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FURTHER STUDIES OF SINTERED 
REFRACTORY URANIUM COMPOUNDS 

A r c h B . T r i p l e r , J r . ^ M. J a c k Snyder^ and Winston H. Duckworth 

The refractory uranium compounds UC and UC2 were prepared by arc-melting methods, 
UN by gas-solid reactions, and UB2 and UBeig by solid-solid reactions. Techniques for 
sintering powder compacts of these compounds to densities 90 per cent of theoretical or greater 
were developed. 

Mean linear thermal-expansion coefficients of 7.9 % 10"^ per F for UC and 9.3 x 10-6 
per F for UBeig were obtained in the range 68 to 1800 F. The thermal conductivity of 
sintered UBelg increased from 0.050 cal/(seo)(cm)(C) at 100 C to 0.064 cal/(sec)(cm)(C) at 
650 C. The electrical resistivity of sintered UBejj was 113 microhm-cm at 27.6 C. Knoop 
microhardness values varied from 500 for sintered UC2 to 1155 for sintered UBeJ^. 

Sintered UC and UC2 decompose rapidly in boiling (atmospheric pressure) water. A 
sintered UBeig compact lost 2.2 mg per cm2 (average), after 72 hr in boiling water (atmospheric 
pressure). 

UC2 reacts more rapidly with nitrogen and oxygen than does pure uranium. UB2 and 
UBeig were less reactive with oxygen and nitrogen than is pure uranium. 

The heat of formation of UC was —20 ±5 kcal per mole at 25 G. Standard free-energy-
of-formation equations were estimated for UN, USi2, US, UB2, UC2, and UC. 

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

The p rope r t i e s of a number of r e f r ac to ry b inary comipounds of uran ium that may 
have potential application as nuclear fuels a r e being invest igated at Bat te l le . The 
r e su l t s of a l i t e r a t u r e survey and ini t ial exper imenta l work were r epor ted in 
B M I - 1 1 2 4 . " ^ Subsequent exper imenta l work was repor ted in BMI-1Z23.(^) 

Methods of preparat ion^ fabrication^ and some physica l and chemica l p r o p e r t i e s 
of UC, UC25 U B e j 3 , UN, and UB2 a r e given in this r e p o r t . 

EXPERIMENTAL RESULTS 

P repa ra t i on and Fabr ica t ion of Conapounds 

The deta i l s of the appara tus and methods used in the p repara t ion and fabricat ion 
of the u ran ium compounds d i scussed in this r epo r t a r e given in the Appendix. 

(1) References at end of text of report. 
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The r e su l t s of the p repa ra t ions and fabricat ions of the compounds a r e given in 
Table 1 together with some of the p rope r t i e s de te rmined and the r e su l t s of m e t a l ­
lographies chemica l , and X - r a y ana lyse s . 

Uranium Monocarbide 

Uranium monocarbide was p r e p a r e d by a r c mel t ing s to ichiometr ic amounts of 
c e n t e r - c u t , biscui t uranium and h igh-pur i ty carbon to form 100 to 200-g buttons. In 
recen t researcht-^/ d i r ec t cast ing of s imi la r buttons was successful ly adapted as a 
m e a n s of producing spec imens of uran ium monocarb ide . In this r e s e a r c h , however , 
the objective was to study s in tered uranium ca rb ide . Thus , the a r c - m e l t e d button was 
c rushed in a diamond m o r t a r under an argon a tmosphe re and then ball mi l led in a 
porce la in j a r with h igh-a lumina porce la in bal ls until the average pa r t i c l e size was l e s s 
than 10 ji. During ball miilling, the carbide was i m m e r s e d in t r ichloroethylene to 
prevent oxidation. After the m a t e r i a l was separa ted from the balls and removed from 
the j a r , naost of the t r ichloroethylene was decanted and the carbide was dr ied in an 
argon a t m o s p h e r e . 

The UC powder was compacted hydro s ta t ical ly at 100,000 ps i i^ ) , and then 
s in tered in a r e s i s t ance -hea t ed vacumxi furnace . 

Table 1 gives soine typical examples of the varying conditions under which UC 
and other uranium compounds were p r e p a r e d and s in te red , and the r e su l t s of the ex­
p e r i m e n t s . In the t ab le , r e f e rences a r e made to the photomicrographs which follow. 

The f i r s t p repara t ion l i s ted (12829-74A) is an example of UC prepa red by a r c 
me l t ing , and which i s v i r tual ly s ingle-phase m a t e r i a l (see F igure 1). The photomicro­
graph is included for purposes of compar i son with those of s in tered compac t s . 

In Exper imen t s 12829-96 and - 9 9 , the spec imens were s in tered from a 9-fX 
(average par t ic le size) powder under varying conditions of t e m p e r a t u r e and t ime , A 
c r o s s section of the specimen s in tered at the higher t e m p e r a t u r e (1925 C) and the 
sho r t e r t ime (1 hour) (see F igure 2) showed a core having smal l (2 to 6 pt) gra ins and 
an outer r ing of re la t ive ly l a rge (150 to 200 fi) g r a in s . The l a r g e s t gra ins a r e not 
shown in F igure 2. The gra in-boundary phase appeared to be uranium r ich and this is 
supported by the fact that the m i c r o h a r d n e s s of the gra in-boundary l ayer was much 
lower than that of the g r a in s . In Exper iment 12829-99, the t e m p e r a t u r e was 1800 C 
and the t i ine was 4 - 1 / 2 h r . No core was observed and the gra in size was compara t ive ly 
uniform (Figure 3). There was cons iderable grain growth, however , and the uraniuxn-
r ich gra in boundar ies were again p r e s e n t , this t ime to a l a r g e r p ropor t ion , accounting 
for the higher bulk-densi ty value . It should be noted a lso that the u r an ium, as d e t e r ­
mined by chemical analys is was in e x c e s s . Nei ther of the above s t ruc tu re s was con­
s idered acceptable . 

Sat isfactory r e su l t s were achieved by s inter ing a 5-jj. (average par t ic le size) m a ­
t e r i a l at about 1800 C for 1 hr (F igure 4). Chemical ana lys i s showed this m a t e r i a l to 
be m o r e nea r ly s toichioraetr ic than that used in previous t r i a l s . It has been observed 
in subsequent work that a slight excess of carbon in the s tar t ing m a t e r i a l will r e su l t in 
m o r e nea r ly s to ichiometr ic propor t ions in the s in tered spec imens . 
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12829-74A U » C 

12829-S U * 0 

12829-96 12EM9 

12829-99 1282M9 

H099-26 U t C 

14335-10 HMMB 

1282M4B U - C 

12829-31 U C 

12E9-a 12829-31 

12829-31G 12E9-31 

12829-56 12829-316 

12E9-58 12829-31G 

12829-69 12829-31G 

T A B L E 1 PREPARATION AHB F A i R I C A T I O N CONDITIONS AMD RESULTS FOR VARIOUS URANIUM COMPOUNDS 

Average Smlering ^in ed „„f^^ 
.TOura.ipi Particle Teirpera- ™ii> p5,j,g„( Ftioto- r>h.„„.i a.,i.,..= 
Fabrication Sizeo! tare and Densî  ^(^,6^ Knoop Micro- laiao- wemicai flnaigs 

MettaJ Powder Time gpercm^ retical hardness grapn Element w/o a/o X-Ray Analysis Re 

(Beported Melting Point 2350-2408 C X-Ray Density, 13 a G per Cii^) 

Arc meted - - 14 20 {arc 104 935{1110g) N43491 CoinbiiiedC 4S9 - - Mostly single phase aiHie evidence of UC2 
melt) (Fi^re FreeC 0 05 

1) U mt 

Arcmeited _ _ - - - . - - _ - - Groand to 9-n average paticle size osedfii 

9 „ 1925 C, 12 79 » 8 tfatrix, 751 N45743 U 95 6 52 3 - Wallographic exauinatioa UC matrix» „ „ ™ , ^ 
" i to g,a,„ (Fipire c 439 477 grains (2-6 pindiasieter), dense outer ring with large grains (150-200 Bin diameter) 

ISHdary, 2) 
242 

9 „ ja»C 13 57 99 5 Matrix 352, S4S740 0 »9 54 - fetal to^ahicexaniiiatm pnerally imfoim gram stroctore, UC matrix with gram-
antered 4-1/2'hr pain (Fipre C 412 46 boimdatv l*ase, gram size, 30.!50« 

tBondar; 3) 
225 

Arc melted - - - - - - U 8 3 5 5 0 6 - Ground to 3-p avarap partidp size, yad to sintering 
C 46 484 

Vacuur 5„ 1815 C, 12 87 94 700 (200 g) N48148 - - - OnlyUC Heta!log*hic exaanaticn UC mtrix pnase. Widmandalten lines are yCj tjpica! of 
5,g,„gj n , B8{ l l »g ) (Figure «ected mamnni carbon alloys haying atom 5 w/o carton, a »eiysli*taB»imt of UOgPteant 

4, m gram himilaries 

Uianram Dicarb,* 
(Reported Melting Point 2450-2500 0 X-Ray Density 11 68 G per Cir^^ 

Arc retted - - i l 2 i ( a r c 96 5 620 ( M g ) B4349C U 914 36 -
n-Bit) (Figire CoptmedC 819 84 

5) 

Arrwited - - - - - - « 9)2 34 6 Single phase Ground to mnas M nsdi, o» ) f»r sintering 
C 86 654 MilyUCj 

