75 w / o C 

NR 

AV» 71^ 

U-4.86 w/o C 

NR 

AV » 8^0 

U-4.46 w/o C 

AV» l.Zfo 
CD 

(a) Codes 
NR B No reaction 

AV a Change in volume of specimen 
CD » Complete disintegration. 

B e r y l l i i m i 

A . B o e t t c h e r , e t a l , , ' ^ ' f o u n d b e r y l l i u m t o b o n d t o U C a t 6 5 0 C i n 12 h r u n d e r a 
p r e s s u r e of 15 k g p e r m m ^ . 
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P , M u r r a y , et al . , (3) found reac t ion between U2C3 or UC2 and be ry l l ium be ­
tween 600 and 1000 C, 

Bismuth 

No reac t ion between mol ten b i smuth and UC was obse rved dur ing heat ing to 950 C 
and subsequent cooling. (4) At 1100 C, b i smuth does not r e a c t with e i ther UC2 or 
UzCs^"*), both of which a r e cons idered to be m o r e reac t ive than the monocarb ide . 

Lead 

Molten lead will not wet UC by dipping. (2) 

Molybdenum 

Reaction between UC and molybdenum was observed meta l lographica l ly after sin­
t e r ing at 1200 C. (5) 

Nickel 

Nickel has been deposi ted on UC by both vacuum evaporat ion and e lect rolyt ic 
deposit ion. Annealing of these spec imens for 10 min at 1000 C produced two l a y e r s 
between the UC and the nickel , one U£,Ni, the other of unknown composit ion. Ĉ l 

Nichrome V 

A mix tu re of 30 volume p e r cent of UC in Nichrome V showed meta l lographic 
evidence of reac t ion a,nd mel t ing after s in ter ing at 1200 C. (^1 

Niobium 

Metal lographic evidence of reac t ion between niobium and UC was observed after 
s in ter ing at 1200 C. Ĉ ) 

Niobium- Titaniura 

A niobium-40 a /o t i tan ium alloy in contact v/ith UC was fotmd to r eac t , producing 
a mol ten phase at 1200 C. (^) 

Silicon 

Siliconization was found to take p lace at 1000 C, producing USi3 on the surface of 
UC in contact with si l icon m.etal. " ) 
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Sodium and NaK 

NicholsC^) r e p o r t s sa t i s fac tory compatibi l i ty of UC with NaK at 800 C after 1 
month ' s exposure . P r i c e , et a l . , Ĉ ) r an t e s t s involving cast uranium™5 w / o carbon 
specim.ens held in molybdenum or Type 304 s t a in less s teel baske t s i m m e r s e d in NaK-
filled s ta in less s tee l capsi i les . After 2 to 6 weeks a t 1300 F and 12 weeks at 1100 F , 
the carbide spec imens w e r e intact except for mino r weight l o s s e s . 

Steel 

Mild s tee l was found to r e a c t with urani t im monocarbide at 1000 C in 24 h r . '°^ 

Stainless Steel 

Stainless s teel could not be bonded to u r an ium monocarbide at 650 C in 12 h r \mder 
a p r e s s u r e of 15 kg p e r m m ^ . ('^1 Uranium monocarb ide was found to r eac t with s ta in less 
s tee l in 24 h r at 1000 C. Ĉ ) Type 304 s t a in less s tee l , used to contain UC specimens in a 
NaK environinent , was embr i t t l ed by an exposure of 12 weeks at 1100 F . i'l NicholsC") 
r e p o r t s that UC and s ta in less a r e compatible at 1000 C and that 0. 004 in. penet ra t ion 
o c c u r r e d during 6 days at 1100 C. 

Tanta lum 

Tanta lum will d isp lace u r an ium f rom u ran ium monocarbide . The react ion is slow 
at 1000 C but becomes rapid nea r the mel t ing point of u ran ium monocarbide . (9) 

Tin 

Molten t in will not wet u r an ium carbide by dipping. ^ ' 

Titanium 

NicholsC") r e p o r t s that r eac t ion o c c u r s between UC and t i tanium at 1100 C, the 
penet ra t ion amounting to 0. 005 in. in 6 days at t e m p e r a t u r e . Very m a r k e d react ion was 
observed at 1200 C. 

Zinc 

Molten zinc will wet urani t im carbide by dipping. ' ' 

Z i r ca loy-2 

Z i rca loy-2 was found to r e a c t with u ran ium carb ide in 1 h r at 1200 c " ^ ) but not 
at 800 C^l l ) . 

file:///mder


54 

Zirconium 

Zi rconium was bonded to u ran ium carb ide at 650 C in 12 h r under a p r e s s u r e of 
15 kg pe r m m ^ . '^/ Cons iderable reac t ion was observed between z i rconium and u ran ium 
carbide at 1000 C and 1200 C in 24 h r . i^^ 8) 

Air , Oxygen, and Ni t rogen 

Uranium monocarb ide i s a t tacked v e r y slowly by mo i s t a i r at room t e m p e r a t u r e , 
but it can be handled in bulk fo rm, if exposure to m o i s t u r e i s min imized as by s torage 
in a des i cca to r . It i s r epo r t ed that UC2 i s at tacked m o r e rapidly in a i r than is UC. 
Thus , the p r e s e n c e of UC2 a s a second phase in UC m.ay accentuate this difficulty. Cl^) 

Uranium dicarbide r e a c t s with both oxygen and ni t rogen at a r a t e which is p a r a ­
bolic as a function of t e m p e r a t u r e . At 300 C, the reac t ion with oxygen becomes an iso-
the rma l , A s t immary of these data appea r s in Table 8. 

TABLE 8. CORROSION OF URANIUM DICARBIDE IN WATER VAPOR^ NITROGEN^ AND OXYGEN 

Test 

Medium 

29 mm H2O 

H2O vapor 

Nitrogen 

Oxygen 

Temperature, 
C 

50 
150 

200 

250 

300 
300 

400 

600 
700 

150 

200 

250 
300 

Linear, 
mg/(cm2)(sec) 

0.04 

0.66 
3 ,2 

. -

. . 
--

- . 
--
--

— 
--
. . 
--

Corrosion Rate 
Parabolic, 

(mg/cm2)2/sec 

. . 
— 
--

6520 
9210 
6840 

16 
860 

3300 

6 .1 

75 
900 

Anisotliermal 

Reference 

13 and 14 

13 and 14 

13 and 14 

13 
13 
13 

14 
14 

14 

14 
14 

14 

14 

Compatibi l i ty With Liquids and Gases 

Water 

It has been genera l ly noted that UC has v e r y poor compatibi l i ty with wate r at any 
t e m p e r a t u r e . NicholsC") r e p o r t s that rapid decomposi t ion r e s u l t s f rom exposure to 
wate r at t e m p e r a t u r e s above 80 C. The gaseous reac t ion p roduc t s evolved dur ing 
hydro lys i s of UC at 83 to 400 C w e r e analyzed by Litz(15). The l ibe ra ted gas was com.-
posed of hydrogen and methane with a hydrogen concentra t ion varying f rom 12 p e r cent 
at 83 C to 100 pe r cent at 400 C. At al l t e m p e r a t u r e s , the solid reac t ion product was 
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U02. Appi-eciafclc r a t e s cf r c a c t i c a between wa te r and uran.iuiT> c?->"bi^p have been noted 
at t e m p e r a t u r e s as low as 40 C. (1°) Several inves t iga tors have de termined the cor ros ion 
ra t e of the d icarbide in wate r vapor as s u m m a r i z e d in Table 8. The r e su l t s indicate 
that the r a t e i s l inear at 200 C and below, but parabol ic above this t e m p e r a t u r e . 

Alkal ies and Acids 

Concentra ted ac ids will r e a c t slowly with UC at room t e m p e r a t u r e , the react ion 
r a t e inc reas ing with t e m p e r a t u r e , C '̂̂ ) Alkal ies will readi ly decompose UC2. -̂̂ ^̂  

Organic s 

Some organic m a t e r i a l s r eac t with the ca rb ides of u ran ium. When UC was exposed 
in glycer in at 100 C a we igh t - loss r a t e of 50 mg/(cm2)(hr ) was m e a s u r e d . '^) Terphenyl 
(Santowax R) co r roded UC at the r a t e of approximate ly 5 mg/(cm^)(hr ) at 350 C, probably 
as a r e su l t of t r a c e s of contained m o i s t u r e . A weight l o s s of 0. 4 mg/(cm2)(hr) occur red 
during exposure of UC to ethylene glycol at 150 C. (19) 

Halogens 

Uran ium dicarbide will r e a c t with the ha logens , usual ly to fo rm compounds of the 
UX4 type. The r e s u l t s a r e s u m m a r i z e d in Table 9. (̂ "̂ ^ 

TABLE 9. REACTION OF UC2 WITH THE HAL0GENS(J-'7) 

Reactant 

Ciilorlne 

Fluorine 

Bromine 

Iodine 

Temperature, 
C 

350 
600 

30 
30 

390 
800-900 

500 

Product 

Volatile chloride 
UCI4 

. . 

UBr4 

UI4 

Comments 

__ 

No reaction 
Explosive reaction 

Ignites in bromine vapor 

— 

C02 

Uranium monocarb ide oxidizes at 500 C in a CO2 a tmosphere at an 8 -a tm gas 

p r e s s u r e . 
(6) 

S2S 

Uranium monocarbide ignited in H2S at 600 C producing a sulfide, (l*^) 
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NH3 

Uranium dicarbide was pa r t i a l ly decomposed by NH3 at a red heat . (I'^l 

Hydrogen 

UC is compatible with hydrogen, if no second phases a r e p re sen t . 

Solvents 

Acetone, alcohol, benezene , carbon t e t r ach lo r ide , k e r o s e n e , xylene, and Zyglo 
solutions did not r eac t with UC during a 5-hr exposure at rooim. t e m p e r a t u r e . * ' 
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P R E P A R A T I O N A N D F A B R I C A T I O N 
O F N U C L E A R C A R B I D E S 

T H E R M O D Y N A M I C S 

J . J . W a r d a n d G, W. C u n n i n g h a m 

I n t r o d u c t i o n 

T h e i,herjiiiod]/iiafliic d a t a p r e s e n t e d h e r e h a v e b e e n u s e d p r i m a r i l y i n s t u d i e s of t he 
p r e p a r a t i o n of c a r b i d e s . A l t h o u g h t h e b a s i c d a t a w e r e o b t a i n e d f r o m the l i t e r a t u r e , a s 
i n d i c a t e d , c a l c u l a i i o n s m a d e b y the a u t h o r s on s o m e of t h e m o r e i n t e r e s t i n g r e a c t i o n s 
a l s o h a v e b e e n i n c l u d e d . In t he l a t t e r i n s t a n c e s , i t w a s n e c e s s a r y to e x t r a p o l a t e l o w -
t e m p e r a t u r e d a t a fo r u s e a t h i g h t e m p e r a t u r e s , a n d , c o n s e q u e n t l y , t h e c a l c u l a t e d d a t a 
p r e s e n t e d fo r v a r i o u s r e a c t i o n s a r e e s t i m a t e d v a l u e s on ly . 

R e a c t i o n s c o n s i d e r e d for p r e p a r a t i o n of t he c a r b i d e s i n c l u d e t h o s e invo lv ing g a s e ­
ous r e a c t a n t s , c o i i d e i i s e d - p l i a s e r e a c t a n t s ( g a s - l i q u i d a n d g a s - s o l i d ) , and s o l i d - s o l i d 
r e a c t a i i i s , B a s i c d a t a a v a i l a b l e fo r u r a n i u m , t h o r i u m , a n d p l u t o n i u m c a r b i d e s w h i c h 
a p p l y to a l l t h e s e x 'eac t ions a r e l i s t e d in T a b l e 10. T h e s e d a t a w e r e s e l e c t e d for u s e 
b e c a u s e t h e y a p p e a r to be t he m o s t r e l i a b l e d a t a a v a i l a b l e ^ A m o r e d e t a i l e d c o m p i l a t i o n 
of t h e t h e r m o d / n a r n i c d a l a a v a i l a b l e i n t he l i t e r a t u r e h a s b e e n p u b l i s h e d b y S t r a s s e r ' - ^ L 

TABLE ill. llirR?IC-D\M''KUC î ROPERTlES(a) OF THE CAKBIDEs. OF URANEBI, THORlUMa AND PLUTONIUM 

UC(b) UC2(̂ ^ ThC2 PuC 

Ilest tif roniwi- 1 n S' Tj 1 li , iu2l p^i g iiiolt. 