Minus 100 1S50C 8ffl7 75 - - - - - - Cartawax used as a binler fcing hydrastatic pressiis, m i e d rapidly, no teakage 

n-Bsh 1 hr 

_ _ _ _ _ _ _ _ . - Ball Billed to 5-» average particle size 

5 B 182) C 10 67 914 474 (200 g) - - . _ - Caitowax binder used, * r altering furnace cooled rapidly (5 aipp |sr 5 uin) and speci-
1.3;4I„ 575 ( IMg) nen broke 11*0 many pieces, iietalloff^hiceKaiiinatioi no free carSm voids about 

10 i^r M t , UC precipitated »liroad bands atag selected planes in UC2 matrix, 5-10 
per cent UC estimated, larbon contait estimated at 8 2 per cent 

5(1 1820 C 10 89 93 3 457(20Bg) - - _ - UC2 + 15w/o Carbowax binder nse«t fiimaci cooled slowly (2 amp per hr) arai saiiple tioke into two 
I h , UC (estimated) pieces; iretallogaphicexaninat™ same as %eciiffin 12829-56 except gram size slightly 

lar^r 

5 „ 1850 C 10 35 ffi6 - M3906 - - - - Carbowax binder used, furnace cooled slowly (2 amp i^r to) and, when cwled, pressure was 
1.1/4 h, (Figure incieased to atmo^heric wift argon, ^c imen m me piece netallogr^hic examination 

6) UC2 IS major phase, a phase lesembliis UC ispresail as baids across fte UC2 grains 
there is a thud phase v* id i resembles U2C3. voids 5-10 per cent, 7 5 per cent carbon 

U> 
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T A B L i 1. (ConfinTCJ) 

Final 
Sintering \ * « * Densi^, 
Teniera- ™"< percent Photo-

Starting Fabrication Sraof tureand Density, oftheo- KnoooWicro- imcio-
Materials Pr(()ortions Whad Powder Time g per cm' retical hardness graph Eleia-pt w/o 55__5f?V. 

UraniuiPltaonitride 
(Reported Melting Point, 2630 ± 50 C, X-Ray Density, 14.32 G per Cip )̂ 

(Cpntinaed) 

13909-22B 13909-22 - _ _ _ - - . - - - -

12829-94 i 3 » 2 2 B - Vacuus 7p 1850 C. 12.65 88.3 410 (200 g), N45515 - - -
siiiteiea 1-1 2 hr 463 (100 g) (Figme 

IB 

1289-98 12829-94 - Vacant l,t 1820 C. 12 93 90.2 542 (100 g| H4573B 
smlered 2-3/4 nr (Figue 

additional 12) 

UianiuiF D i ta r i * , 
(Repwted (telliDf Point. 2449 G: X-Ba, Density. 12.82 G per Cni^i 

1282S-17 UH3.B Staidiioiratric Solid-soliG, '.1111115325 _ _ - - - - - -
1400 C, rresli 
1 2 n i . 
m vacuo 

! 2 B : M 8 12829-17 - Vaciuu - 1670 C 7 676 60 - - 0 89 3 30 
snte-ed 1 pr B 9.5 70 

12329-7: UH3-B StsiciiioiiBtric Salis-sxit. W.iijs325 _ . - - _ - - -
1320 C. BPSfe 
Ihr . 
in vacuo 

12829-73 12829-71 - Vaainr. - 1690 C, 7.60 59.2 - _ _ - -
sintered ! hr 

12829-734 12829-73 - Arcirelted - - 12.78 99.6 lSj«(200gj, HI44645 - - -
white phase; (Figure 
870 (200 g), 13) 
l i r i -giay 
phase 
679 (200 g). 
dark phase 

12829-82 UH3-B 2 ft/o excess boron Sohd-solid, Minus 325 _ _ _ - _ - - _ 
1320 C, me* 
Ihr , 
in vacuo 

12829-84 12829-82 - - - 1 6 M C , - - - - - - _ 
Ih r 

12829-84A 12829-84 - Arcmeited - - 12.38 S6.5 1077 ( 2 * g) N47841 - - -
(Fipre 
14) 

Bal! nilied to 7-p particle size 

Sfetallographic exairanalion: black areas arc voids, 
gray gams is US, the »iiite patches are a !*iase 

matrix phase appearing as li#it and daik 
UO2, gram size 3.5 to 18 p 

Metallogaphicexairination- UN |*ase rages Iron dark pay to white, cnis snail anoants of 
an inpurit phase, probablv UOj, present; latter cai be seen as smail *hite patches ir 

i alai within te grains, gram size 5-15(. 

Specmn gromd art sintereo (ae 12829-18 below) 

Low daisify eif eiiment repeated, see belo* 

SpecinBO giound and siitered, see 12829-73 below 

flprareatlrf raxisaim dcnsiti Atamable ly toi ' aplnrd isCOp»n»ntof t i " retical 
ciriered specrcn «il l be arc T l t ' d to nht»in a i e c i i n rt higl--. ddi=itv 

three pte-o' *iti> .ight p i v aid dan 1- i n - 'nda0 pnase. 
the latter is probably a eotectic of a u J U B , 

i and sintered, see 1283-84 belo* 

! ftan in 73A 
«*ite, light-gray p 
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FIGURE 1. MICROSTRUCTURE OF ARC-
MELTED UC 

y 

The material is mostly single phase. The 
white dots may be UCg. Specimen 12829-74A. 

250X N43491 
Etchaot: HNO3-Acetic Acid-H20 (Equal Volumes) 

Outer ring 

FIGURE 2. MICROSTRUCTURE OF UG 
SINTERED 1 HR AT 1925 C 

Outer ring shows UC matrix with grain-
boundary phase. Core is porous^ 
Specimen 12829-96. 

Core 

500X N45743 
Etchant: HNO3-Acetic Acid-H20 (Equal Volumes) 
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FIGURE 3. MICROSTRUCTURE OF UC SINTERED 
4-1/2 HR AT 1800 C 

Generally uniform gram structure. UC matrix 
with gram-boundary phase. Specimen 12829-99. 

tt f • 

250X N45740 
Etchauu HNO3-ACCUC Acid-H20 (Equal Volumes) 

.. t 

FIGURE 4. MICROSTRUCTURE OF UC SINTERED 
1 HR AT 1800 C 

UC matrix phase. A very slight amount of UO2 
IS present in gram boundaries. The Widmanstatten 
lines are UC2. typical of uranium-carbon alloy 
having about 5 w/o carbon. Specimen 14335-10. 

y , . f 3 

0 

500X N48148 
Etchaot: HNO3-Acetic Acid-H20 (Fqtiai Volumes) 
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T h e t h e r m a l e x p a n s i o n a n d s o m e c h e m i c a l p r o p e r t i e s of s i n t e r e d UC a r e r e p o r t e d 
in l a t e r s e c t i o n s of t h i s r e p o r t s T h e h e a t of c o m b u s t i o n w a s a l s o m e a s u r e d . 

U r a n i u m D i c a r b i d e 

U r a n i u m d i c a r b i d e w a s p r e p a r e d a n d f a b r i c a t e d in t h e s a m e w a y a s the m o n o ­
c a r b i d e e x c e p t t h a t a s m a l l a m o u n t of C a r b o w a x 4 0 0 0 * ( a b o u t 5 m l of a 1 to 2 w / o 
so lu t i on in CCI4 fo r 15 to 20 g of UC2) w a s u s e d a s a b i n d e r in fornaing the h y d r o -
s t a t i c a l l y p r e s s e d c o m p a c t . 

A s w i t h UC^ a p h o t o m i c r o g r a p h of a r c - m e l t e d UC2 ( F i g u r e 5) i s i n c l u d e d fo r 
c o m p a r i s o n w i t h s i n t e r e d UC2-

T h e f i r s t s i n t e r e d s p e c i m e n s w e r e f a b r i c a t e d f r o m m i n u s 1 0 0 - m e s h powder^ but 
h a d d e n s i t i e s of on ly 75 p e r c e n t of t h e o r e t i c a l . Wi th p o w d e r of 5-/i a v e r a g e p a r t i c l e 
s i z e ^ b u l k d e n s i t i e s of a p p r o x i m a t e l y 90 p e r c e n t of t h e o r e t i c a l w e r e a c h i e v e d . 

A f t e r s i n t e r i n g ^ r a p i d c o o l i n g c a u s e d U C T s p e c i m e n s to b r e a k in to m a n y p i e c e s . 
S low c o o l i n g m i n i m i z e d the b r e a k i n g ( S p e c i m e n 1 2 8 2 9 - 5 8 ) . No b r e a k a g e o c c u r r e d w h e n 
s low c o o l i n g w a s fo l lowed by t h e i n t r o d u c t i o n of a r g o n in to t he v a c u u m f u r n a c e i n s t e a d 
of air_, w h i c h h a d b e e n u s e d p r e v i o u s l y . It i s n o t c e r t a i n t h a t t h e u s e of a r g o n i s a 
f a c t o r in p r e v e n t i n g b r e a k a g e . F i g u r e 6 s h o w s a t y p i c a l s t r u c t u r e fo r s i n t e r e d U C ^ . 

M i c r o h a r d n e s s a n d s o m e c h e m i c a l p r o p e r t i e s of UC2 w e r e m e a s u r e d and a r e 
r e p o r t e d l a t e r , 

U r a n i i m i B e r y l l i d e 

In g e n e r a l ^ u r a n i u m b e r y l l i d e (UBe][3) w a s p r e p a r e d by the s o l i d - s o l i d r e a c t i o n 
of a h y d r o s t a t i c a l l y c o m p a c t e d m i x t u r e of UH3 a n d b e r y l l i u m p o w d e r s in a n i n d u c t i o n 
f u r n a c e a t a b o u t 1550 C . The r e a c t i o n w a s c a r r i e d out u n d e r a p r e s s u r e of a r g o n 
s l i g h t l y a b o v e a t m o s p h e r i c in o r d e r to m i n i m i z e v o l a t i l i z a t i o n of b e r y l l i u m . D e t a i l s 
of t y p i c a l e x p e r i m e n t s a r e g iven in T a b l e 1. 

T h e e x p e r i m e n t s d e m o n s t r a t e d t h a t an e x c e s s of b e r y l l i u m w a s n e c e s s a r y in t he 
s t a r t i n g m a t e r i a l s in o r d e r to f i n i s h w i t h a s t o i c h i o m e t r i c o r n e a r - s t o i c h i o m e t r i c 
c o m p o s i t i o n in the s i n t e r e d s p e c i m e n s . 

A t w o - s t e p p r o c e d u r e w a s a d o p t e d a f t e r t he i n i t i a l e x p e r i m e n t s b e c a u s e t he 
s i n g l e - s t e p p r e p a r a t i o n d id n o t p r o d u c e su f f i c i en t l y d e n s e s p e c i m e n s . T h e U B e i 3 w a s 
formied by h e a t i n g the c o m p a c t e d m i x t u r e of UH^ and b e r y l l i u m . The r e l a t i v e l y p o r o u s 
c o m p a c t w h i c h r e s u l t e d w a s g r o u n d to p o w d e r and t h e n r e p r e s s e d and s i n t e r e d . 
E x p e r i m e n t s 12829-66^ 1 2 8 2 9 - 7 8 , and 14099-6A a n d 1 4 0 9 9 - 6 A - 2 a r e e x a m p l e s of t h e 
t w o - s t e p p r o c e d u r e . The d i f f e r e n c e in p o r o s i t y b e t w e e n S tep 1 and S t e p 2 of t he p r o ­
c e d u r e c a n be s e e n in F i g u r e s 7 a n d 8. 

"Carbide and Carbon Chemicals Company, New York, New York. 



FIGURE 5. MICROSTRUCTURE OF ARC-MELTED 
UC2 

Major phase is UC2. The light lines running 
across the grains are evidence of precipitated UC. 
Specimen 12829-74B. 

FIGURE 6, MICROSTRUCTURE OF UC2 SINTERED 
1-1/2 HR AT 1850 C 

250X N43490 
Etchant: HNO3-Acetic Acid-H20 (Equal Volumes) 

/ *.. 

UC2 is the major phase here. A phase resembling 
UC is present as bands across fiie UC2 grains. 
There is a liiird phase resembling U2C3. 
Specimen 12829-69. 

600X N43906 
Etchant: HNO3-Acetic Acid-H20 (Equal Volumes) 



FIGURE 7, MICROSTRUCTURE OF UBeia AFTER 
FIRST HEATING 

The compound is formed using approximately 
7 w/o excess beryllium. Black areas are voids 
filled with mounting material. Light areas ate 
UBei3. Specimen 14099-6A. 

10 

5.^^0' ^ " ^ 
500X N46738 

Etdiante 1 HF-10 riNO3-30 Lactic Acid (Parts by Volume) 

/ 

FIGURE 8. MCROSTRUCTURE OF UBeig SAMPLE 
SINTERED FROM GROUND MATERIAL 
SHOWN IN FIGURE 7 

Major phase is UBe]_3. Some of the extraneous 
phase was probed out, and UC and BeO were 
identified by X-ray. Specimen 14099-6A-2. 
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" ^ ^ ^ ^ " ^ .m i i * _ 
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N47534 
Etchant: HoO-0.25 Volume Per Cent HF, on Wheel 
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In the ini t ial s ing le - s tep exper iments (12829-28 and 12829-47) high-bulk densi ty 
was achieved by flash mel t ing of the spec imens . F igu re s 9 and 10 a r e meta l lographic 
sect ions of the unmelted and mel ted port ions of a specimen which was par t ly flash 
me l t ed . At the t e m p e r a t u r e n e c e s s a r y for melt ings the re is the danger of losing 
beryl l ium with a resu l tan t u r a n i u m - r i c h phase such as is shown in F igure 10. 

The coefficient of expansion, the t he rma l and e l ec t r i ca l conduct ivi t ies , and 
some chemica l p rope r t i e s of UBe2 3 a r e given in a l a t e r section of this r epo r t . 

Uranium Nitr ide 

Uramium sesquini t r ide was p repa red by react ing h igh-pur i ty ni t rogen with 
u ran ium m e t a l at 850 C. The resu l t ing sesquini t r ide was then heated a t 1300 C to a 
final p r e s s u r e of 18 /i of m e r c u r y , which converted the sesquini t r ide to UN. The m a ­
t e r i a l as p r epa red had an average par t ic le size of 66 JJL. This m a t e r i a l compacted 
sa t i s fac tor i ly in the hydros ta t ic p r e s s , but the s in tered bulk densi ty was only about 
84 per cent of theore t i ca l . By reducing the par t ic le size to an average of 7 p and 
s inter ing for a total of 4 - 1 / 4 hr in the range 1820 to 1850 C, a specimen having a bulk 
densi ty of 90 per cent of theore t ica l was obtained. F igu re s 11 and 12 show the m e t a l ­
lographic s t r u c t u r e s of spec imens having bulk dens i t ies of about 88 and 90 per cent , 
r espec t ive ly . 

The m i c r o h a r d n e s s of UN was de te rmined and is given in Table 1. 

Uranium Diboride 

Uranium diboride was p r epa red by the sol id-sol id react ion in a hydros ta t ica l ly 
p r e s s e d compact of mixed UHQ and boron powder at 1300 to 1400 C in a vacuum furnace. 
The resul t ing very porous compact was ground, and the powder was hydros ta t ica l ly 
p r e s s e d . The compact was s in tered at about 1680 C in a vacuum furnace . Two a t ­
t empts (12829-17 and 12829-71) resu l ted in s intered compacts having bulk densi t ies of 
about 60 per cent of theore t i ca l . These r e su l t s a r e detailed in Table 1. 

It was believed tha t , while higher t e m p e r a t u r e and longer t ime might have r e ­
sulted in i nc reased dens i ty , the final bulk densi ty would not have reached 90 per cent 
or h igher . In o r d e r to at tain a higher densi ty quickly, one of the por'ous s in tered com­
pacts was a r c mel ted . This made poss ible a study of some of the p rope r t i e s of dense 
UB2. The a r c - m e l t e d m a t e r i a l had a bulk densi ty of 12. 78 g per cm , which is 
99. 6 per cent of theore t i ca l . Metal lographic examination showed a u r a n i u m - r i c h phase 
a t the gra in boundaries (see F igure 13). 

The exper' iment was repea ted using 2 w/o excess boron over the s to ichiometr ic 
amount (12829-82, - 8 4 , and -84A), This resu l ted in a m a t e r i a l which had considerably 
l e s s of the u r a n i u m - r i c h gra in-boundary phase than previously (see F igu re 14). 

It should be noted that one phase of Specimen 12829-73A showed the highest 
m i c r o h a r d n e s s (1508) value m e a s u r e d in this work. 
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FIGURE 9. MICROSTRUCTURE OF UNMELTED 
PORTION OF UBei3 SAMPLE FORMED 
FROM STOICHIOMETRIC AMOUNTS 
OF UHg AND BERYLLIUM 

Matrix phase is UBe]_3. Gray patches may be evi­
dence of UO2 or of grain-boundary phase found In 
melted portion (see Figure 8). Specimen 12829-28. 

4 ' ? % 
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250X N41175 
Etchant: HgO-l Volume Per Cent HF, on Wheel 

>,,^. 
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m ""-
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FIGURE 10. MICROSTRUCTURE OF MELTED 
PORTION OF UBei8 SPECIMEN 
SHOWN IN FIGURE 9 

Matrix phase is XMSIQ, Grain boundary is 
probably uranium-tich. Specimen 12829-28. 
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250X N41173 
Etchant: HgO-l Volume Per Cent HF, on Wheel 
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FIGURE 11. MICROSTRUCTOIiE Ob UN 
FABRICATED FROM 7-|i POWDER 
AND HEATED FOR 1-1/2 HR 

Black areas are voids. Major phase is UN. White 
patches are a phase resembling UOg. Density is 
88.3 per cent of theoretical. Specimen 1282)-94. 

500X 
'̂  ^\ ' 

N45515 
EtUiaiU. 1 Hf-10 HNO3-30 Lactit Acid (Parts by Volume) 

FIGURE 12. SAME SPECIMEN AS SHOWN IN 
FIGURE 11, HEATED 2-8/4 
ADDITIONAL HR TO INCREASE 
DENSITY 

UN phase ranges from dark gray 10 white. Only 
small amounts of an impurity phase, probably 
UO2. Latter can be seen as small white patches 
m gram boundaries. Densit>' is 90.2 per cent of 
theoretical. Specimen 12829-98. 