Free Encî y of rouaaiion s 25 C, 4 G , , cal per g mole 

Entropy i'CBoimaa-rm 4. 25 C, As , cal/Cg molc)(K) 

Refcrepxe 

-2u,oyu 

-18,900 

-3.70 

(2.3) 

-42,000 

-41,1'iO 

-a.o 

m 

-44,800 

-44,030 

-2,6 

(5) 

-25,000 

-24,400 

-2.0 

(6) 

(a) Tiier.iioJjiiamic data for ihe metal carbides at higher temperatures were computed by the method given in "Chemistry and 
Metallurgy of MiscelUncjUii MdtunaU", TID-32i2 (1955). 

(bj Heai-Capaciiy Equatio.is foi Uranium Carbides: 

Reference 
UCe = 8.93 -I- ;». 95 : J iJ-3 1 (7) 

UC - 7 6 + 2. B5 X lii-S T (2) 

A-^reparation of C a r b i d e s — G a s e o u s R e a c t a n t s 

HycJi 'ocarljon ^ai><as l j a \ e b e e n c o n s i d e r e d fo r r e d u c t i o n of b o t h g a s e o u s a n d c o n ­
d e n s e d u r a i i i u m phd . se s . T h e r e l a t i v e r e d u c t i o n p o t e n t i a l of t h e v a r i o u s h y d r o c a r b o n s 
c a n b e o b t a i n e d b / e : : ami i i a t ion of t h e d a t a in T a b l e 1 1 . A l t h o u g h the f r e e e n e r g y of fo r ­
m a t i o n IS pooi i ivc fo r m o s t of the g a s e s a t r e l a t i v e l y l o w t e m p e r a t u r e s , c r a c k i n g i n to 
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hydrogen , rgrbnn^ anrl iiri<?atii^?ted hydrocarbon? does not usual ly occur '7/ithout benefit 
of a ca ta lys t up to re la t ive ly high t e m p e r a t u r e s (approximately 1800 F) . If cracking does 
not occur until the reac t ion takes p l a c e , those ga se s with a higher posit ive free energy 
will contr ibute m o r e driving force for the product ion of the ca rb ide . Although data have 
not been r e p o r t e d , the catalyt ic effect of p lu tonium, u r a n i u m , t h o r i u m , o r the i r c o m ­
pounds , on the cracking of the hydrocarbons should be considered in reac t ions of this 
type« A l s o , those m a t e r i a l s used in the reac t ion v e s s e l o r purification t r a in should not 
produce c rack ing . It i s evident t h a t , if cracking occurs before the react ion takes p l a c e , 
the r eac tan t s a r e the fuel compound and carbon in a hydrogen atmosphere^ In the case 
of gases such as ace ty l ene , cons iderable driving force for the production of the carbide 
would be los t . 

TABLE 11. HTDROCARBON REDUCTION POTENTIAL OF FUEL COMPOUNDS(a) STANDARD FREE ENERGY 
OF FORMATION OF HYDROCARBONS(8) 

Standard Free Energy of Formation, A Gf, cal per g atom carbon 
Temperature 
F K 

620 600 
980 800 

1340 1000 
1700 1200 

Methane, 
CH4 

-5,490 
-550 

+4,610 
+9,850 

Propane, 
l/aCgHg 

+5,170 
+10,150 
+15.230 
+20.330 

n-Butane, 

I/4C4H10 

+6,150 
+11,130 
+16,180 
+21,260 

a-Octane, 
l/SCgHio 

+7,750 
+12,770 
+17,850 
+22, 940 

Acetylene, 
1/2C2H2 

+22,920 
+21,590 
+20,300 
+19, 045 

Benzene, 
l/eCgHg 

+7,280 
+8,810 

+10,380 
+11,970 

(a) The liigher the positive value of A G J , the greater Is the reducing power of the hydrocarbon. At higher temperatures, the 
data are unrealistic since thermal cracking may occur. 

The reduction of UF^ to UC by hydrocarbons has been cons idered in detailt^) and 
some of the r e s u l t s , based on data by Glas sne r ( lO) , a r e shown in Table 12. These r e ­
sul ts indicate that UF4 would form as an in te rmedia te product and tha t , under equi l ibr ium 
condi t ions , the reduct ion of UF5 to UC would not go to completion. React ions with other 
hal ides were not cons idered . B r o m i d e s , c h l o r i d e s , and iodides a r e not genera l ly con­
s ide red for p repa ra t i on of the c a r b i d e s , s ince other fuel compounds a r e m o r e readi ly 
avai lable . However , s ince UFg, i s used to produce other u ran ium compounds i t s use 
would be des i rab le if conditions could be found under which UC could be produced from 
UF6, 

P r e p a r a t i o n of Carb ides -• Condensed Phase Reactants 

The m o s t commonly cons idered reac t ions for the production of carb ides by use of 
a hydrocarbon gas involve the reac t ion of the m e t a l , the oxide , o r , in some c a s e s , the 
hydride with me thane . The data for these reac t ions a r e given in Table 13. Simi lar r e ­
sults would be expected with o ther h y d r o c a r b o n s , although m o r e favorable resu l t s would 
be indicated for those compounds with a h igher posi t ive free energy of formation as 
l i s ted in Table 11. 

The reduction of UFg, to UC by graphi te has a lso been cons idered(9) , and , as indi­
cated in Table 14, the reac t ion i s not favorable^ Another reac t ion which is feasible but 
which involves the separa t ion of solid products is the reduction of UF^ to UC by calcixun 
carbide and ca lc ium. Data for this reac t ion a r e given in Table 15. Since UF4 will a lso 
be reduced no difficulty i s encountered because of UF4 formation. 
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TABLE 12. STANDARD FREE-ENERGY CHANGES OF THE REACTION OF UFgCg) TO UC(c) SHOWING THE FREE-ENERGY 
CHANGES OF THE INTERMEDIATE UF4(c,g.l) 

The over-all reaction(9) is: UFg(g) + H2(g) + CH4(g)::^ UC(c) + 6HF(g). 

Standard Free-Energy Change, ^G , cal 

Reaction Reaction 1000 K(1340 F) 

-69,070 

— 

+83,430 

— 

+14,360 

1200 K (1700 F) 

-70. 690 

_-

+64,850 

--

-5.840 

1500 K (2240 F) 

-71,270 

-64,870 

+39,090 

+32,690 

-32,180 

2073 K (3270 F) 

-84, 670 

-97.440 

-8,090 

+4,680 

-92,760 

l(a) 

2(b) 

3(a, c) 

4(bsC) 

5(c) 

UFeCg) + H2(g)-^-UF4(c.l) + 2HF(g) 

UFeCg) + H 2 ( g ) - ^ UF4(g) + 2HF(g) 

UF4(c.l) + CH4(g)-^- UC(c) + 4HF(g) 

UF4(g) + CH4(g)~^UC(c) + 4HF(g) 

UFeCg) •*• «2(g) + ™4(S) - ^ U C ( c ) 
+ 6HF(g) 

(a) In Reactions 1 and 3, UF4 is shown as a liquid at 2073 K, which is above the boiling poini of UF4. Therefore, this reac­
tion would have to be compressed. 

(b) In Reactions 2 and 4, UF4 is shown as a gas at 1500 K. IIF4 boils at 1690 K̂  and therefore, this reaction would have to be 
carried out at diminished pressures. 

(c) Methane would crack to carbon and hydrogen above 1700 F. 

TABLE 13. STANDARD FREE-ENERGY CHANGE OF THE REACTION OF FUEL METALS^ 
OXIDES, AND HYDRIDES WITH METHANE GAS 

Standard Free-Energy Change, 

Reaction 

AGj,., 

1000 K 

+90.380 

+93,910 

+71,850 

-48,220 

-22,620 

-51,620 

-27,610 

, cal 

1200 K 

+66,560 

+53.870 

+39,550 

-58,100 

-27, 020 

-61,580 

-32,450 

U02(c) + 4CH4(g):^^UC2(c) + 2CO(g) + SHgCg) 
U02(c) + 3CH4(g)^:=:UC(c) + 2COCg) + 6H2(g) 

Th02(c) + 4CH4(g)=^ThC2(c)+2CO(g) + 8H2(g) 

Pu02(c) + 3CH4(g)^:^PuC(c) + 2CO(g) + 6H2(g) 

U(c) + 2CH4(g) = UC2(c) + 4H2(g) 
U(c) + CH4(g)^::^UC(c) + 2H2(g) 
Th(c) + 2CH4(g):=:= ThG2(c) + 4H2(g) 
Pu(c) + CH4Cg)^=rPuC(c) + 2H2(g) 

2UH3(c) + 2CH4Cg)^i 2UC(c) + 7H2(g) 
2UH3(c) + 4CIi4(g).^=i 2UC2(c) + llH2(g) 

UH3 is dissociated to U(c) + 3/2 
H2(g) at these temperatures 
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TABLE 14. THE STANDARD FREE-ENERGY CHANGE FOR THE REDUCTION OF UF6(g) BY CARBON TO UC(c) 

UFe(g) + C(c)::^UC(c) + 3/2CF4(g). 

Temperature 
- K 

Standard Free-Energy Change, 
G°j , cal 

Logio 
Equilibrium 

Constant, 
loglO K 

-23,716 

-18.326 

Equilibrium 
Conversion of 

UFg(g) to UC(c) at 1 Atm 
Pressure, per cent 

6.1 X 10'^^ 

3140 

4040 

2000 

2500 

+217,050 

+209,650 

TABLE 15. STANDARD FREE-ENERGY CHANGE FOR REDUCTION OF URANIUM 
FLUORIDES TO UC WITH CaCg AND CALCIUM 

Reaction 
Free-Energy Change, 

G°x, cal 

-655,740 
-550,900 
••477,820 

-283,740 
-274,900 
-233,820 

Temperature, 
C 

727 
1800 
2227 

727 
1800 
2227 

2UF6(g) + 5Ca(c,l,g) + CaC^c)=i2UC(c) + 
6CaF2(c.l) 

2UF4(g) + 3Ca(c,l,g) + CaC^c):;:i2UC(c) 
+4CaF2(c.l) 



TABLE 16. STANDARD FREE-ENERGY CHANGE OF REACTIONS FOR THE PREPARATION OF NUCLEAR CARBIDES FROM THEIR CORRESPONDING OXIDES BY THE 
ACTION OF CARBON 

Reaction 
Standard Free-Energy Change, A G T , cal 

900 K 1000 K 1200 K 1400 K 1600 K 1800 K 2000 K 2200 K 
Equilibrium Partial Pressure of 
CO at 2200 K, mm of mercury 

U02(c) + 3 C ( c ) ^ UC(c) + 2C0(g) 

Th02(c) + 4 C ( c ) ^ ThCgCc) + 2C0(g) 

I>u02(c) + 3 C ( c ) ^ PuC(c) + 2C0(g) 

+112,060 +104,210 +88,530 +72,980 +57,520 +41,940 +26,350 +10,760 

+116,900 +108,370 +91,270 +74,320 +57,450 +40,720 +24,080 +11,990 

+92,040 +85,680 +69,100 +53,160 +37,250 +21,360 +5,520 -10,320 

221.7 

192.7 

2471.5 

TABLE 17. STANDARD FREE-ENERGY CHANGE FOR THE FORMATION OF CARBIDES BY REACTION OF FUEL METALS WITH CARBON *̂) 

Reaction 
Standard Free-Energy Change, AGj, cal 

900 K 1000 K 1200 K 1400 K 1600 K 1800 K 2000 K 2200 K 

U(c) + C(graphite):^ UC(c) 

U{c) + 2C(grapliite):^ UCgfc) 

Th(c) +2C(graphite)^ ThCgCc) 

Pu(c) + C(grapMie):^ PuC{c) 

-18, 400 -18, 010 

•I'Q, 300 -39, 000 

-42,660 -42.400 

-24, 820 -23, 000 

-17,170 

-38, 400 

-41, 880 

-22, 600 

-16,300 

-37, 800 

-41, 360 

-22,220 

-15,200 

-37, 200 

-40, 840 

-21, 800 

-14, 600 

-36, 600 

-40, 320 

-21, 400 

-14, 000 

-36, 000 

-39, 800 

-21, 000 

-13, 400 

-35, 400 

-39, 280 

-20, 600 

(a) At all temperatures UH3 will decompose to uranium and hydrogen. 
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pr/o-na r a t i o n rtf C ^ r b i d p ' ^ — '?nlirl-*>nlir! R<aaftinn<5 

The sol id-State reac t ions genera l ly involve the formation of the carbide by react ing 
the m e t a l , the ox ide , the hydr ide or another ca rb ide with carbon. If extended to a suf­
ficiently high t e m p e r a t u r e , r eac t ions with the liquid meta l may also be considered. 

React ions of carbon with the oxide a r e l i s ted in Table 16. Because of the re la t ively 
low equi l ibr ium p r e s s u r e of CO, these reac t ions a r e usual ly c a r r i e d out in vacuo. 

React ions of the m e t a l , e i the r as me ta l or s ta r t ing with UH^, with carbon a r e 
shown in Table 17. 