500X N45738 
Etchant: 1 ffi'-lO HNO3-30 Lactic Acid (Parts by Volume) 
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FIGURE 13. MICROSTRUCTURE OF UBg MADE 

WITH STOICHIOMETRIC 
QUANTITIES OF UH3 AND BORON 

Three phases ate present, white, light gray, and 
a dark gram-boundary phase. The latter is 
probably a eutectic of a uranium-rich solid 
solution and UB2» Specimen 12829-73A. I 

250X 

1 

1 i 
r i 

N44645 
Etchant: H2O-I Volume Per Cent HF, on Wheel 

FIGURE 14. MICROSTRUCTURE OF UB2 MADE 
WITH SLIGHT EXCESS OF BORON 

The white and light-gray phases are present, but 
there is much less of the gram-boundary phase. 
Specimen 12829-84A. 

250X 

\ ' 

( \ 
N47841 

Etchant: HoO-l Volume Per Cent HF, on Wheel 
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Some chemica l p rope r t i e s of UB^ were m e a s u r e d and a r e given in a subsequent 
section of this r epo r t . 

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

(Work done by A. R. Noe , E . A. E ld r idge , 
H. W. D e e m , and A. F . Gerds) 

Data were obtained on the t h e r m a l expansion of s in tered UC and UBej3 spec i ­
m e n s , on the t h e r m a l conductivity and e l ec t r i ca l r e s i s t iv i ty of U B e i 3 , and on the 
m i c r o h a r d n e s s of UC, UC2^ U B e i 3 , UN, and UB2. Observa t ions on the machinabi l i ty 
of UC and UBei3 and on the mel t ing points of the uran ium si l ic ides were a lso m a d e . 

Mic roha rdness 

The m i c r o h a r d n e s s values given in Table 1 a r e consolidated in Table 2 to enable 
the values for different m a t e r i a l s to be compared m o r e conveniently. 

Thermal -Expans ion Measu remen t s of 
Sintered UC and UBei3 

Thermal -expans ion m e a s u r e m e n t s were made in a recording ve r t i ca l quar tz- tube 
d i la tometer having a vacuum of approximate ly 5 x 10"^ mm of m e r c u r y . A heating and 
cooling ra te of approximate ly 5 F per min was maintained throughout the m e a s u r e m e n t s . 

Table 3 contains the mean l inea r - the r ina l - expans ion coefficients for s in tered UC 
and UBe][3 over t e m p e r a t u r e rangeb from room to 1800 F . The the rmal -expans ion 
dataC-^) recent ly obtained on a r c - c a s t UC of about 5. 0 to 5. 2 w/o carbon were about 
1 jLtin. per in. per F lower than the values in Table 3. This difference m a y be due to 
the higher carbon content of the cas t m a t e r i a l . F igu re s 15 and 16 show the l inear ex ­
pansion as a function of t e m p e r a t u r e for UC and U B e i 3 , respec t ive ly . The e r r o r of 
m e a s u r e m e n t is es t imated not to exceed ±2 per cent . 

The mean l inea r - the rmal -expans ion coefficients of s in te red UBe]_3 and UC for 
the t e m p e r a t u r e range 68 to 1800 F a r e compared with coefficients of other u ran ium 
m a t e r i a l s in Table 4. The data for the s i l ic ides and the aluminide a r e taken from 
BMI-1223.^^^ The values for the be ry l l ide , s i l i c ides , and the aluminide a r e about the 
s a m e . The monocarbide is apprec iably lower . 

E l e c t r i c a l Res is t iv i ty of Sintered UBej_3 

The e l ec t r i c a l r e s i s t iv i ty of U B e | 3 was de te rmined at room t e m p e r a t u r e using 
the vo l tage-drop method. The re s i s t iv i ty of a s in tered specimen was 113 m i c r o h m - c m 
at 27. 6 C. The e r r o r of the m e a s u r e m e n t was es t imated not to exceed ±1 per cent . 
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TABLE 2. KNOOP MICROHARDNESS VALUES FOR VARIOUS SINTERED URANIUM COMPOUNDS 

Compound 
Method of 

Preparation 

Arc melted 

Sintered 

Arc melted 

Sintered 

Load Used in 

Measurement, g 

100 

100 

100 

„ » 

Knoop 

Microhardness 

935 

750 

620 

500 

Remarks 

UC 

UC 

UCg 

UC^ 

UBe 13 

UBe 13 

UN 

UB„ 

Melted during 
sintering 

Sintered 

Sintered 

Arc melted 

200 962 

1155 

200 

455 

1508 Max, 1077 Miu 

Average of values 
using 100-g and 
200-g loads 

Average of values 
using 100-g and 
200-g loads 

Ditto 
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TABLE 3 . MEAN LINEAR-THERMAL-EXPANSION COEFFICIENTS FOR UC AND UBe^g 

Temperature 
Range, 

F 

First Cycle 
Heating 

Mean Coefficient Over the Temperature Ranges Shown. 10"^ per F 

First Cycle 
Cooling 

Second Cycle 
Heating 

Second Cycle 
Cooling 

Uranium Monocarbide 

68-200 
68-400 
68-600 

68-800 
68-1000 
68-1200 
68-1400 

68-1600 
68-1800 

68-200 
68-400 
68-600 
68-800 

68-1000 

68-1200 
68-1400 

68-1600 
68-1800 

6 .9 
7 .0 
7 .2 

7 .3 
7 .6 
7 .6 
7 .6 

7.6 
7 .4 

7 .2 

7 .6 
8.0 
8.4 

8.7 

8.9 
9 .1 

9 .1 
9 .1 

6.7 

7 .0 
7 .2 

7 .3 
7 .5 
7 .6 
7.7 
7 . 9 

8.1 

Uranium Beryllide 

7.3 

7.G 
7 .9 
8.2 

8 .4 
8.7 

8.9 

9 .1 
9.4 

7 .1 
7 .1 

7 .3 

7 .6 
7 .7 
7 ,9 
7 .9 
8.0 
8.0 

7 . 1 

7 . 4 
7 .8 
8.3 

8.6 

8.9 
9.0 

9.2 

9.3 

7.0 
7.1 
7,2 
7.5 
7.7 
7.8 
7.9 
8.0 
8.1 

7.7 
8.0 
8.3 
8.5 
8.7 
8.9 
9.1 
9,2 
9.5 
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FIGURE 15. LINEAR EXPANSION VERSUS TEMPERATURE FOR UC 
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Therma l Conductivity of Sintered UBe][3 

The t h e r m a l conductivity of s in tered U B e j j was m e a s u r e d in the range 100 to 
650 C. The r e su l t s a r e shown in Table 5 and in F igure 17. The method used is d e ­
scr ibed in the Appendix. _ E r r o r s of the interpolated thermal -conduct iv i ty values a r e 
es t imated not to exceed ±8 p e r cent . It should be r e m e m b e r e d that because of size 
l imi ta t ions in the vacuujcn s inter ing fu rnace , the specimen was s inal ler than usual ly 
used for t h e r m a l conductivity m e a s u r e m e n t . This undoubtedly accounts for the spread 
in va lues . 

The W i e d e m a n n - F r a n z - L o r e n z re la t ion between the t h e r m a l and e l ec t r i ca l con­
duct ivi t ies was calculated for UBe^^. This re la t ionship is exp res sed by 

k 
o-T 

w h e r e 

k = t h e r m a l c o n d u c t i v i t y , c a l / ( s e c ) ( c m ) ( C ) 

cr = e l e c t r i c a l c o n d u c t i v i t y , o h m " c m 

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

The W i e d e m a n n - F r a n z - L o r e n z coe f f i c i en t f o r s i n t e r e d U B e i 3 ( S p e c i m e n 14099-6A-Z) 
w a s c a l c u l a t e d to be 1,7 x 10~° c a l - o h m / ( s e c ) ( K ^ ) , 

w h e r e 

k = 0. 0045 c a l / ( s e c ) ( c m ) ( C ) * 

0- = 8. 85 X 10^ o h m " ^ cm"-^ 

T = 301 K. 

No t h e r m a l - c o n d u c t i v i t y d a t a w e r e o b t a i n e d fo r s i n t e r e d UC b e c a u s e no s a t i s ­
f a c t o r y w a y of t i n n i n g the s p e c i m e n s w a s found. Wi th U B e 2 3 , t he end s u r f a c e s w e r e 
e a s i l y n i c k e l p l a t e d and t h e n t i n n e d . B e c a u s e of t h e r e a c t i v i t y of U C , p r e t r e a t m e n t and 
p l a t i n g d id no t p r o v e f e a s i b l e . A t t e m p t s to f low i n d i u m m e t a l on the e n d s by m e a n s of 
a " c o l d " s o l d e r i n g i r o n r e s u l t e d in a d h e r e n c e of the i n d i u m to the UC for a s h o r t t i m e 
o n l y . 

M a c h i n a b i l i t y 

S i n t e r e d s p e c i m e n s of UC and UBej^3 cou ld be g r o u n d to w i t h i n ±0, 001 i n . of d e ­
s i r e d d i m e n s i o n s by u s e of s t a n d a r d g r i n d i n g t e c h n i q u e s . No d i f f i cu l ty w a s e n c o u n t e r e d 
in g r i n d i n g t h e UBe 13 , E x a m i n a t i o n of the g r o u n d s u r f a c e of the UC s p e c i m e n s a t a 
m a g n i f i c a t i o n of a b o u t 4 o r 5X s h o w e d t h a t t i n y p a r t i c l e s h a d b e e n p u l l e d out d u r i n g t he 
g r i n d i n g . O t h e r t h a n t h i s , the o p e r a t i o n w a s s a t i s f a c t o r y . R e c e n t e x p e r i m e n t s w i t h 
a r c - m e l t e d UC b o d i e s i n d i c a t e t h a t p r o p e r d r e s s i n g of the g r i n d i n g w h e e l o r u s e of 
c a r b i d e w h e e l s m a y e l i m i n a t e the p u l l i n g ou t of p a r t i c l e s . 

® Extrapolated from Figure 17. 
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TABLE 4. COMPARISON OF MEAN LINEAR-THERMAL-EXPANSION COEFHCIENTS 

FOR VARIOUS SINTEIffiD URANIUM COMPOUNDS 

Uranium Mean Coefficients From 68 to 1800 F, 
Material 10"^ pet F 

UC 7. -J 

UBe^g 9.15 

USi 9 .2 

USig 9.3 
USig 9 .5 

UAlg 9.3 
UO,," 5.0 
U (uietal) S. 3 

I'ABLE 5. THERMAL CON DUG IIVITT l )F UBt; 13 

Temperature, Thermal Conductivity, 
C cal/(sec)(cm)(C) 

100 0.050 
200 0.055 

300 0.058 
400 0 .061 
500 0.062 
600 0.064 

650 0.064 
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FIGURE 17, THER^IAL-CONDUCTIVITY VALUES VERSUS TEMPERATURE FOR UBej3 
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Specimens of UC^ ^^Z> U B e | 3 , UN, and UB2 as well as the s i l ic ides were cut 
without difficulty using a diamond cutoff wheel with a s t r e a m of t r ichloroethylene as a 
coolant. 

Observa t ions on Melting Points 
of Si l icides 

During the s inter ing of s eve ra l u ran ium-s i l i con compounds , t e m p e r a t u r e r e a d ­
ings w e r e carefully made and the spec imens w e r e observed for incipient mel t ing . In 
some c a s e s , incipient mel t ing was observed . This gives a c lose approximat ion to the 
mel t ing point. The observat ions a r e l is ted below. 

Compound 

^3^^2 

USi 

USi2 

USi, 

Reported Approximate 
Melting Point 

1665 C 

1570 C 

1700 C 

1510 C 

Observat ion 

Incipient mel t ing at 1560 C 

Melted at 1621 C 
No me l t at 1520 C 

No mel t at 1554 C 

Incipient mel t ing at 1493 C 

Chemica l P r o p e r t i e s 

The co r ros ion of UC, UC2* and UBcio was studied in boiling water at a t m o s ­
pher ic p r e s s u r e . Quantitative s tudies were made at var ious t e m p e r a t u r e s of the r e ­
act ions of UC2^ U B e j 3 , and UB2 with oxygen, n i t rogen , and H20(g). Qualitat ive 
observa t ions were made of the reac t ions between oxygen and a r c - m e l t e d UC and UC2. 

Cor ros ion of Sintered UC, UC2^ and UBe 13 
in Boiling Water 

Sintered compacts of UC and UC2 dis in tegra ted in boiling water (1 a tm p r e s s u r e ) 
within 1 h r . Both carbide compacts d is in tegra ted so rapidly that it was not possible to 
e s t ima te which was the m o r e s tab le . The dis integrat ion was accompanied by rapid 
oxidation of the c a r b i d e s . 

Based on the or iginal a r e a of the spec imens , s in te red compacts of UBe 13 showed 
an average weight loss of 2, 2 mg per cm after 72 h r in boiling water (1 a tm p r e s s u r e ) 
Under the same condi t ions , u ran ium is reported^- ' ' to lose 180 mg per cm^ . No d i s ­
integrat ion of the s in te red UBe]L3 compacts was observed during the f i r s t 30 h r . After 
72 h r , approximate ly 70 per cent of the or iginal comipacts were in m a s s i v e fo rm. The 
r e m a i n d e r of the m a t e r i a l was in the form of coa r se g r a i n s . 
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At var ious t i m e s during the 72-hr boi l ing-water t e s t , weight m e a s u r e m e n t s were 
made on the UBe 13. The ra te was ve ry e r r a t i c , the re being weight gains as well a s 
weight l o s s e s . The value given above is the average for the en t i re t e s t . Considerat ion 
m u s t be given to the fact that the actual a r e a was much l a r g e r than the apparent a r e a 
used to calculate the co r ros ion r a t e . 

React ions of Uranium Compounds With 
Oxygen, Ni t rogen , and Water Vapor 

(Work done by W. M. Albrecht and B, G. Koehl) 

The reac t ion of the uranium compounds with the var ious gases followed the 
genera l equation 

w = kt'^ , 

where 

w = weight gain, mg per cm^ 

k = ra te constant 

t = t i m e , s ec . 

The value of n depends upon the r a t e law followed; that i s , n = 1 for the l inear law, 
n = 0, 5 for the parabol ic law. Values of n a r e obtained fromi plots of logar i thms of w 
agains t logar i thms of t. Values of the ra te cons tant , k , a r e obtained from the slope of 
the l inear or parabol ic plot of w against t . 

The var ia t ions of r a t e constants with t e m p e r a t u r e a r e shown by the famil iar plots 
in which the logari l i ims of the r a t e constants a r e plotted agains t the r ec ip roca l s of the 
absolute t e m p e r a t u r e s . These data a r e exp res sed by equations of the Ar rhen ius type , 

k = A exp ( -E /RT) , 

obtained from l e a s t - s q u a r e calculat ions for each of the r e a c t i o n s . Values of A , the 
frequency fac to r , and E , the act ivat ion ene rgy , a r e thus deterixiined. 

React ivi ty of UC2. -A. s in te red compact of UC2 (Specimen 12829-69) having a 
densi ty about 89 per cent of theore t i ca l was invest igated. Data of r ep resen ta t ive ra te 
exper iments obtained with n i t rogen , oxygen, and wate r vapor a r e shown in F igure 18. 

The reac t ion of UC2 with ni t rogen and oxygen at about a 1-atm p r e s s u r e followed 
a parabol ic r a t e law in the ranges 400 to 700 C, and 150 to 250 C, respec t ive ly . The 
reac t ion with wate r vapor at 29 ± 3 m m of m e r c u r y followed the l inear ra te law from 
50 to 200 C» Slopes of the log- log plots and the r a t e constants of the reac t ions a r e 
given in Table 6. It can be seen that at 300 C the oxidation of UC2 proceeded an i so -
t h e r m a l l y , that i s , the t e m p e r a t u r e of the specimen inc reased and caused the ra te of 
reac t ion to i n c r e a s e rapidly with t i m e . It was es t imated that the t e m p e r a t u r e of the 
spec imen rose to above 1000 C in l e s s than 1 min . 
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TABLE 6« REACTIONS OF UC2 WITH NITROGEN. OXTGEN, AND WATER VAPOR 

Gas Reacted 

Nitrogen 

Oxygen 

Water vapor 

Temperatures 

C 

400 
500 
600 
700 

150 

200 

250 

300^^) 

50 

150 

200 

Slope of 

Log-Log Plot 

0.46 
0,49 
0,55 
0 .51 

0 .6] 

0.53 

0,52 

1.0 

0 .95 
0.99 

Rale Constants k 

l inear , 
i«g/(cm^(sec) 

__ 
-_ 
. . 
— 

, . 
__ 

: 

0.044 

U. 66 
J . 2 

Parabolic, 
f tg /cm2)2/sec 

16 
260 
860 

3300 

6 . 1 
75 

900 

__ 
__ 
__ 

Coi 

k = A 
A 

4 , 4 0 x 108 

5,6 X lO^l 

1,88 X 10"* 

istants for 

exp (-E/RT) 
Ej ca l per mole 

22,600 ± 1.200 

21,200 ± 1.100 

8,350 ± 710 

(a) Reacted anisothermally. 

TABLE 7. SUMMARY OF X~[iAY ANALYSES OF REACTION PRODUCTS 

Compound Reacting Gas 

Nitrogen 
Oxygen 
Water vapor 

Nitrogen 
Oxygen 

Water vapor 

Nitrogen 

Oxygen 
Water vapor 

Reaction Products 

UNjjC*) 

UC. UO2 
UC, UO2 

UNo. UN 

L-aOg 
UOg 

UN^(a) 

UgOg 

UO2 

UC2 

UBe 
13 

UB„ 

(a) X is between about 1. 5 and 2. 
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The var ia t ions of the ra te constants with t empe ra tu r e a r e shown in F igures 19 a?.4 
20. The values of the frequency f ac to r . A , and the energy of activation^ E , obtained 
from these plots a r e a lso given in Table 6, 

Compar i son of al l tiie data in F igu re s 18, 19> and 20 shows that the react iv i ty of 
U C T with the gases i n c r e a s e s in the o r d e r , n i t rogen , oxygen, and wa te r vapor . A l s o , 
the reac t iv i ty of UC2 is g r e a t e r than that of pure u ran ium with e i ther oxygen or 
n i t rogen. This is in con t ras t witii the r e su l t s of Cubicciott i ' ' , who found that the 
reac t ion of oxygen with u ran ium proceeded ini t ial ly according to a l inear law but after 
a shor t per iod the r a t e i nc reased with t ime . 

X - r a y ana lyses were obtained on s eve ra l r eac ted spec imens , A s u m m a r y of the 
identifiable reac t ion products is given in Table 7. The product UN^̂ . where x is between 
1. 5 and 2 was formed during the n i t rogen reac t ion . UO2 and some UC were produced 
in both the oxygen and. wate r vapor r eac t i ons . 