The reac t ion of carbon with UC to form UC2 is cons idered in Table 18, 

TABLE 18. STANDARD FREE-ENERGY CHANG^'^) 
OF THE REACTION: 

UCCc) + G(c)^i^UC2(c) 

Temperature, Free-Energy Change 
K A G ^ cal 

900 -20,900 
1000 -20,990 
1200 -21,230 
1400 -21,500 
1600 -22,000 
1800 -22,000 
2000 -22,000 
2200 -22,000 

Other reac t ions which have been c o n s i d e r e d , but which do not appear favorable b e ­
low about 1800 C include: (1) UF4 + S i C ^ U C + S iF4 and (2) US + C==^UC + I /2S2. 
The f i r s t of these reac t ions probably would be complicated by the formation of a u ran ium 
s i l ic ide . 
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PREPARATION BY CHEMICAL REACTIONS 

D. E . Kize r and D. L,. Kel le r 

Introduction 

Var ious methods other than a r c melt ing have been invest igated exper imenta l ly for 
the p repa ra t ion of u ran ium c a r b i d e s . These include react ion of u ran ium with h y d r o c a r ­
bons and the reac t ion of u ran ium and u ran ium oxides with carbon. The thermodynamics 
of the reac t ions to be d i scussed can be found in the previous sect ion. 

React ion of Uranium With Hydrocarbons 

The cracking of alkane hydrocarbons to hydrogen_, c a rbon , and alkenes mus t be 
cons idered in any h i g h - t e m p e r a t u r e reac t ions involving these compounds. T h e r m o -
iynamic calculat ions p red ic t that the cracking of a lkanes should occur at re la t ive ly low 
t e m p e r a t u r e s , some at room t e m p e r a t u r e . However , it is known that many of the hydro ­
carbons a r e stable at t e m p e r a t u r e s on the o r d e r of 2000 F , and in many cases ca ta lys ts 
i r e r equ i r ed to c r a c k the compounds at t e m p e r a t u r e s well above the i r p red ic ted decom­
position t e m p e r a t u r e . 

In the reac t ions involving the production of UC, it is not known whether u ran ium 
le ts to any degree as a ca ta lys t . If no catalyt ic effect is obta ined, the reac t ions a r e c a r ­
ried out at a t e m p e r a t u r e at which the hydrocarbon gas is stable^ The impor tance of 
iwhether o r not the hydrocarbon c r a c k s m a y be i l l u s t r a t ed by compar ing the reac t ions : 
;i) U + CH4-*"UC + 2H2 and (2) U -f C - * - U C . At 900 K the f r ee -ene rgy change for the 
: i rs t reac t ion is -23 ,130 c a l , and for the second reac t ion it i s -20 ,550 cal . T h u s , in the 
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second reac t ion the additional driving force provided by the d<=»mmpo^itin-n of the rnptba-ne 
is l o s t , and , except as a m a t t e r of convenience in adding r e a c t a n t s , the same resu l t s 
could be obtained by reac t ing carbon and u ran ium in a hydrogen a tmosphere . 

Uranium-Methane React ion 

The react ion of u r an ium with m e t h a n e , U + CH^—^UC + 2H2, has been s u c c e s s ­
fully used to produce UC of nea r s to ich iomet r ic composition^ d ) Nibbled uraniuna or u r a ­
nium turnings and powder have been used as the s ta r t ing m a t e r i a l . The uran ium should 
be pickled in a 50:50 n i t r i c ac id -wa te r solution to remove ox ide , r insed thoroughly in 
water and dr ied in alcohol or ace tone . The cleaned uran ium should then be quickly t r a n s ­
f e r r e d to a vacuum chamber to l imi t oxidation. After thorough outgassing at 250 to 300 C 
the meta l is hydrided at 200 to 250 C to produce a fine u ran ium powder. This powder is 
then reac ted with methane gas at a p r e s s u r e of l e s s than 1/2 a tm at a t empe ra tu r e of 
650 to 700 G. After s eve ra l cha rges of methane have been added it is beneficial to drop 
the t e m p e r a t u r e and hydride the unreac ted m e t a l . This is done to maintain a loose m a s s 
so that the reac t ion with methane will occur f ree ly when the t e m p e r a t u r e is again ra i sed . 
The completion of the reac t ion is indicated when no dec rea se in p r e s s u r e occurs as the 
react ion tube is allowed to cool to room t e m p e r a t u r e after it has been evacuated and filled 
with hydrogen at 650 C« If a d e c r e a s e in p r e s s u r e is noted , hydr id ing , breaking down of 
the h y d r i d e , and react ion with methane a r e repeated until the reac t ion with methane i s 
complete . 

Uranium carb ide p r e p a r e d at B a t t e l l e , by the method desc r ibed above , has a typical 
chemica l ana lys is of 4. 88 w/o total carbon and 0. 31 w/o free carbon. An X - r a y diffrac­
tion pa t t e rn of this m a t e r i a l shows a v e r y s t rong UC p a t t e r n , a faint UC2 p a t t e r n , and a 
diffuse m e d i u m - s t r o n g pa t t e rn of an unknown. 

L i t z ' ' r e p o r t s that X - r a y diffraction pa t t e rn s of UC p r e p a r e d by the above method 
indicate that meta l l i c u ran ium and c rys ta l l ine graphi te a r e absent from the product . He 
r epo r t s a typical ana lys is a s being 94. 8 w/o u ran ium. 

Ka l i sh , Bowman, and Cranet^ l a l so r e p o r t s tudies of the u ran ium-methane r e a c ­
tion. The i r technique involves pass ing methane at a ra te of 5 ft^ per h r over u ran ium 
meta l powder and urapi t im hydride s ta r t ing m a t e r i a l at a t e m p e r a t u r e of 700 C. After 
2 h r at t e m p e r a t u r e with a s t a r t ing m a t e r i a l of fine u ran ium powder . X - r a y diffraction 
pa t t e rns indicated UC and u ran ium w e r e p r e s e n t in the product . A duplicate exper iment 
using u ran ium hydride as a s ta r t ing m a t e r i a l ins tead of fine u ran ium powder yielded only 
UG, as indicated by an X - r a y diffraction pa t t e rn . 

A patent has been i s sued to R« W« FisherC^) descr ib ing the production of uran ium 
monocarbide by heat ing u ran ium me ta l in the range of 400 to 1125 C in contact with m e t h ­
a n e , or an aliphatic hydrocarbon. The amount of hydrocarbon employed is adjusted so 
that i ts carbon content co r r e sponds to about 4. 8 w / o of the u ran ium me ta l . 

U ran ium-Propane Reaction 

Kize r ' * has em.ployed the U + CHg—^UC + 4H2 react ion. Fine uranium, powder 
p r e p a r e d by the t he rma l decomposi t ion of u ran ium hydride was reac ted with propane at 
538 C to produce UC having a to t a l - ca rbon ana lys i s of 4. 68 w/o and a f r ee -ca rbon analy­
s is of 0. 32 w / o . An X - r a y diffraction pa t t e rn of the product indicated a ve ry strong but 
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diffuse pa t t e rn of UC and a ve ry faint pa t t e rn of unknown. No f r ee -u ran ium or g raph i t i c -
carbon l ines appeared in the pa t t e rn . The p rocedure for the propane react ion was the 
same as previous ly desc r ibed for the methane react ion except that the chamber was 
filled with propane at a p r e s s u r e of 1/4 a tm or l e s s , and the reac t ion was c a r r i e d out at 
a t e m p e r a t u r e of 538 C. Increas ing the t e m p e r a t u r e of the reac t ion above 538 C to 650 C 
had no not iceable effect on the reac t ion r a t e . The completion of the reac t ion was indi­
cated when no d e c r e a s e in p r e s s u r e o c c u r r e d as the reac t ion tube was allowed to cool to 
room t e m p e r a t u r e after it was evacuated and filled with hydrogen at 538 C. If a d e ­
c r e a s e in p r e s s u r e was no ted , hydr id ing , breaking down of the hydride tmder vacuum, 
and reac t ion with propane was repea ted until the react ion with propane was complete . 

Uranium-Acetylene Reaction 

The reac t ion of u ran ium with acetylene to form UC, 2U + O2H2—^2UC + H2, has 
been repor ted by Litzl '^' to have an apprec iable ra te at 500 C. The product is repor ted 
to contain re la t ive ly l a rge quanti t ies of ca rbon , making it imprac t i ca l for producing pure 
s to ich iometr ic UC. 

Reaction of Uranium Oxides With Carbon 

The s tandard f r ee - ene rgy change for the reac t ion U02(c) + 3C(c)=?^UC(c) +2CO{g) 
is +16,000 cal at 1800 C. Exper imen ta l r e su l t s indicate that the reac t ion of UO2 with 
carbon can take place at low t e m p e r a t u r e s if the CO pa r t i a l p r e s s u r e is maintained low 
enough. If U^Og is used ins tead of UO7 for the formation of UC by combining with c a r ­
bon, the above reac t ion would st i l l control as the U^Og probably goes to UO2 at a t e m ­
p e r a t u r e lower than that r equ i red for the beginning of the U 0 2 - c a r b o n reac t ion . This 
assumpt ion is fur ther ver i f ied by exper imenta l data, r epor ted by LitzC^). It was observed 
that after the ini t ial evolution of absorbed gases during vacuum heating of U-jOo-carbon 
m i x t u r e s , at re la t ive ly low t e m p e r a t u r e , no fur ther gas evolution of sufficient magnitude 
to i n c r e a s e the p r e s s u r e in the sy s t em o c c u r r e d until the t e m p e r a t u r e reached 1000 C. 
A second stage of gas generat ion o c c u r r e d at 1400 C, When UO2 w-as used instead of 
U3O8 the lower t e m p e r a t u r e s tage was not observed . 

Mixes of the s to ich iomet r ic composit ion of UC have been p r e p a r e d from UO2 and 
carbon and from U^Og and carbon by ball niilling or grinding and then react ing the m i x ­
ture in vacuum at t e m p e r a t u r e s as high as 2100 C. Considerable outgassing has been 
repor ted at t e m p e r a t u r e s a s low as 1300 C . ' ' When the reac t ion t e m p e r a t u r e was in ­
c r e a s e d to 1500 C and held until a vacuum of 1 fi was obta ined, the X - r a y diffraction 
pa t te rn of the product indicated phases of UO2., U C , and a ve ry faint pa t t e rn of unknown. 
S imi la r r e s u l t s have been r epor t ed for reac t ions run 10 h r at 1300 C. ' ' A mix ture of 
U 0 2 - c a r b o n and UC has been repor ted after vacuum react ing s i m i l a r mixes at t e m p e r a ­
tu re s as high as 2100 C. C6,7) n h^g been repor ted that a t e m p e r a t u r e of 2500 C is n e c ­
e s s a r y to obtain d e n s e , homogeneous u ran ium carb ides by vacuum reac t ion of u ran ium 
oxide-carbon m i x t u r e s . ' ' 

A patent descr ib ing the formation of u ran ium carb ides of low carbon content ( less 
than 10 w/o) f rom the oxides UO2 or UjOg and carbon has been i s sued to Wilhelm and 
Daane. t9) in one of the examples c i t ed , a mix tu re of finely powdered UO2 and graphite 
was f i r s t p r e s s e d at 26 t s i to the form, of a b a r , 1/2 by 1/2 by 2 in, , and heated to 
2300 C for 20 min in a graphi te c ruc ib le . The product had a composi t ion of UCi_ 27* 
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Severa l var ia i i ts of the mcll iud, whicli coiii-fcrii Lhc mudc ul iiilj<.ing, hcdi ing, e tc . , a r e 
covered by this patent . 

The reac t ion UO2 + 4C—*-UC2 + 2CO has a lso been studied for the formation of 
UC28 Simi la r UO2 and carbon contaminat ion in the product was repor ted as for the u r a ­
nium oxide reac t ion repor ted above^ The reac t ion was accomplished by heating 20 g of 
lampblack and 80 g of UO2 in a graphi te c ruc ib le after p ress ing at 80 t s i . The react ion 
t ime was 1-1/2 h r at 2100 C . " ^ ) The product was a mixture of excess lampblack and 
smal l UC2 nodules not c l ea r ly s epa rab le . D a a n e , et al . , r epor t s imi la r r e s u l t s . ' ° ' 

React ion of Uran ium Metal With Carbon 

Severa l techniques have been invest igated for the d i rec t combination of u ran ium 
with carbon to form. UC2 or UC. B r e t t , L a w , and Livey have p r epa red UC2 by sintering 
u ran ium-graph i t e powder c o r e s at 1500 C* 5 according to the U -f 2C—*-UC2 react ion. 
A min imum s inter ing t e m p e r a t u r e of 1500 C is r epor t ed n e c e s s a r y to el iminate the p r e s ­
ence of UC in the product . Rubenstein and Kopelman '^^ ' desc r ibe the prepara t ion of 
UC2 ingots by melt ing u ran ium in a th ick-wal led graphite c ruc ib le . F r e e carbon was 
fotmd to be min imized by keeping the t e m p e r a t u r e of the me l t f rom ris ing above 2375 C. 
Carbon ana lyses of 8. 38 to 8. 78 w/o were r epo r t ed for the ingot. F r e e graphite va r i ed 
from 1. 23 to 3, 08 w / o . 

The formation of UC by the d i r ec t combination of u ran ium plus ca rbon , U + C —^ 
U C , has been invest igated by seve ra l w o r k e r s . Var ious methods yield a product varying 
from fine powder to dense UC pe l l e t s . 

Uran ium monocarbide powder has been p r e p a r e d by Daane , Spedding, and 
WilhelmC°) and Chiott i '^^) by mixing graphi te and uran ium hydride powder. The uran ium 
hydride and graphi te were thoroughly m i x e d , heated slowly to 900 C , and s in tered at 
1600 to 1700 C0 No analys is of the product was repor ted . 

A patent has been i s sued to Newton and Johnson(13) for the p repara t ion of c o m ­
pounds of u ran ium and nonmetals,, A p r o c e s s i s desc r ibed for p repar ing a compound of 
a nonmetal and u ran ium by reac t ing u ran ium hydr ide with the vapors of a compound of 
hydrogen and a nonme ta l , such as a r s e n i c , b o r o n , ca rbon , n i t rogen , phosphorus , s e l e -
niuna, su l fur , and t e l lu r ium. 

L i t z ' ' invest igated the feasibi l i ty of p repa r ing UC by heating uranium.-carbon 
mixes in be ry l l ium oxide c ruc ib les to 1800 C. The product was a s in te red m a s s contain­
ing free me ta l admixed with graphi te . Higher t e m p e r a t u r e s resu l ted in excess ive c r u c i ­
ble a t tack. When a graphi te c ruc ib le was used ins tead of a bery l l ium oxide c r u c i b l e , the 
formation of some UC2 rest i l ted. 

Methods of p repar ing dense UC compacts by extruding or hot compacting u ran ium-
carbon mixes followed by reac t ing to fo rm UC by sinter ing at high t e m p e r a t u r e s a r e a lso 
d i scussed in a l a t e r sect ion of this r epo r t . 
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Thor imn and Plutonium Carbides 

Information i s not available in the l i t e r a t u r e on the p repa ra t ion of thor ium or plu­
tonium carb ides by chemical r eac t ions ; howeve r , the the rmodynamics of possible r e a c ­
tions leading to the formation of thor ium and plutonium carb ides were d i scussed in the 
previous sect ion. 

Discuss ion 

There a r e many va r i ab les to cons ider in the evaluation of the economics of var ious 
methods of producing u ran ium carb ide for fuel fabricat ion. At the p r e s e n t t i m e , it is 
poss ible only to point out some of the advantages and disadvantages of different p r o c ­
e s s e s . Bas i ca l l y , t he re a r e two needs to be m e t in the production of UC for fuel-
e lement fabricat ion: (1) product ion of powders of UC suitable for powder fabricat ion 
p r o c e s s e s and (2) production of UC in the form of chunk or s in ter cake suitable for feed 
m a t e r i a l in the cas t ing p r o c e s s . A p r o c e s s which would produce carbide d i rec t ly from 
uran ium hexafluoride would be highly des i r ab le from the point of view of cos t s . 

The reac t ion of hydrocarbons with UH3 or fine u ran ium me ta l powder to produce 
UC powder has been invest igated only on a l abo ra to ry s c a l e , but the powders produced 
have been evaluated to some extent . The technique of producing UC powder by react ing 
fine u ran ium powder with naethane yields a powder with a pa r t i c l e size in the ne ighbor­
hood of 10 ft or l e s s . This powder i s not ex t r eme ly pyrophor ic ; it can be handled for 
shor t per iods of t ime in a i r , although i t is advisable to main ta in a protec t ive a tmosphere 
wherever poss ib le . The re is some indication that the UC powder produced by react ing 
fine u r an ium me ta l powder with methane or propane is m o r e des i rab le for s in ter ing to 
high dens i t ies than powders produced by other techniques . 

In the reac t ion of u ran ium oxides with carbon to produce U C , l a rge vacuum-
pumping capaci t ies appear n e c e s s a r y to evacuate the l a r g e quantity of CO l ibe ra ted d u r ­
ing the reac t ion . T e m p e r a t u r e f rom 1300 to 2100 C a r e r epor ted to be n e c e s s a r y to 
dr ive the reac t ion . This p r o c e s s i s being cons idered commerc ia l ly ; howeve r , difficulty 
may be encountered in separa t ing the products if the react ion does not go to completion. 
The re appea r s to have been l i t t le evaluation conducted on the carbide produced by the r e ­
action. I ts sui tabil i ty as feed m a t e r i a l for cast ing has not been evaluated. S imi l a r l y , i t 
has not been se r ious ly evaluated as a source of powder for powder -meta l lu rgy p r o c e s s e s . 

Severa l o ther p r o c e s s e s have been cons idered by the a u t h o r s , based upon the ava i l ­
able thermodynamic da t a , a s indicated in the sect ion on t he rmodynamics . The reac t ion 
which appears mos t a t t r ac t ive thermodynamica l ly is one involving reduct ion of U F / with 
calciuna and ca lc ium carb ide to produce UC. Some of the disadvantages of such a p r o c e s s 
wotdd be the need for separa t ion of the UC f rom the other reac t ion products and the un­
avai labi l i ty of production quanti t ies of pure ca lc ium carb ide . However , if economic p r o ­
duction is to be ach ieved , d i r ec t reduct ion f rom the fluoride is obviously d e s i r a b l e , and 
potential p r o c e s s e s of this type should be studied. 
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MELTING AND CASTING 

B. Ĉ  Boesser and E. Foster 

Introduction 

The first castings of uranium carbide were made by the reaction of UO2 and graph­
ite to form UC2. ^^) Mallinckrodt UO2 and high-purity graphite in a ratio of 5.62 to 1 
were packed into a graphite crucible and induction heated to 2100 to 2300 C, where reac­
tion between the UO2 and graphite occurred. After the evolution of CO2 gas was essen­
tially complete, the temperature was raised to 2500 C, and a plunger in the bottom of 
the crucible was pulled, allowing the inolten carbide to pour into a graphite mold directly 
under the crucible. The melting was done in a covered crucible without a protective 
atmosphere. The UC2 casting produced was sound, homogeneous, and possessed a 
density of 10. 8 g per cm^. Alloys containing 7 to 9. 2 w/o carbon were made in a similar 
crucible without a mold. A 5. 7 to 1 ratio of UO2 to carbon gave a UC2 ingot which con­
tained 3, 15 w/o carbon; a 7. 9 to 1 ratio resulted in an ingot containing 7. 21 w/o carbon. 
It is not practical to produce uranium monocarbide by induction melting in a graphite 
crucible, since UC reacts very rapidly with the crucible, forming VC^* 

Melting Techniques 

All three of the stable carbides of uranium have been produced and cast by noncon-
sumable arc melting under a helium or argon atmosphere. (2-9) Metallic uranium and 
graphite are charged into an inert-electrode arc furnace equipped with a water-cooled 
copper hearth. The electrode tips may be either graphite or tungsten. Graphite tips 
have a tendency to raise the carbon content of the melt; however, tungsten tips have a 
tendency to erode, resulting in contamination of the charge. Charges are usually melted 
six or seven t imes. The buttons are turned over between melts to insure good homoge­
neity. Castings containing from 2. 2 to 10 w/o carbon have been produced by this 
method. Alloys containing less than 4. 8 w/o carbon show free uranium in their micro-
structures. The microstructures of alloys containing 4. 8 w/o carbon show 100 per cent 
UC, and those containing more than 4. 8 w/o carbon and less than 9. 1 w/o carbon show 
either UC with acicuLar UC2 or UC2 with acicular UC, according to the composition. 
Castings of 9. 16 w/o carbon are 100 per cent UC2- Only by heat treating is U2G3 pro­
duced. Typical microstructures of as-cas t and heat-treated alloys are shown in 
Figure 27. 

Casting Techniques 

Sm.all cylindrical UC castings, up to 3/4 in. in diamLcter by 1-3/4 in. long, have 
been made by "drop casting" in a helium atmosphere. (^) A thin-walled graphite thimble 
mold is suspended in a copper support block by an integral graphite collar inside an a r c -
melting furnace. A photograph of the mold is shown in Figure 28. A 100-g arc-melted 
button is placed on the mouth of the mold, and most of the button is melted by a low-
current a rc . By increasing the current and holding the arc directly over the mouth of 
the mold, the button is m.elted through and dropped into the mold. The castings produced 
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Uranium-8.5 w/o Carbon As Cast Uraiiium-7.0 w/o Carbon Annealed 1 !Ir at 1550 C 

FIGURE 27. TYPICAL MICROSTRUCTURES OF URANIUM CARBON ALLOYS 
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FIGURE 28. PHOTOGRAPH OF TYPICAL DROP-CASTING MOLD SETUP, CHARGE, AND CASTING 
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by this m.ethod_, as shown in F igure 29 , a r e well formed and free of c r a c k s . The r e p r o ­
ducibility of this technique i s v e r y good, and the cas t ings show good uniformity from top 
to bottom^ Analyses of four typical sma l l cas t ings produced by the drop-cas t ing t ech ­
nique a r e given in Table 19. C3) 

TABLE 19. ANALYSES OF SMALL CAST UC SHAPES PREPARED 
BY DROP-CASTING TECHNIQUES 

Casting 
IdentificationC*) 

1 

2 

3 

4 

Location of 
Sampl^b) 

Skull 
Top 

Bottom 

Skull 
Top 

Bottom 

Skull 
Top 

Bottom 

Skull 
Top 

Bottom 

Carbon Content, 
w/o 

5.00 
5.00 
4.96 

4.90 
4.92 
4.87 

4.88 
4.90 
4.94 

5.02 
4.95 
4.92 

(a) All castings were 6/8 IE. in diameter by 2-1/2 in. long. 

(b) The sample location referred to as "skuil" is io the topmost portion 
of the tack-shaped drop casting. 

The sample location referred to as "top" is in the top of die 
cylindrical section of the drop casting. 

The sample location referred to as " bottom" is in the bottom of tlie 
cylindrical section of the drop casting. 

Drop-cas t ing techniques have been used to p r e p a r e cas t ings up to 0 .8 in. in d i am­
e te r and 6 in. long. C*̂) The p r o c e s s used is s i m i l a r to that desc r ibed above except that a 
solid graphite hea r th is employed. Difficulties have been encountered in controlling the 
composit ion of cas t ings made f rom this hearth_, but i t is bel ieved that this p rob lem can 
be solved. 

L a r g e cyl indr ica l UC cas t ings up to 2 in, in d i a m e t e r by 8 in, long have been made 
by a skul l- type a r c - m e l t i n g p rocedu re using an i n e r t a tmosphe re . (10^ H ) A la rge UC 
skxill is p r e p a r e d in a wa te r -coo led copper c ruc ib le from u ran ium and commerc i a l g raph­
ite e lec t rode stock by melt ing smal l c h a r g e s . Metal l ic u ran ium and graphite a r e placed 
on top of the completed skiill and mel ted at 3600 amp and 20 v , using a graphite e lec t rode 
tips When a l a r g e mol ten pool has fo rmed , it is poured quickly into an induction-heated 
graphite mold. L a r g e , sound cas t ings of seve ra l shapes have been produced using this 
method. A photograph of s eve ra l of these shapes i s shown in F igure 30. Surface quality 
and homogenei ty a r e v e r y good. Composi t ional var ia t ions from me l t to mel t exceed those 
found in d r o p - c a s t m a t e r i a l (±0, 1 w / o carbon for the drop cas t ings as compared with 
±0. 3 w/o carbon for m a t e r i a l made by the skul l -cas t ing technique). It has been e s t a b ­
l i shed that a major por t ion of this l a t t e r var ia t ion i s caused by inhomogeneit ies that exist 
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a. As Ca«t 

~/'».^ 

-.-t-^l 

N14372 

N14511 

b. Machined 

FIGURE 29. PHOTOSRAPH OF UC SHAPES PRODUCED BY DROP-CASTING TECHNIQUES 
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in the carb ide skxill. I t i s bel ieved that these inhomogeneit ies a r e re la ted to the c h a r ­
ac t e r of the charge m a t e r i a l s f rom which the skull is formed. It is expected that control 
of the c h a r a c t e r of the charge m a t e r i a l s will e l iminate the inhomogeneity in the skull . 