React ivi ty of U B e i 3 . An induct ion-mel ted compact of UBei3 (Specimen 12829-28) 
was invest igated. This compound had a densi ty 107 per cent of t heo re t i ca l , which 
indicates that the re was an excess of u ran ium in the compact . 

Represen ta t ive ra te cu rves obtained for the react ion of the UBe 13 with n i t rogen , 
oxygen, and water vapor a r e shown in F igure 21 . The reac t ion with ni t rogen followed 
a parabol ic r a t e law from 500 to 800 C. The ini t ial reac t ions with oxygen and wa te r 
vapor followed a l inear r a t e in the ranges 350 to 600 C and 600 to 975 C, respec t ive ly . 
In both c a s e s , the r a t e s dec rea sed with t ime after the ini t ial l inear r a t e . This d e ­
c r e a s e was quite rapid in the oxygen reac t ion , a s exemplified in F igure 21. At al l 
t e m p e r a t u r e s the reac t ion became ex t r eme ly slow after about 15 per cent of the total 
oxygen requ i red to coinpletely oxidize the UBe 13 to U30g had reac ted . 

Slopes of the log-log p lo t s , r a t e cons tan t s , and Ar rhen ius constants for the 
ini t ial reac t ions a r e given in Table 8. The t e m p e r a t u r e var ia t ions of the r a t e constants 
a r e shown in F i g u r e s 22 and 23. 

The ini t ial reac t iv i ty of the UBe]_3 with the gases i n c r e a s e s in the o r d e r wate r 
vapo r , n i t rogen , and oxygen as shown in F igu re s 2 1 , 22, and 23, A l s o , the react iv i ty 
of the UBe 13 with n i t rogen i s about the same as that of pure u ran ium with n i t rogen. 
However , the react ion of UBej3 with oxygen aaid wate r vapor is slower than that of 
u ran ium with oxygen. 

The reac t ion products thai; coidd be detected by X - r a y ana lys is a s seen in 
Table 7 w e r e : UN and UN2 foi* the ni trogen r e a c t i o n s , lJ30g for tlie oxygen reac t ion , 
and UO2 for the wa te r -vapo r reac t ion . 

React ivi ty of UB2. A s in tered compact of WBy (Specimen 12829-84), a r c mel ted 
to a densi ty % . 5 per cent of t heo re t i ca l , was invest igated. Representa t ive e x p e r i ­
men ta l cu rves for the react ion with n i t rogen , oxygen, and water vapor a r e shown in 
F igure 24. 
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The reac t ion of UB2 with ni t rogen de te rmined from 700 to 800 C followed 
parabol ic behavior . Both the oxygen and the wate r vapor reac ted l inear ly init ial ly in 
the ranges 200 to 400 C and 500 to 600 C, respec t ive ly . In a l l c a s e s , the react ion 
s ta r ted to d e c r e a s e slowly with t ime after the ini t ial l inear reac t ion . Slopes of the 
log- log p lo t s , r a t e cons tan t s , and Ar rhen ius constants a r e given in Table 9. It can be 
seen that the oxygen react ion proceeded an i so thermal ly at 500 C. The var ia t ions of the 
r a t e constants with t e m p e r a t u r e a r e plotted in F i gu re s 25 and 26. 

Compar i son of the data in F igu re s 24, 25, and 26 shows that the react iv i ty of 
U B T with the gases i n c r e a s e s in the o r d e r n i t rogen , water vapor , and oxygen. A l so , 
the reac t ion of UB7 with n i t rogen is considerably slower than that of uraniirm with 
n i t rogen. The re appears to be ve ry l i t t le difference in the reac t iv i t i es of e i ther U B T 
or uran ium with oxygen. 

The reac t ion p roduc t s , given in Table 7, that we re detected by X - r a y analys is 
w e r e : UNj, where x is between 1.5 and 2 for the ni t rogen r eac t ion , U^Oo for the 
oxygen r eac t ion , and UO2 for the wa te r -vapor reac t ion . 

Compar i son of Reac t iv i t i es . The data desc r ibed above supplement those for the 
study of the reac t ions of UAl2^ USi, USi2^ USi3, and U3Si2 with ni t rogen and oxygen 
repor ted in BMI-1223.C^' A compar i son of a l l the data is p resen ted below. 

The r a t e s of react ion of oxygen with UBe]_3, UB2^ and USi i n c r e a s e in that o r d e r , 
and init ial ly follow a l inear r a t e law up to 400 C. Above about 400 C, both the UB2 smd 
USi reac ted an i so the rma l ly , that i s , the t e m p e r a t u r e of the spec imens inc reased and 
caused the ra te of react ion to i n c r e a s e rapidly with t i m e . This resu l ted in complete 
combustion within a shor t t i m e . In c o n t r a s t , the UBe 13 reac t ion was i so the rma l up to 
600 C and stopped a lmos t en t i r e ly , long before complete oxidation occu r r ed . The 
reac t ions of oxygen with the compounds , l is ted in o r d e r of inc reas ing r a t e s , USi3, 
UoSi2^ U S I T ^ and U C T follow a parabol ic r a t e law up to about 400 C, while the oxidation 
of UAI2 follows a cubic law. In c o n t r a s t , pure uran ium oxidizes l inear ly at these t e m ­
p e r a t u r e s . In nea r ly a l l c a s e s , U3O8 was the only product which was detected by X - r a y 
ana lys i s . 

The reac t ion of ni t rogen with al l the compounds follows a parabol ic law a t t e m ­
p e r a t u r e s up to 600 to 800 C. UB2 was the only m a t e r i a l that reac ted m o r e slowly with 
n i t rogen than did uran ium under s imi l a r condit ions. However , in al l c a se s the r e ­
act ions of the compounds with n i t rogen were slower than the reac t ions with oxygen at 
the same t e m p e r a t u r e s . The ni t rogen reac t ion product in each case was pr incipal ly 
UNjj, where x is between about 1. 5 and 2. 

The reac t ions of water vapor at 29 m m of m e r c u r y with UBe][3, UB2^ and UC2 
follow a l inear r a t e law with the exception of UC2. These reac t ions a r e s lower than 
the reac t ion of oxygen with the compounds. U O T was the only product of reac t ion with 
wa te r vapor which was detected by X - r a y ana lys i s . 

React ivi ty of Arc -Mel t ed UC and UC2« Some quali tat ive data were obtained at 
200 C'Ior~tiie~reaction of oxygen with a r c - m e l t e d UC and UC2» The reac t ions appeared 
to follow a parabol ic r a t e law, and the UC2 reac ted a l i t t le m o r e slowly with oxygen than 
did the UC. A l s o , both the a r c - m e l t e d UC and UC2 reac ted slightly m o r e slowly with 
oxygen than did the s in te red UC2. 
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TABLE 8. REACTION OF UBe 13 vflTH NITKOCLIJ, OXYGEN. AND WATER VAPOR 

Gas Reacted 
Temperature 8 

C 
Slope of 

Log-Log Plot 

Rate ConsiaEt, k 

Lisiear, Parabolic, 
fig/(Lm")(sec) (fig/cm2)2/sec 

Constants for k =« A exp (-E/RT) 
A E, cal per mole 

Nitrogen 

Oxygen 

Water vapor 

500 
600 
700 
800 

350 
400 
500 

500 
600 

600 

700 
800 
900 
975 

0.46 
0.56 
0. .3.3 
0 ,53 

1.0 

u.os 
1.0 
1.0 
0.U2 

0 .75 
0. )8 

0 .91 

0. -IS 
] . 0 

--
__ 
— 
--

i j . lo 
0.4-< 

f \ 0 

n.O 
( • > . " , 

• i .Olu 

0 . 1 1 

11. "J.! 

l ac 
l . £y 

112 
2U0 
408 
599 

5.10 X 10^ 

1.98 X 10« 

9,450 ± 520 

26,200 ± 750 

5.46 x l O ^ 25,800 ± 1 . 5 0 0 

TABLE d. REACTION Ui UB., WIJ H .U^K.U , u .Viu i - j : , \ND WATER VAPOR 

Gas Reacted 

Nitrogen 

Temperature, 

C 

700 
750 
800 

Slope of 

Log-Log Plot 

0.61: 

iJ.52 

Parabolic, 

!'«/(«• ' '"H '-• » P-il- • i - i-)" 'sec 

3'..U 

Constants for k = A exp (-E/RT) 
A E, cal pet mole 

1 . 4 2 x 1 0 ^ 18,000 ±480 

Oxygen 

Water vapor 

200 
30 0 
400 
500(a) 

500 

550 

600 

u,.j) 

1.0 

1,1 
'1.96 

0 .91 

11. 

I> . 

s. 

I . 

>i. 

! i i 

Ks 
0 

" 

^. 
1 
I 

4 , 1 8 x 1 0 ^ 16,100 ± 1 , 9 0 0 

2 .01 X 10^ 22,000 ± 800 

(a) Reacted amsothermally. 
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Thermodynamic Measu remen t s and E s t i m a t e s 

Hea t -o f -Forma t ion Measurei i ients for UC 

(Work done by J . "W. Droege^ A. W, Lemmonj, J r . , 
and R. B . F i l b e r t , J r . ) 

The heat of format ion of UC was de te rmined . An oxygen-bomb ca lo r ime te r was 
used to de te rmine the hea t of combust ion. This r e s u l t was combined with the known 
hea ts of formation of U^Og and CO2 to give a value of - 2 0 . 0 ± 5. 0 kcal per mole of UC 
for the heat of format ion at 25 C from the e lements in the i r s tandard states» In con­
nect ion with th is work , the hea t of combustion of UO2 also was invest igated. 