The sktill-type a r c - m e l t i n g and -cas t ing technique is bel ieved to have cons iderab le 
potential for p repar ing production quant i t ies of cas t UC shapes . Quantity production can 
be at tained by mechanizat ion of the mel t ing opera t ion so as to p e r m i t the cast ing of s ev ­
e r a l fuel slugs s imul taneous ly , and by instal l ing por t s to allow recharg ing of the skull 
without opening the furnace. 

Very l i t t le l i t e r a t u r e on the mel t ing or cast ing of thor ium and plutonium carb ides 
is ava i lab le . However , i t appea r s that the same techniques that a r e used for urani\Hxi 
ca rb ides can be used in the p repa ra t ion of thor ium and plutonium ca rb ides . 
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SOLID-PHASE FABRICATION 

J. M. Fackelmann and D. L. Keller 

Introduction 

Dense forms of uranium carbides may be obtained by several powder-metallurgy 
techniques. Fabrication methods that have been used are: (1) conventional cold p re s s ­
ing and sintering of uranium carbide powder, (2) hot pressing of uranium carbide powder, 
(3) hot pressing elemental mixtures of uranium and carbon pov/ders and subsequent r e ­
action at high temperature , and (4) hot extruding elemental powders followed by reaction 
at high temperature. 

Because of its higher density and other desirable character is t ics , most of the work • 
to date has been concerned with UC rather than UC2^ Similar teclmiques could probably 
be applied to thorium and plutoniiim. carbides; however, very little data on these materi­
als were found in the l i terature. 

Cold Pressing and Sintering 

Uranium carbide powder may be obtained by several methods, as discussed in an­
other section of this report. Since arc melting provides better compositional control of 
the powder at the present t ime, most studies have been performed using powder obtained 
by crushing arc-melted ingots in ball mills or by mortar and pestles. While no economi­
cal use is foreseen for fuel elenaents prepared from arc-melted, crushed, and sintered 
UC, data obtained on these powders contribute to the understanding of the basic problems 
involved. Other types of powders for which data have been obtained are those produced 
by reaction of uranium with methane or propane. 

Finely divided uranium-carbon powders are generally pyrophoric and must be pro­
tected from rapid reaction with oxygen or mois ture , if handled in air . Thus, the mate­
rial must be crushed either in a dry box under an inert gas or v/Mle it is submerged in a 
fluid such as kerosene or trichloroethylene. Where the hydrocarbons are reacted with 
uranium to form UC, the product is already in the powder form, and crushing is carried 
out only if control of particle size is needed. 

Binders needed during the cold pressing of brittle powders have also been used to 
provide protection against atmospheric attack. For example, successfxd. processing in 
air can be accomplished by soaking fine uranium carbide powders in a 15 w/o camphor-
methyl alcohol solution. After thorough mixing, excess alcohol is siphoned off, and the 
balance is removed by evaporation in a i r , leaving a uniform wax coating on each powder 
particle. This same coating can serve effectively as a binder during cold pressing and 
greatly enhances the green strength of the pressed compacts. 

In Table 20 the measured density of arc-melted uranium-carbon alloys is compared 
with the maximum density of mixed uranium and carbon powders having the same carbon 
content. These data are useful in following the various densification and solid-state r e ­
action processes . 
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TABLE 20. RELATIONSHIP BETWEEN CARBON CONTENT AND 
DENSITIES OF URANIUM-CARBON COMPOSITIONS 

Carbon 
Content, 

w/o 

0 
1 
2 
3 
4 
4,8(UC) 
5 
9.2(UC2) 

Measured Density of 
Arc Melted Material, 

3 
g per cm 

19.13 
17.57 
16.34 
15.27 
14.33 
13.63 
13.42 
11.68 

Maximum Density of 
Mixed Components, 

g per cm 

19.13 
17.69 
16.55 
15.55 
14.46 
14.01 
13.86 
12.23 

Before examining data on s in te red ca rb ides it should be pointed out that the carbon 
content both before and during s in ter ing as well as the imipurity level has a profound ef­
fect on the s in ter ing c h a r a c t e r i s t i c s of these par t ic i i la r m a t e r i a l s . F o r exam^ple, s ince 
the reac t ion UC + 1 / 2 ©2—*"U + CO will p roceed rapidly a t high s in ter ing t e m p e r a t u r e s , 
the p r e s e n c e of oxygen, e i ther in the powder or in the s inter ing a t m o s p h e r e , may i n t r o ­
duce liquid u r an ium in the s in ter ing p r o c e s s even in ini t ial ly hypers to ich iomet r i c m a t e r i ­
a l s . F igu re 31 shows typical s t r u c t u r e s of a r i m and c o r e , r e s p e c t i v e l y , of the same 
UC spec imen. In the r i m s in ter ing has p r o g r e s s e d to a highly advanced stage with only 
isola ted c losed voids remaining in the g ra in boundar ies . Apprec iable gra in growth and 
formation of equiaxed g ra ins can be obse rved in this zone. Alpha u r a n i u m , produced 
during s i n t e r i n g , is the major g ra in -boundary const i tuent . However , in the c o r e , the 
or ig inal angular shape of the UC powder pa r t i c l e s i s s t i l l intact with a min imum of neck 
growth and densif icat ion. 

A u ran ium carbide piece that contains a g ra in -boundary u r a n i u m phase may be un­
acceptable as a fuel e l emen t , espec ia l ly for use at high t e m p e r a t u r e s ; t h e r e f o r e , the 
above effects become ex t r eme ly impor tan t in s in te red c a r b i d e s . Carbon ana lyses of the 
piece after s in ter ing plus thorough meta l lographic examinat ions in addition to densi ty 
m e a s u r e m e n t s a r e r equ i r ed for a t rue evaluation of the s in te red compact . 

In F igure 32 , a re la t ionship i s shown between the g reen densi ty and compacting 
p r e s s u r e of t h ree types of u r a n i u m - c a r b o n powders : (1) c o m m e r c i a l g r a d e , (2) methane 
p roduc t , and (3) c rushed a r c - m e l t e d UC but tons. Na tu ra l ly , o ther v a r i a b l e s , such a s 
lubr icant c h a r a c t e r i s t i c s , pa r t i c l e s i z e , and g e o m e t r y , will significantly affect this 
relationship^ The p r e s e n c e of excess u r an ium in one of the powders (3. 23 w/o carbon) 
sharp ly i n c r e a s e d i t s compact ibi l i ty as compared with the other powders which were e s ­
sent ia l ly s to ich iomet r i c . These data a r e included to show the gene ra l behavior expected 
during p r e s s i n g . 

Sintering r e su l t s for powder obtained by crushing arc-miel ted urani t im carb ide a r e 
sumLmarized in Table 21 . The i n c r e a s e in densi ty resul t ing f rom free u ran ium is shown 
in the table for the compact s in te red 10 min at 1965 C to a densi ty of 11, 8 g p e r cm.3. 
On the o ther hand , t imes up to 30 min at t e m p e r a t u r e s ranging f rom 1840 to 2120 C 
yielded dens i t ies of 10.8 g pe r cm^ or l o w e r , this l a t t e r s e r i e s containing cons iderab ly 
l e s s free u r an ium than the fo rmer compact . Examinat ion of Table 21 a lso shows that 
use of smal l pa r t i c le s izes p romotes densification. 
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FIGURE 31. TYPICAL MICROSTRUCTURES OF VACUUM-SINTERED COMPACT MADE 
FROM STOICHIOMETRIC UC POWDER 
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TABLE 21. RESULTS OF VACUUM SINTERING URANIUM-CARBON POWDERS PREPARED FROM ARC-MELTED URANIUM AND GRAPHITE 

Total Carbon, 
w/o 

4.6 

4.96 

4.85 

4.79 

4,83 

4.83 

Analysis 
Free Carbon, 

w/o 

--

— 

— 

0.01 

0.03 

0.03 

of Uranium Carbide Powder 
OxygeE^*^, 

ppm 

--

— 

— 

3040 

790 

790 

NittogenC''), 
ppm 

--

_. 

— 

— 

110 

110 

Hydrogen^*), 
ppm 

--

— 

— 

58 

15 

15 

Particle 
Size, n 

5 avg 

6.2 avg 

44 

44 

44 

44 

Green 
Compacting 
Pressure, psi 

100,000 

100,000 

80,000 

80,000 

30.000 

80,000 

Sintering 
Time, 

min 

60 

60-180 

30 

10 

5-30 

60 

Conditions 
Temperature, 

C 

1815 

1600-1800 

2120 

1965 

1840-2120 

1900 

Density, 
g per cm^ 

12.87 

9.9-11.8 

11.7 

11.8 

10.8 

10.1 

Reference 

(1) 

m 

(3) 

Battelle 

Battelle 

Battelle 

00 

(a) Vacuum-fusion analysis. 
(b) KjeldaM analysis. 
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The s inter ing c h a r a c t e r i s t i c s of u ran ium carbide powder produced by the m e t h a n e -
uran ium and p ropane -u ran ium reac t ions a r e shown in Table 22, Densi t ies of 11. 0 g per 
cm.^ a r e readi ly at tainable at s in ter ing t e m p e r a t u r e s of 1900 C , but 2 h r at 2050 C was 
requ i red for dens i t ies g r e a t e r than 12. 3 g p e r cm^ (90 p e r cent of theoret ical ) for the 
compacts using powder produced by the methane reac t ion . F o r this h igh - t empera tu re 
s inter ing t r e a t m e n t , it was found that g reen compacting p r e s s u r e s varying from 40^000 
to 200,000 ps i produced no significant va r ia t ion in densi ty . Although no ana lyses were 
available after s i n t e r i ng , the ana.lyses given in Table 22 show that high contents of g a s e ­
ous contaminants were p r e sen t in the s ta r t ing powders . The high oxygen contaminat ion, 
7000 p p m , and the combined carbon content of 4^ 40 w/o (4» 84 minus 0« 44 w/o) indicates 
that f ree u ran ium was p re sen t ini t ia l ly. The high ni t rogen content may also have influ­
enced s in terabi l i ty . F o r powder produced by the propane react ion (Table 22) a densi ty 
of 11. 4 g pe r cm^ was obtained by s inter ing at 1900 C , somewhat higher than the densi ty 
of the me thane-produced powder s in t e red at 1900 C, This powder was p u r e r than that 
produced by the methane reaction_, but the combined carbon content of the powder was 
only 4, 36 w / o . No m.etallographic or chemica l ana lyses of these s in te red compacts a r e 
avai lable . 

Table 23 l i s t s r e su l t s obtained by s inter ing u ran ium carbide powder that was p r e ­
pa red by react ing UO2 and graphi te under va r ious condit ions. Some of the res t i l t s ' " ) 
include ana lyses of the s in te red compacts^ It may be seen tha t , where contaminat ion 
was not h igh , the s in te red dens i t ies of these n e a r - s t o i c h i o m e t r i c UC compacts va r i ed 
from 8. 57 to 10. 03 g pe r cm^ a t s in ter ing t e m p e r a t u r e s of 1900 C and lower . By con­
t r a s t , Harwel l r e p o r t s dens i t ies up to 12. 9 g p e r c m ^ , a value of 12, 1 g pe r cm^ being 
obtained after s in ter ing 1/2 h r at I9OO C with cons iderably c o a r s e r powder and lower 
g reen compacting p r e s s u r e s , (5) The impor tan t point in comparing these r e su l t s i s that 
the carbon content of the powder used in the l a t t e r s tudies ranged from 4^ 47 to 4. 62 w / o , 
and no ana lyses of the s in te red compacts a r e reported^ T h e r e f o r e , it is probable that 
the high dens i t ies r epor t ed for this powder , a s l i s ted in Table 2 3 , were achieved by 
l iquid-phase s in ter ing . Six- inch-long tubes were a lso produced at Harwel l f rom this 
same powder . Wall th ickness was 0. 2 in. , with an outside d i ame te r of 1 in. These 
tubes could be eas i ly machined after a p re s in t e r ing operat ion at 1500 C. Density m e a s ­
u r e m e n t s along one such tube ranged f rom 10, 9 to 12. 0 g pe r c m ^ , as shown in Table 23, 

Although carbide powder obtained by the TJ02~grapMte reac t ion contained UC as the 
major p h a s e , weak X~ray diffraction pa t t e rns of UO2 and UC2 were a lso detected at 
Union Carbide , i"* Analys is of the powder and s in te red compact (10, 01 g p e r cm^) before 
and after s in ter ing for 1 h r at 1800 C , a r e shown below. 