The exper imenta l de ta i l s of the heat- of-formation m e a s u r e m e n t s a r e given in 
the Appendix. 

Es t ima ted Thermodynamic Values 

(Work done by J . J . Ward) 

Es t ima ted Heat -Capaci ty Equat ions , Hea t -capac i ty equations were estimiated for 
a number of b inary uranium compounds using the methods given by Kubaschewski and 
Evans i ° ) . The Cp values e s t ima ted from these equations m a y be used in the t h e r m a l -
diffusivity eqxiatiori, or in calculat ing the change with t e m p e r a t u r e of the s tandard free 
energy of formation of the compounds. The estii i iated hea t -capac i ty equations a r e 
given in Table 10. 

Specific hea t s of t h ree of the s i l ic ides given in Table 10 were de termined by 
enthalpy m e a s u r e m e n t s . The exper imen ta l r e s u l t s w e r e given in Table 6 on page 22 of 
BMI-1223.C2) Es t ima ted speci f ic-heat values calculated from the equations for USi3 
and UoSi a r e compared with the exper imenta l m e a s u r e m e n t s for 200 C in Table 11. 

It can be seen that there i s good ag reemen t between the es t imated and m e a s u r e d 
value s. 

Es t ima ted F r e e Ene rg i e s of Fo rma t ion . In BMI-1124^ ' , f ree ene rg ies of fo r ­
mat ion for s eve ra l b inary u ran ium compounds were e s t i m a t e d , and these es t imated 
va lues were then used to calcula te f ree ene rg ie s of reac t ions with common r eagen t s . 
In es t imat ing the f ree ene rg ies of format ion it was a s sumed that ACp = 0. This was in 
accord with the method used by B r e w e r . ' ^ ^ ' La te r in the p r o g r a m , the hea t -capac i ty 
equations given in the previous sect ion w e r e es t imated and these w e r e then used to 
re-es t imiate the free ene rg ie s of formation of the same five b inary uran ium compoixnds. 
In addit ion, the equation for the free energy of formation of UC was es t imated using the 
exper imenta l ly de te rmined heat of combustion which was r epor ted at tlie beginning of 
this sect ion. 
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TABLE 10. ESTIMATED HEAT-CAPACITY EQUATIONS ¥CR SEVERAL 
BINARY URANIUM COMPOUNDS 

Compound 

UC(s) 

UCgCs) 
UNCs) 
UAlgCs) 
US(s) 

UB2(s) 
UB4(s) 
USi^Cs) 
USigCs) 
UgSiCs) 

Equation 

[Cp = Heat Capacity m Cal/(Gram 

Cp = 7.t; + 2 ,8 t ) . \ 10""'̂ T 
Cp = 8.112 + -3. \W, X lO'-^T 
Cp = lu. t ;^- ; . o n I O " 3 T 

C p = 1 J . 0 + 6.4 X 10"^T 
Cp = 13.0 + 1. .J X lO'^^T 
C p = 1 0 . 9 + .1.6 X 10"^T 
Cp = l'"i.3 \ 7.0 X 10""- 'T 

Cp = 17,24 .(• 2 .04 X 1 0 " 3 T -
Cp = 26.84 + 3,06 x 10">^T -
Cp = 33.06 + 1.02 X 10"^T -

o ^o 

3.18 
1.06 

Mole) (K)] 

X lO+^T ' -
X 10+-'T"2 
s 1 0 + 5 T " 2 

Temperature Range, K 

298 - 2400 
No range glvenC^) 

298 - 3000 
298 •" 1863 
298 - 2000 
298 - 2000 
298 - 2000 

1100 - 1873 
298 - 1500 
298 - 900 

(a) From Reference (9). 

TABLE 11. COMPARISON OF SPECIFIC HLATS OF US13 AND 
UgSi AS FSTIMATFD AND AS MEASURED AT 
200 r 

Specitic Heal, cal/(g)(C) 
Compound Estimated Measured 

USi3 0.084 0.081 

U3S1 0. oa.'i (1.042 



TABLE 12. ESTIMATED STANDARD FREE-ENERGY EQUATIONS AS A FUNCTION O F 
TEMPERATURE FOR SOME BINARY URANIUM COMPOUNDS 

React ion 

U(a) + 1/2 N2{g)-*UN(s) 

U ( B ) ^ l/-2K2(g)->UN(s) 

U(7) + l / 2 N 2 { g ) - U N ( s ) 

U(i| , + l / 2 K 2 ( g ) - U N ( s ) 

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

298. 16 - 935 

935-1045 

1045 - 1405 

1405 - above 

S tandaro F r e e Ene rgy Equat ion: F r e e E n e r g y , AF-fj at T e m p e r a t u r e , T, K 

- 3 2 5 - 1 
^ F f = •• 81,320 - 8 .94Tlog T - 0. 77 X 10 T f 0. 35 x 10 T + 43. 16T 

3™2 AF.|,= - 79 ,100 + 6 . 7 0 T l o g i o T - 4. 78 x l O ' ^ T " + 1.89T 

'.F.|,= - 81 ,270 +-4. 44Tlog ioT - 4. 78 x l O ' ^ T ^ + 7 .01T 

^F^^ - 84 .470 + 4. 44TlogjQT - 4. 78 x 1 0 " ^ ! ^ + 9. 29T 

Ufa) + 2 S i ( s ) -USi2(s ) 

U(p) + 2 S i ( s ) - U S i 2 ( s ) 

U(7) ^2Si ( s | ->USi2{s) 

U(i) t- 2Si (s ) - .USi2(s ) 

298. 16 - 935 

935 - 1045 

1045 - 1405 

1405 - above 

Fff- 35,577 - 5. Z iT log igT + 3. 55 x l O ' ^ T ^ - 0. 32 x lO^T" ' + 14. 18T 

^Ff= - 33,360 + 10.41TlogiQT - 0. 4b s 10"^T^ - 0. 67 x lO^T"^ - 30. 87T 

F.J=: - 35,530 + 8. ISTlog jpT - 0 .46 X l O ' ^ T - 0. 67 x 10 T ' - 2 1 . 9 6 1 

- 3 2 5 - 1 
^F..f = - j 8 . 7 i 0 T 8. ISTlog igT - 0. 46 X 10 T - 0 . 6 7 K 1 0 T - 19. b8T 

O 

U(u.) + l / 2 S 2 { g ) - U S ( s ) 

U(p) 4 l / 2 S 2 ( g ) - U S ( s ) 

U{->) + l/2S_,(g)-*US(s) 

U(i) I- l / 2 S 2 ( g ) - U S ( s ) 

298. 15 - 935 

935 - 1045 

1045 - 1405 

1405 - above 

. F ^ = - 56,900 - 12. 30Tlog iQr + 3. 33 x l O ' ^ T " f 0. 15 x I O ^ T " ^ + 55. 67T 

- 3 2 5 - 1 
F ° = - 54,&80 + J. 34TlogjQT - 0. b8 x 10 T - 0. 20 x 10 T + 10. 62T 

3 „ 2 , 5 „ - l 
i^F ° = - 56,850 + 1. OSTlogioT - 0. b8 x 10 T - 0. 20 x 10 T + 19. 52T 

- 3 2 5 - 1 
,.iF..a = - bO,050 4 1. OSTlogioT - 0 .58 X 10 T - 0. 20 x 10 T + 2 1 . SOT 

U(c;) - 2 B(s)-»UB2(s) 

U(p) + 2 B ( s ) - U B 2 ( s ) 

U(7) + 2 B ( s ) - U B 2 ( s ) 

UCi) + 2 B{s)^UB2(s) 

298. 16 - 935 

935 - 1045 

1045 - 1405 

1405 - above 

- 3 2 5 - 1 
A F " = - 90 ,470 + 10. 20TIogioT - 6.61 X 10 T - 0. 35 x 10 T - 19, 63T 

£.F.° = - 88 ,750 + 25. 84Tlog^o'^ " 1°- ^^ ^ iC'^T'^ - 0. 70 x I O ^ T " ^ - 64. 68T 

-3 2 5 - 1 
i F . | , = - 90 ,920 + 23. 58Tlog ioT - 10. 62 X 10 T - 0. 70 x 10 T - 5 5 . 78T 

AF.|, = - 94 ,120 + 23. 58TlogjQT - 10. 62 x l O ' ^ T ^ - 0. 70 x IO^T"-*- - 53 . 50T 



TABLE 12. (Continued) 

React ion 
T e m p e r a t u r e 

Range , K Standard F r e e Energy Equat ion: F r e e E n e r g y , A F . j . , a t T e m p e r a t u r e , T , K 

U{a) f 2 C(graph)-»UC2(s) 

U(^) + 2 G(graph)-»UC2(s) 

U(>) + 2C(graph)-*UC2(s) 

U(<) + 2 C ( g r a p W - U G 2 ( s ) 

298. lb - 935 

9 35 - 1045 

1045- 1405 

1405 - above 

LF^= - 39,7o0 + 6. ISTlogjoT + 3.05 x 10""^T^ - 1.75 x lO^T"^ - 21 .67T 

AFf = - 37.540 +• 21. 79T]ogjQT - 0. 96 x l o " T " - 2. 10 X I O ^ T " ' ' - 66. 72T 