Uranium 
Total carboE 
Iron 
NitrogeiiC4 
Oxygeff*' 

Analysis, 
Before 

94. 22 
4.87 
0.24 
0. 04 
0.63 

(a) Vacuum-fusion analysis. 

w/o 
After 

95.21 
4.80 
0. i6 
0.02 
0.04 

T h u s , s in ter ing of tliis compact reduced impur i t i e s to the point where a s t ruc tu re e s t i ­
ma ted to be 99 pe r cent UC was obtained. C°) Nitrogen contaminat ion appeared to aid 
s inter ing cons iderably . Examples of this effect m a y be found in Table 2 3 , which shows 
that a compact containing 18,200 ppm, n i t rogen s in te red to a densi ty of 13. 05 g pe r c m ^ . 



TABLE 22. VACUUM-SINTERING CHARACTERISTICS OF URANIUM-CARBON POWDERS PREPARED BY REACTING URANIUM WITH METHANE OR PROPANE 

Powder Analysis of Uranium Carbide Powder Green Sintering Conditions 
Preparation Total Carbon, Free Carbon, Oxygen^*^, Nitrogen^*^. HydrogenC*)" Particle Compacting Time, Temperature, Density, 
Reaction w/o w/o ppm ppm ppm Size, fi Pressure, psi min C g per cm3 Referencj 

Propane 

Methane 

Methane 

Methane 

4.68 

5.98 

4.84 

4.84 

0.32 

0.16 

0.44 

0.44 

5600 

6900 

7000 

7000 

1600 46 8 avg 

950 350 12 avg 

7100 93 10 

7100 93 10 

80.000 

80,000 

60.000-
180,000 

40,000-
200,000 

60 

60 

90 

120 

1900 

1900 

2050 

11.4 

11.0 

10.7-11.8 

Battelle 

BatteEe 

(4) 
00 

2050 12.5 (4) 

(a) Vacuum-fusion analysis. Althougli not accurate for nitrogen, numbers useful in ibat they represent a minimum. 



TABLE 23. SINTERING CHARACTERISTICS OF URANIUM-CARBON POWDERS PREPARED BY REACTING UOg WITH GRAPHITE 

Rjwder, 

Total Carbon 

4 ,47 -4 .62 

4 .47 -4 .62 

4 .47 -4 .62 

4 . 4 7 - 4 . 6 2 

4 .47 -4 ,62 

- . 

--

— 

— 

- . 

--

Analysis 

w/o 

Free Carbon 

0 .1 

0 .1 

0 . 1 

0 .1 

0 . 1 

._ 

. . 

. . 

— 

— 

._ 

Sintered Compact^*^, ppm 

Total 

Carbon Oxygen Nitrogen 

--

._ 

— 

_. 

. . 

3.96 900 18,200 

4 .72 — 1,000 

4 .80 400 200 

5.35 

4 .87 6300 400 

4 .75 

Particle 

Size, 11 

50-100 

50-100 

50-100 

20-40 

20-40 

5 avg 

5 avg 

5 avg 

5 avg 

5 avg 

5 avg 

Green 

Compacting 

Pressure, 

psi 

11, 000 

11, 000 

22, 000 

22, 000 

22, 000 

40, 000 

40, 000 

40, 000 

40. 000 

40. 000 

40, 000 

Time, 

min 

30 

30 

Not 
specified 

60 

20 

80 

30 

30 

60 

30 

30 

60 

Sintering 
Conditions 

Temperature, 

C 

1700 

1900 

1500 

2000 

1500 

2100 

1800 

1800 

1800 

1750 

1800 

1900 

Atmosphere 

Vacuum 

Vacuum or 

argon 

Vacuum 

Flowing 
argon 

Flowing 
argon 

Flowing 

argon 

Flowing 

argon 

Flowing 
argon 

Vacuum 

Vacuum 

Vacuum 

Density, 

g per cm^ 

11.5 

1 2 . 1 

11.40<''> 

Up to 12 .9 

10.9-12, 0 

13.05 

8,57 

10 ,01 

8.84 

9,40 

10 .03 

Reference 

{5) 

(5) 

(5) 

(5) 

(5) 

(6) 

(6) 

(6) 

(6) 

(6) 

m 

as 

(a.) Vacuum-fusion analysis. 
(b) 10 w/o iron added to this compact to aid sintering. 
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and a compact with 1000 ppm nitrogen sintered to a density of 8. 57 g per cm-^ after 
30 min at 1800 C. C6) 

Iron has been added to uranium carbide in an attempt to lower fabrication tempera­
tures by inducing liquid-phase sintering action. Ĉ ) A density of 11. 40 g per cm^ was ob­
tained by sintering a uranium carbide-10 w/o iron compact at 1500 C, as shown in 
Table 23. Also, Bowman introduced cobalt, copper, i ron, and nickel for liquid-phase 
sintering in his studies of bonding of UC to tantalum, l"̂ ) He reports that the liqtdd phases 
aided bonding by a wetting action and were removed by vaporization in vacuo at 2000 to 
2200 C, but no data on the effects on densification, fabrication temperatures , or analyses 
for the metals after heat treating were given. Preliminary work at Battelle on the effect 
of chromium as a liquid phase on sintering showed that free uranium formation was elim­
inated, neck growth between particles was appreciable, and that the 10 volume per cent 
chromium (5. 6 w/o) that had been added could be completely renaoved by a three-stage 
sintering treatment of 30 min at 1030 G, 50 min at 1930 C, and 50 min at 2000 C. How­
ever , little densification occurred. Spectrographic analysis of the resulting compact 
indicated that less than 0.05 w/o chromium was present. The uranium carbide powder 
used for this compact contained 4. 89 w/o total carbon with less than 0. 01 w/o free 
carbon. 

The sintering characteristics of UC2 have received some attention, ' ^ An average 
density of 10. 7 g per cm (theoretical density is 11. 7 g per cm^) was observed for com­
pacts prepared from S-jJ. powder that had been obtained by ball milling an arc-melted 
uranium-8. 6 w/o total carbon alloy containing 1. 2 w/o of impurities. These compacts 
were sintered 1-1/2 hr at 1840 C after cold pressing at 100,000 psi. 

No data were available on the sintering characteristics of thorium or plutonium 
carbides. The monocarbide of thorium, being quite similar to UC, probably behaves in 
a fashion similar to UC in sintering, although sintering temperatures may be higher due 
to its higher melting point. Considering sintering temperatures to be proportional to 
melting pointy the order of increasing sintering temperatures would probably be pluto­
nium carbides, uranium carbides, and thorium carbides^ 

Extrusion 

Mixtures of uranium and graphite powders, containing up to 5 w/o carbon, have 
been successfully extruded at 800 C and subsequently reacted at 1100 C to form uranium 
carbide. Densities of 96. 2 and 85, 7 per cent of theoretical were obtained for uranium-4 
and -5 w/o carbon mixes , respectively. Ĉ ) Mixtures of uranium powder, minus 300-
mesh graphite, and paraffin were cold pressed at 22,000 to 55,000 ps i , and then hot com­
pacted in the extrusion die to about half of the original length, after the extruding tem­
perature of 800 C was reached. The piece was extruded at pressures of 4,000 to 
12,000 ps i , using a 12:1 reduction in a r ea , to produce a rod 0. 318 in. in diameter. An 
impure argon atmosphere was used with the wax binder, providing protection from oxida­
tion. C5) The densities after extrusion of the above 4 and 5 w/o carbon pieces were 14. 04 
and 13. 50 g per cm.^, respectively, the major constituents of the structure being uranium 
and graphite. The rods were then reacted at 1100 C (no times given) to form, uranium, 
UC, and UC2. Although no analyses were given to show that the elenaents had completely 
reacted, it was stated that uranium-graphite compacts that were heat treated in vacuum 
21 hr at 1100 C after hot pressing at 750 C contained no free graphite by X-ray and 
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m.etallograpMc a n a l y s e s . After reac t ing at 1100 C , the rod dens i t ies were 12. 73 and 
11. 91 g pe r cm^^ respec t ive ly . The reduct ions in densi ty a r e undoubtedly caused by 
carbon monoxide produced by reac t ion of the carbon and oxygen p r e s e n t in the powder 
m i x t u r e s . 

The surface quality of the 5 w/o carbon rod was desc r ibed as good, although severe 
die wear was exper ienced . A m i r r o r finish was obtained on the 4 w/o carbon r o d , and 
no apprec iab le die wear o c c u r r e d in ex t rus ion of this rod when graphi te i n s e r t s were 
used . 

Hot P r e s s i n g 

Uran ium carb ide p ieces have been produced by hot p r e s s ing both u r an ium-ca rb ide 
p o w d e r s , and mixed u ran ium-graph i t e powders followed by a reac t ion heat t r e a tmen t . 

Using the l a t t e r me thod , dens i t ies consis tent ly g r e a t e r than 90 p e r cent of t h e o r e t ­
ical we re obtained for products having carbon contents of 4 , 4, 8 and 5 w / o , when studies 
were pe r fo rmed on a sma l l sca le ; howeve r , lower dens i t ies were obtained in l a r g e r scale 
expe r imen t s , ^^i Resti l ts of these exper imen t s a r e shown in Table 24. Stell i te dies were 
used in p repa r ing these c o m p a c t s , and i t was found that t e m p e r a t u r e s up to 750 C at 
p r e s s u r e s of 33,000 ps i could be used without excess ive die a t tack. Although the mixing 
techniques used in obtaining the r e su l t s in Table 24 were not g iven, colloidal graphi te 
was mixed with u ran ium powder. The u ran ium powder was added to a ve ry fine colloidal 
graphi te in an alcohol suspension. The amount of carbon added to the u ran ium was va r i ed 
by adjusting the volume of the suspens ion , the carbon content of which was es t ima ted by 
both densi ty m e a s u r e m e n t s and drying. The dr ied mix tu re was then p r e s s e d . Thorough 
drying was found to be e s s e n t i a l , s ince some powders that were not d r ied complete ly e x ­
ploded during hot p r e s s i n g . No meta l lograph ic or chemica l ana lyses were r epor ted to 
give an indication of the comple teness of ca rb ide format ion. 

Dubisson , et a l . , ' ' hot p r e s s e d g raph i t e -u ran ium m i x t u r e s to dens i t ies that were 
consis tent ly 98 p e r cent of theore t i ca l . The r e su l t s for va r ious carbon contents up to 
about 4. 6 w / o a r e plotted in F igu re 33. P r e s s u r e s of 2800 ps i were applied for 3 h r at 
900 C in a double-act ion graphi te die . Special mixing and powder -p repa ra t ion techniques 
were used . A zinc coating applied to the h igh-pur i ty u r an ium powder faci l i tated handling 
in a i r without oxidation and act ivated the su r face . No reac t ing t r e a t m e n t was n e c e s s a r y , 
since reac t ion o c c u r r e d s imul taneously with hot p r e s s i n g at the p r e s s u r e t e m p e r a t u r e of 
900 C. Ana lyses for free carbon confirmed meta l lograph ic ana lyses in de te rmining that 
p rac t i ca l ly a l l the carbon had reac ted . A free carbon content of 0 .045 w/o was t yp i ca l , 
and no UC2 was detected by X - r a y ana lyse s . S t ruc tu re s contained only UC and u ran ium. 
No data were r epor t ed for spec imens having carbon contents of 4. 8 w/o or g r e a t e r . 

Hot p r e s s i n g of u ran ium carb ide powders has a lso been studied by Union Carbide,^ i 
Powder produced c o m m e r c i a l l y by Mal l inckrodt which contained 3. 23 w/o total carbon 
was mixed with 1. 65 w/o graphi te and was compacted for 30 min at I6OO C in a tungsten 
die in a pa r t i a l vacuum. A densi ty of 12. 50 g pe r cm^ (91 . 8 p e r cent of theore t ica l ) was 
m e a s u r e d on this compact . The m i c r o s t r u c t u r e of this spec imen cons is ted of UC gra ins 
with a smal l amount of UC2 in the g ra in boundar ies . 
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TABLE 21. EFFECT OF \'APJOC£ FAEEICATION VAEIAELES Qll TIJE BEKSITY OF CRAKIUM-CAREOMS f.lIXES(5) 

Type of Carbon 

Coarse BDH graphite 
Coarse BDH graphite 

Coarse BDH graphite 
Coarse BDH graphite 
Carbon black 
Carbon black 
Carbon black 

Carbon black 
Superfine graphite 
Superfine graphite 

Superfine graphite 

Carbon 
Content, 

w/o 

4 

5 
4 
5 
4 

4 .8 
4 

4 . 8 
4 

4 . 8 
5.0 

Hot -Pressing 
Conditions 

Temperature, 

C 

750 
750 
750 

750 
670 

670 

670 
670 
670 
670 

670 

Pressure, 

psi 

33,000 
33,000 

33,000 
33.000 
33,000 

33,000 
33.000 
33,000 
33,000 

33,000 
33.000 

Reacting 
Temperature, 

C 

™ 

--
1100 

1100 

-
--

1000 
1000 

--
~ 
— 

Density, 

g per cm 

14.14 

13.77 
13.00 
12.20 

12.20 

11.20 

12.27 
11.32 

13.7 
12.8 
12.0 

CommeEts 

Small scale 

Small scale 
Small scale 
Small scale 

Larger scale 

Larger scale 
Larger scale 
Larger scale 
Larger scale 
Larger scale 

Larger scale 

19 

18 

g 17 
1 . . 

0) 
Q. 

01 16 

Q 

14 

\ 
\ 

^V^ j -Theore t ica l 
\ \ density 

Measure d - T / * ^ ^ 
density ^ ^ \ 

1 1 1 1 

I 2 3 
Carbon , w/o 

4 5 
A-33961 

FIGURE 33. DENSITY OF URANIUM-GRAPHITE MIXTURES 
HOT PRESSED AT 900 c(8) 
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Nowotny, et a l . _,C9) has r epor ted dens i t ies of 12. 8 g per cm-' for h o t - p r e s s e d UC. 
Although p r e s s i n g conditions were not specif ied, the powdex used was p r e p a r e d by the 
UO^-graphi te reac t ion and contained 4. 84 w/o total carbon and 0. 16 w/o free carbon. 
X - r a y ana lyses of the s tar t ing powder indicated that UC was the major phase with a smal l 
amount of UC7 p re sen t . 

Summary 

P r e l i m i n a r y s tudies indicate that t e m p e r a t u r e s in excess of 1900 G will be r equ i red 
to fabr icate h igh-dens i ty s to ich iomet r ic UC p ieces f rom powder by cold p r e s s i n g and 
s inter ing techniques . However , the fabricat ion t e m p e r a t u r e may be significantly lowered 
by r e so r t i ng to a l iquid-phase s in ter ing p r o c e s s . P r e l i m i n a r y indications a r e that the 
e lements used to provide l iquid-phase s in ter ing can be removed by vapor izat ion during 
s in ter ing . While the use of l iquid-phase u ran ium substant ia l ly lowers fabricat ion t e m ­
p e r a t u r e s _, cons idera t ion m u s t be given to i t s effect upon i r r ad ia t ion r e s i s t a n c e and c lad­
ding compat ibi l i ty . Fine pa r t i c l e s i z e s , in the 5-/1 r a n g e , enhance s in te r ing . Compact ­
ing p r e s s u r e s in excess of 50,000 ps i appear to have l i t t le effect on densification of the 
s in te red product . 

Extruding or hot p re s s ing m i x t u r e s of u r an ium and graphi te powder^ and s imti l -
taneously o r subsequently react ing them to form the carb ide appea r s v e r y a t t r ac t ive . In 
these p r o c e s s e s ^ high dens i t ies can be achieved with m a x i m u m t e m p e r a t u r e s of only 
about 1100 C. The major p rob lems encountered in ext rus ion appear to be die wear and 
control of sur face quali ty because of the format ion of sma l l amounts of the ab ra s ive UC 
or U C T during bi l let heat ing. Although the a tmosphere in hot p r e s s ing may be m o r e 
c losely control led than in extrusion^ the capaxity to produce l a r g e p ieces is reduced. 

"While cons iderab le work has been done on so l id-phase reac t ions to form uran ium 
carb ide fuel p e l l e t s , much addit ional r e s e a r c h i s needed to e s t ab l i sh a c o m m e r c i a l p r o c ­
e s s . Two p r o c e s s e s appear to have cons iderable m e r i t for p r epa ra t i on of h igh-densi ty 
bodies of U C , if f ree u ran ium is to be e l iminated . These a r e hot p r e s s ing or ex t rus ion 
of mixed powders of u ran ium and carbon followed by reac t ion a.t e levated t e m p e r a t u r e , 
and l iqu id-phase s in ter ing of u ran ium carb ide powders containing addit ives such as c h r o -
mium^ iron^ or n ickel . The l a t t e r p r o c e s s m a y become m o r e a t t r a c t i v e , if an economi­
cal p r o c e s s should be developed for p repa ra t ion of UC powders» 
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STORAGE AND HANDLING 

W. M. Phillips 

Bulk Uranium Carbides 

Of the three corrosion media encountered in normal storage and processing (nitro­
gen, oxygen, and water) , water is the most corrosive and damaging to carbide fuels. 
Saturated water vapor at 40 C will cause complete disintegration of a 10-g (3/8-in. -
diameter by 1/2-in, -long cylinder) sample of UC in 24 hr. ^'•1 Because of this type of 
attack by water vapor, specimens to be kept for long periods of time must be stored in 
desiccators. Although the weight change observed during a 2-month storage period in a 
desiccator is insignificant(^), t ransverse rupture strengths of machined specimens have 
been observed to decrease slightly as storage time is increased over a period of 2 to 
3 months. This would indicate that sufficient moisture was adsorbed on the specim.ens 
during handling or machining to produce a surface attack or microcracking of the speci­
mens during storage, although the amotrnt of attack is not m.easurable in term.s of a 
weight change. 

As indicated in the section on compatibility and corrosion, it is believed that UC2 
is more readily attacked by moist air than is UC, and that the presence of UC^ as a 
second phase in UC may thus be •undesirable. 
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Machine grinding of ca s t u ran ium carb ide has been found to be sa t i s fac tory . Spec i ­
mens ground on a s i l icon carbide wheel produced some loading of the whee l , accompanied 
by spalling of the spec imen. This spalling was e l iminated by the use of a res in-bonded 
diamond wheel . During the grinding opera t ion , the spec imen i s held between p r e s s u r e 
pads . Specimens have been ground to d i a m e t e r s a s smal l a s 3/16 in. with no difficulty.^ -

Three cutting fluids have been used in conjunction with the res in-bonded diamond 
wheel: k e r o s e n e , wa te r - so lub le o i l , and cutting oil . Kerosene is sa t i s fac tory for use 
with a smiall cutoff whee l , s ince no reac t ion has been observed between UC and k e r o s e n e . 
However , if a heavy cut i s taken overheat ing o c c u r s , and k e r o s e n e vapor is p roduced , 
restil t ing in a f ire haza rd . The wa te r - so lub le oil is sa t i s fac tory for use with sound 
s p e c i m e n s , provided the cutting fluid i s complete ly removed p r i o r to s to rage . TMs fluid 
was used to gr ind a 2-in. - d i a m e t e r specimen which contained fine rad ia l c r a c k s . After 
g r ind ing , the spec imen began to d i s in teg ra te . This continued for a per iod of m o r e than 
a week , until the spec imen was reduced to smal l p i e c e s . TMs is the r e su l t of the w a t e r -
base cutting fluid enter ing the c r a c k s . T h u s , at the p r e s e n t t i m e , al l grinding is done 
using undiluted cutting oil with no resu l tan t d e c r e a s e s in surface quali ty or in d iamete r 
t o l e rances of the o r d e r of ±0.001 in. i^> 

Holes 1/8 in. in d i ame te r have been dr i l l ed through the cen te r l ine of 3 /8- in . -
d i ame te r c a s t spec imens 1 in. long. Ul t rasonic dr i l l ing techniques involving a s tee l tool 
and a si l icon carb ide ab ra s ive have been found sa t i s fac tory . 

As indicated in the sect ion on compat ib i l i ty , t he re a r e numerous m a t e r i a l s which 
will wet UC and which might therefore be used as a protec t ive coating. F o r example , 
nickel has been vapor deposi ted on UC for this pu rpose . W a t e r - c o r r o s i o n t e s t s of the 
coated spec imen indicated that the co r ro s ion ra t e was reduced by the coating. (4) 

Uran ium Carbide Powders 

E x t r e m e c a r e is r equ i r ed in s tor ing and handling fine u r a n i u m carb ide powders b e ­
cause of the poss ib i l i ty of f i res o r explos ions . P o w d e r s , of c o u r s e , can be pro tec ted 
during handling by coatings o r by b inders and l u b r i c a n t s , as d i scussed brief ly in the s e c ­
tion on so l id - s t a t e fabr icat ion p r o c e s s e s . 

Thor ium and Plutonium. Carb ides 

Thor ium c a r b i d e , even in bulk f o r m , is a t tacked by d ry a i r at room tempera tu re . 
It mus t be s to red in an ine r t a t m o s p h e r e . 

No information i s avai lable on the handling c h a r a c t e r i s t i c s of the plutonium 
ca rb ides . 
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E F F E C T S OF IRRADL4TION UPON URAl'flUM CARBIDE 

F . A. Rough 

Introduction 

Relat ively few data a r e available on the effects of i r r ad ia t ion upon bulk u ran ium 
carb ides or upon uran ium carb ides in any fo rm. The objective of this review is to p r e ­
sent and evaluate the r e su l t s of i r r ad ia t ion upon bulk u ran ium c a r b i d e s . Because of p o s ­
sible effects of impur i t i e s and the poss ib le effects of reac t ions between tiie d i spe r sed 
phase and the m a t r i x , the r e su l t s of i r r ad i a t i ons of d i spe r s ions and c e r m e t s containing 
uran ium carbide contr ibute l i t t le to the unders tanding of the effects of i r r ad ia t ion upon 
bulk ca rb ides and thus a re not included in the p r e s e n t rev iew. 

The pr inc ipa l source of information on the effects of i r r ad ia t ion upon uran imn c a r ­
bides is an i r r ad ia t ion p r o g r a m being conducted at Bat te l le in cooperat ion with Atomics 
Internat ional , This p r o g r a m involves tlie i r r ad ia t ion of urani tmi carb ide specimens 
having carbon composi t ions in the vicinity of s to ich iomet r ic uran ium monocarbide^ but 
ranging from 4 .6 to 5. 3 w / o carbon. The spec imens were p r e p a r e d by ine r t - e l ec t rode 
a r c mel t ing of biscui t u ran ium and spec t rographica l ly pu re carbon and then cast ing the 
carbide into graphite molds by the technique desc r ibed in the section on mel t ing and ca s t ­
ing. The p r o c e d u r e s of p r e p a r a t i o n , the p r o p e r t i e s of the c a r b i d e , and the i r r ad ia t ion 
p r o c e d u r e s and resu l t s obtained in this p r o g r a m have been desc r ibed in a s e r i e s of 
r epo r t s and p a p e r s . ' ^ " ^ ) The p r o g r a m is l a rge ly comple ted , but one capsule intended to 
achieve a burnup of 2, 2 a / o uran ium (20, 000 MWD/T of uranium) r e m a i n s to be examined. 
A descr ip t ion of the i r r ad ia t ion p a r a m e t e r s of the capsu les which have been examined 
appea r s as Table 25. 

Observed Effects of I r r ad ia t ion on Uranium Carbide 

Cas t Uranium Carbide 

Specimens of a s - c a s t u ran ium naonocarbide, niacMned to 3 / 8 - i n . - d i a m e t e r cyl in­
d e r s about 2 in . in length, have been i r r a d i a t e d in NaK as shown in Table 25 to burnups 
of about 1.7 a / o of the u ran ium. The t e m p e r a t u r e s during i r r a d i a t i o n , as de te rmined by 
t he rmocoup le s , va r ied ; average surface t e m p e r a t u r e s ranged f rom 540 to 915 F , while 
average cen te r - l i ne t e m p e r a t u r e s ranged from 880 to 1450 F . The m a x i m u m surface and 
cen t e r - l i ne t e m p e r a t u r e s w e r e genera l ly about 200 F h ighe r . The densi ty changes ob­
served were m o d e s t , being in the range of - 0 . 6 to - 2 . 5 p e r cen t , r e g a r d l e s s of burnup. 
Cracking occu r r ed probably as a r e su l t of t h e r m a l s t r e s s e s , but d is in tegra t ion a t t r ibu t ­
able to accumulat ion of f iss ion produc ts was absen t , a s i l lus t ra ted by F igu re 34. The 
amount of cracking i n c r e a s e d somewhat with i nc rea sed i r r ad i a t i on . The sur faces were 
damaged somewhat , apparent ly by oxygen pickup from the NaK, The quantity of f ission 
gases r e l ea sed into the capsu le , a s de te rmined by col lect ing and m e a s u r i n g the krypton-
85 contained in 'the capsule after i r r a d i a t i o n , was s m a l l . Po s t i r radia t ion heat ing for 1 
week at 1800 F and 8 h r at 2000 F r e l e a s e d ve ry smal l amounts of the contained fission 
g a s e s . ( 2 - 7 ) 



TABLE 25. IRRADIATION DATA ON UC SPECIMENS 

Carbon Content, w/o 

Diameter Change, per cent 

Density^*^ Change, per cent 

Average Temperature, F 

Surface 
Core 

Surface Heat Flux, Btu/(ft^(hr) 

Fission-Gas Release, cm of krypton-85 

Estimated Total Produced 
Estimated Released by Recoil 
Measured Release 

Burnup, a /o of the uranium 

Bumup, MWD/T of uranium 

Capsule A 

Top 

Specimen 

5.2 

0 .4 

0 . 7 - 0 . 9 

770 

1,300 

680.000 

5.9 X 
2. 5 X 
2 . 4 X 

0 .16 

1, 

Bottom 

Specimen 

5.2 

0 .3 

2 .5 

540 

880 

850,000 

10-2 

10 "5 
10-5 

0.20 

000 

Capsule B 

Top 

Specimen 

6.3 

0.9 

0. 6-2 .0 

915 

1,375 

880,000 

20.9 

8.8 
9 .7 

0.6 

5 

Bottom 

Specimen 

5 .1 

0.9 

2.5 

700 
1,060 

940,000 

x l O - 2 

X 10"5 
X 10-5 

0.8 

,000 

Capsule C 

Top 

Specimen 

5.0 

— 

1,8 

765 
1,178 

750,000 

1 

1.7 

10 

Bottom 

Specimea 

5.0 

0 .8 

1.8 

623 

1,086 

700,000 

_-
~ 

m 
1.7 • 

,000 

Capsul 

Top 
Specimen 

4 . 6 

0 .8 

2 . 4 

882 

1,326 

900.000 

20.4 X 

8 .7 X 
8 . 2 x 

0 .9 

e D 

Bottoni 
Specimen 

4 . 7 

1.2 

1.6 

772 

1,248 

710,000 

10-2 

10-s 
10-5 

0.9 

5,000 

Capsule E 

Top 
Specimeo 

4 . 8 

0 .5 

1.2 

815 

1,450 

600,000 

21.9 
9 .4 
8.4 

— 

5. 

Bottom 
Specimei 

4 . 6 

0 .5 

1.6 

600 

950 

— 

X 10"2 
X 10-5 

x l O " ^ 

--

,000 

W 

(a) In every case, density measuremcBts were made on the largest fractions of the original specimeos, 

(b) Fission-gas sample was lost, apparently by leakage from capsule. 
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"W^ 

6X HC2292 

4X HC3897 

FIGURE 34. APPEARANCE OF UC SPECIMENS AFTER IRRADIATIONS TO BURNUPS OF 0.6 a/o OF THE URANIUM 
AT 1375 F (TOP) AND TO J. 7 a/o OF TI-K URANIUM AT 1086 F (BOTTOM) 
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Based upon r o o m - t e m p e r a t u r e rup ture s t r eng ths , which va-ry cou&iuexably for UC^ 
one might expect iher raa l gradients of 50 to 200 F to cause c r a c k i n g . " ' Altiiough the 
mechan ica l -p rope r ty data needed to evaluate c racking at high t e m p e r a t u r e s a r e not 
ava i lab le , t he re i s good reason to bel ieve that both the radia l and t r a n s v e r s e cracking 
which has been observed in uranium, monocarbide i s tlie r e su l t of tiiermal s t r e s se s^ In 
some c a s e s , m i c r o c r a c k s have been observed in a r e a s at or nea r the center of spec i ­
m e n s as shown in F igure 35. The cause of tiiis type of cracking is uncer ta in . One 
might imagine that s t r e s s relief due to i r r ad ia t ion annealing could occur at t e m p e r a t u r e . 
If s o , upon cooling, the cen te r a r e a s of the spec imens would be placed in tens ion , p e r ­
haps causing cracking a t room t e m p e r a t u r e . (7) 

It i s believed that the surface damage shown in Figure . 36 was caused by react ion 
of smal l amounts of oxygen in the NaK-filled capsule with the UC during i r rad ia t ion . 
The damage shown i s s imi la r in many r e s p e c t s to that produced by exposures of UC to 
m o i s t a i r . 

Another type of damage manifes ted by a porous appearance was observed near a 
thermocouple located in the cen te r of a UC spec imen . TMs location exper ienced a t r a n ­
sient t e m p e r a t u r e of 1830 F ^ ' ^ ' It i s poss ib le that th is effect was caused by tiie act ion of 
NaK or by local overheat ing caused by the format ion of NaK vapor . Although the capsule 
was designed to avoid vaporizat ion of the NaK, local vaporizat ion or boiling m a y have 
occu r r ed in the confined space around tiie thermocouple» 

Thedeiis i ty d e c r e a s e s shown in Table 25 a r e about the same r e g a r d l e s s of burnup. 
T h u s , the densi ty changes produced in the la t t ice of UC by accumulat ion of f ission p rod­
ucts tend to be obscured by the effects of in te rna l c r a c k s , surface damage , and expe r i ­
men ta l difficulties^ The t rue densi ty change i s probably l e s s liian tiie approximately 
1 p e r cent p e r a /o uraniimi burnup observed for the specimens in Capsule C (Table 25) 
which rece ived burnups of 1. 7 a /o of the u ran ium. 

Calculat ions have been made of the densi ty changes one might expect as a r e su l t of 
the accumulat ion of f ission products in the la t t ice of UC using var ious assumpt ions s o m e ­
what s imi l a r to calculat ions that have been made for other a l loys .^" ' The volume changes 
calculated for 1 a /o uran ium burnup range f rom +1 . 0 to +1 . 6 p e r cent» The fo rmer 
value r e f e r s to h igh - t empera tu re i r r a d i a t i o n s , where the f ission products a r e a s sumed 
to diffuse to subst i tut ional posi t ions vacated by fissioning uran ium a t o m s . In the l a t t e r 
c a s e , the calculat ions were made for low t e m p e r a t u r e s where the fission products were 
a s sumed to be immobi l e , falling equally in subst i tut ional or in te r s t i t i a l posi t ions depend­
ing upon the frequency of occu r rence of these posi t ions in the lattice^ 

The pr inc ipa l m i c r o s t ruc tu ra l change that has been observed in i r r ad ia t ed u ran ium 
monocarbide i s tiie d i sappearance of the UCg p l a t e l e t s , a s shown in F igure 35. In the 
top specimen in Capsule C (Table 25), the UC2 p la te le t s d isappeared from the ent i re 
c r o s s sect ion. In the bottom specimen in Capsule C the p la te le t s were completely gone 
at the center and showed signs of beginning to d isappear at the specimen sur face . These 
effects observed at burnups of 0. 8 and 1, 7 a /o of the uranium a r e i l lus t ra ted in F igu re s 35 
and 37. However , this change in m i c r o s t r u c t u r e produced no other manifestat ions of 
damage . The appearance and o v e r - a l l effects of i r r ad ia t ion on specimens containing 
4 .6 w/o to 5 . 2 w / o carbon a t burnups of about 0. 2 to 1. 7 a /o of the uranium were the s a m e , as 
can be seen in photomicrographs and in Table 25. It is poss ib le that the U C , pla te le ts 
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FIGURE 35. SECTIONS OF URA'«-'irM-5.1 %/. C4RBON SPECIMEN IRRADIATED AT 1080 F 
TO A BURNUP OF ABOUl u. h a/u OF HIE URANIUM 
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27uX HC2613 

As Polished 

270X HC2615 

As Etched 

FIGURE 3b. SURFACE DAMAGE TO 4 uRANILi\I-6. i W/o CARBON SPECIMEN IRRADIATE) AT A 

SURFACE TEMPERATURE OF 7<J0 F IN NaK CON! AINING TRACES OF OXYGEN 
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FIGURE 37. SECTIONS OF URANIUM-6 w/o CARBON SPECIMEN, SHOWING ABSENCE OF UC2 AT CENTffi. (TOP) 
AND BEGINNING OF UC2 DISAPPEARANCE NEAR SURFACE (BOTTOM) AFTER IRRADIATION TO A 
BURNUP OF 1. 7 a /o OF THE URANIUM AT ABOUT 1090 F 
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a r e caused to d i sappear by c»'»'b'̂ 'T! migratJon during i r r ad ia t ion . Carbon migra t ion 
might be induced by the p r e s e n c e of the t e m p e r a t u r e gradient in the specimens during 
i r r ad ia t ion or by the p r e s e n c e of carbon sinks such a s s ta in less s teel in the sys t em. 
Still another poss ib i l i ty i s that the f iss ion f ragments can produce enough dis turbance of 
the s t ruc tu re by m e a n s of d i sp lacement spikes(9j lO) ^o^ in effect^ homogenize the s t r u c ­
ture in t e r m s of carbon content . This supe r sa tu ra t ed solution of carbon in uranium 
monocarbide apparent ly can be produced only a s a r e su l t of i r r ad ia t ion . Its exis tence is 
supported by the apparen t fuzziness of the UC2 p la te le t s before they d isappear en t i re ly . 

Although apprec iable cracking and surface damage of UC during i r rad ia t ion has 
been observed^ f i s s ion-gas re tent ion has been excel lent . As shown in Table ZSj the 
f ission gas detected by sampling i s approximate ly that expected to r e su l t f rom surface 
r eco i l . In general^ cesitjxn a lso was re ta ined in the carbide^ as evidenced by an analys is 
of the NaK in each of the c a p s u l e s . In al l cases^ the ces ium-137 detected in the NaK 
rep re sen t ed no m o r e than 0. 01 a /o burnup of the u ran ium. 

The effective t h e r m a l conductivity of u ran ium carbide samples during i r r ad ia t ion 
has been es t ima ted using the cen te r and surface t e m p e r a t u r e s and hea t -genera t ion r a t e s 
l i s ted in Table 25. These e s t i m a t e s a r e poss ib le because thermocouples were p r e sen t 
in a dr i l led hole at the cen te r of the top specimen and in the NaK nea r the surface of the 
same spec imen. In each case^ the effective conductivity remained about constant 
throughout the i r r ad i a t i on (or for liie life of the thermocouples^ if fai lure occurred)^ 
showing that no se r ious effects of i r r ad i a t i on were produced. In general^ the effective 
conductivit ies w e r e somewhat lower than the out-of-pi le conductivities^ but tiie probable 
e r r o r in such a c rude m e a s u r e m e n t of conductivity i s quite l a r g e . Thus^ i t is believed^ 
as a r e su l t of the constancy of the effective conductivity in these tes ts^ that no significant 
effect of i r r ad i a t i on upon the t h e r m a l conductivity has been encountered. 

Sintered Uranium Carbide 

M u r r a y and Wil l iams r e p o r t that Z - m m - d i a m e t e r pins of UC re l eased 10 p e r 
cent of the i r contained f iss ion gases dur ing an i r r ad ia t ion to 3000 MWD/T at 630 C. It 
i s indicated that the pins w e r e of lower densi ty than i s normal ly achieved in s inter ing of 
UO2 and that c racking occu r r ed during the i r r ad i a t i on . It is suggested that the low 
densi ty " . . . m a y be in p a r t respons ib le for the above gas r e l e a s e . ' ' Typical spec imens 
of s in tered UC such as those used in this study a r e stated to exhibit 15 p e r cent poros i ty . 

Evaluat ion and Discuss ion 

Cas t u ran ium carb ides of 4 . 6 to 5, 2 w / o carbon have demons t ra ted excel lent 
behavior at burnups of up to 1.7 a /o of the u ran ium a t m,ean cen te r t e m p e r a t u r e s of 880 
to 1450 F . These r e su l t s w e r e obtained a t volume hea t -genera t ion r a t e s comparable 
with those expected in sodium-cooled reac to r s^ The pr inc ipa l p rob lem encountered i s 
crackings although this has not been s e r i o u s . Other m o r e academic p rob l ems a r e s u r ­
face damage due to oxygen in NaK and the d i sappearance of the UC2 second phase . The 
surface damage could be e l iminated in p r a c t i c a l soditun-bonded fuel e lements^ since 
only a smal l quantity of sodium would be in contact with the ca rb ide . The d isappearance 
of the UC2 has produced no p r ac t i c a l problem^ but fur ther studies of the effects of c o m ­
posi t ion and specimen environment upon the i r r ad ia t ion behavior of u ran ium carb ides a r e 
des i r ab le to define the r ea sons for th is d i s appea rance . 



100 

Because of i ts br i t t le and nonm.etallic n a t u r e , it s eems l ikely that burnups of 5 to 
10 a /o of the u ran ium in UC will resu l t in se r ious damage to bulk uranium, carbides^ 
However , the allowable l imi t s of burnup and t e m p e r a t u r e for uran ium carb ides remain 
to be de te rmined . 

Sxifficient data a r e not available to se lect the opt imum composi t ion of carbide for 
any given appl icat ion, even in the range of 4. 6 to 5.2 w/o carbon where r e su l t s a re now 
avai lable . While t he re a r e no i r r ad ia t ion data on U2C3 and TJCzs a s such, the i r lower 
densi t ies suggest that there i s l i t t le to r ecommend considera t ion of e i ther as a fuel in 
bulk form for h igh - t empe ra tu r e u s e . T h u s , composi t ions ranging pea r UC should con­
tinue to rece ive p r i m a r y at tention. 
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