AF.^,a - 39,710 + 19. 53TlogjQT - 0. 96 x 10"^T^ - 2. 10 x lO^T"-"- - 57. 82T 

3 „ 2 , 5 - 1 
,1,F °= - 42,910 + 19. 53TiogjoT - 0. 96 x 10 T - 2. 10 x 10 T - 55. 54T 

U(a) + C( graph)-^UCls) 

U(o) + G{ g r a p h ) - U C ( s ) 

U{~,) + C(graph)-»UC(s) 

U{i) f G(g raph) -UG(s ) 

298. lb - 935 

935 - 1045 

1045 - 1405 

1405 - above 

„F , °= - 19,2<30 - 0.25Tlog^QT + 1. 55 x 10"^T^ + 0. 70 x I O ^ T " ^ + 0. 37T 

3^2 . , 5„ - l _ F ° = - 17,070 + 15. 39TlogiQT - 2. 4& x 10 T + 0. 35 x 10 T - 44. b8T 

A F ° = - 19,240 + 13. 13TlogjQT - 2. 46 x l O ' ^ T " + 0. 35 x I O ^ T " ^ - 35. 78T 

- 3 2 5 - 1 
& F ° = - 22,440 f I s . U T l o g i g X - 2 .46 X 10 T + 0. 35 x 10 T - 33. 50T 
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TABLE 13. COMPUTED STANDARD FREE-ENERGY VALUES 

AFf , cal p e r r n o l e . At T e m p e r a t u r e Shown 

U(i8, 

uo. 
U(j8, 

U(^, 

U(i3, 

U(^, 

7 . 

7 . 

7 . 

7 . 

7 . 

1, 

i) 

A) 

A) 

i ) 

i ) 

&) 

Reaction 

+ l / 2 N 2 ( g ) - UN{s) 

+ 2Si(s) -* USi2(s) 

+ l / 2 S 2 ( g ) - US(s) 

+ 2B(s) — UB2(s) 

+ 2C(graph) — UC2(s) 

+ C(graph) — UC(s) 

1000 K 

-61,890 

-33 ,530 

-34 ,740 

-86 ,600 

-40 ,060 

-18 ,010 

UOO K 

-64,490 

-33 ,040 

-32 ,610 

-86 ,310 

-39 ,330 

-17 ,620 

1200 K 

-63,340 

-32 ,490 

-30 ,430 

-86 ,080 

-38 ,490 

-17 ,170 

1300 K 

-62 ,260 

-31 ,920 

-28 ,270 

-85 ,980 

-37 ,600 

-16 ,730 

1400 K 

-61,270 

-31 ,330 

-26 ,110 

-86 ,020 

-36 ,670 

-16,300 

1500 K 

-60,140 

-30 ,500 

-23 ,750 

-85 ,970 

-35 ,480 

-15 ,610 
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TABLE 14. SOURCES OF DATA USED IN ESTIMATING 
THERMODYNAMIC EQUATIONS 

Sources of Indicated 
Compound or Thermodynamic Functions(^) 

E lemen t 

U(a) 
U(^) 
U(7) 
U(i) 

S2(g) 
Si(s) 
B(s) 

Nzfg) 
UN(s) 
USi2(s) 
UB2(s) 
UC2(s) 
US(s) 
UC(s) 

AFf 298 

__ 

7 
7 
7 

__ 
__ 
__ 
__ 
6 
7 
7 
6 
7 
7 

^^%298 

__ 

3 
3 
3 

__ 
- -
- -
— 
6 
2 
I 
6 
2 
4 

^%298 

__ 

7 
7 
7 

- -
- -
- -
- -
6 
2 
2 
6 
2 
5 

S' 
1 
1 
1 
3 
1 
1 
1 
1 
2 
2 
2 
2 
Z 
2 

(a) Sources: 
1̂  Kelley, K. K. ^ Bulletin 476a U. S. Bureau of Umes (1949). 
2, Estimated. 
3„ Coughlin, L P., Bulletin 542, U. S. Bmeau of Mines (1952). 
4. This report. 
5. Campbel, i E. a Hî h Tempfcraiure 1 echnology, John Wiley and Sonss 

Inc., New York (1956). 
6. Rossinis R D,, Ciicular 500, National Bureau of Siaiidaids (1952). 
7. Computed by derived functions. 

(b) .\C values calculated from these €„ values. 
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The method used in es t imat ing the free energy of formation as a function of t e m ­
p e r a t u r e is essen t ia l ly the one desc r ibed on pp 173 and 174 of Lewis and RandalB^^ ' . 

The es t imated f ree -energy-of - fo rmat ion equations a r e given in Table 12. There 
a r e four equations for each compound, corresponding to the four s ta tes of u ran ium. 
This m a k e s poss ible the computation of f ree ene rg ies over a complete range of t e m ­
p e r a t u r e s . Table 13 contains ntamerical values for the free ene rg ie s of formation over 
a range of t e m p e r a t u r e s . Table 14 gives the sources for the data used in these 
computa t ions . 
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APPENDIX 

EXPERIMENTAL APPARATUS AND METHODS 

P repa ra t i on and Fabr i ca t ion of Uranium Compounds 

A r c Melting 

A descr ip t ion of the a r c - m e l t i n g furnace and technique of operat ion was given on 
pages 2 and 3 of BMI-1223.(2) 

Solid-Solid React ions 

In addition to the vacuum-furnace technique desc r ibed on pages 2 through 5 of 
BMI-1223, a second technique was employed in the p repa ra t ion and fabricat ion of 
UBej^^. Bery l l ium i s volati le a t re la t ive ly low t e m p e r a t u r e s and, accord ingly , UBe^j 
cannot be p r epa red in a vacuum furnace . Uranium hydride and bery l l ium powder were 
in t imate ly mixed in an argon a t m o s p h e r e , hydro s ta t ical ly compacted , and heated in an 
induction furnace under a rgon at a 1-atm p r e s s u r e . The t e m p e r a t u r e was r a i s e d 
slowly until a l l the hydrogen had evolved. The t e m p e r a t u r e was then r a i s e d quickly to 
the point at which rapid format ion of U B e j ^ took p lace . 

In some c a s e s , the re su l t an t , porous compact of UBe |2 was ground, coinpacted, 
and s in tered again under the same conditions to provide a m o r e dense spec imen. 

Gas-Solid React ions 

Uranium n i t r ide was p r e p a r e d by d i r ec t reac t ion between me ta l l i c uranixxm and 
purified n i t rogen. 

Uranium meta l in the form of 1/8-in. - thick sheet was cut into p ieces approx i ­
ma te ly 1/4 in. square and then pickled in 1;1 HNO^ solution. After r ins ing in dis t i l led 
wa te r and drying with cp ace tone , about 200 g of the m e t a l was placed in a Vycor r e ­
action tube which was then sealed to the vacuum appa ra tu s . The appara tus was evacu­
a ted , the u ran ium was heated to 850 C, and Matheson prepur i f ied ni t rogen (>99.99 per 
cent pure) was introduced into the a p p a r a t u s , where i t r eac ted to form U2N3« Upon 
completion of n i t r id ing , the U2N3 was heated for about 1 h r at 1300 C to a final p r e s ­
su re of 18 ^ of m e r c u r y . The heating d issoc ia ted the U2N3 to UN. 

Crushing and Grinding 

A r c - m e l t e d m a t e r i a l was f i r s t c rushed in a diamond m o r t a r to minus 20 m e s h in 
an argon a tmosphe re after which it was ball mi l led in 1/2-pt porce la in j a r s with high-
alumina porce la in ba l l s . During bal l mi l l ing , the m a t e r i a l was covered with an ine r t 

(2) References at end of text of report. 
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organic m a t e r i a l such as pe t ro leum ether or t r ichloroethylene to min imize oxidation. 
Late in the p r o g r a m , ball mil l ing was done in a p in t - s i ze rubber - l ined mi l l with 
u ran ium s lugs . 

After ball mi l l ing , the average par t i c le s izes were de te rmined by standard 
pe t rographic techniques . 

Thermal-Conduct iv i ty M e a s u r e m e n t s 

Apparatus and Method 

The appara tus and method used in making the thermal -conduct iv i ty m e a s u r e m e n t s 
was s imi l a r to those desc r ibed by Van Dusen and Shelton. i-'-^) The method in brief 
consis ted of heating one end of a cyl indr ica l spec imen , measu r ing the t e m p e r a t u r e 
grad ien ts along the spec imen , and deter inining the r a t e of heat flow through the spec i ­
m e n by m e a n s of a me ta l s tandard of known t h e r m a l conductivity at tached to the cold 
end of the spec imen. Radial heat flow into or away from the specimen was mini inized 
by radiat ion shielding and an enci rc l ing guard tube in which t e m p e r a t u r e s were adjusted 
to ma tch those in the specimen and s tandard at cor responding levels^ The radia t ion 
shielding was provided by filling the annular space between the specimen as sembly and 
the guard cyl inder with smal l pel le ts rol led from f rac t iona l -mi l - th ick tantalum foil. 
Th ree 36-gage Chromel -Alumel thermocouples were placed in the A r m c o i ron s tandard . 
This pe rmi t t ed the calculat ion of two thermal -conduct iv i ty va lue s , each a t a different 
m e a n t e m p e r a t u r e , for each t h e r m a l equi l ibr ium. The spec imens w e r e protected from 
oxidation by a vacuum of 2 x 10~^ m m of m e r c u r y . 

Gas-Reac t ion Studies 

Appara tus 

A Sar to r ius E lec t rona mic roba lance was used to m e a s u r e the ra te of weight gain 
of a sample . This balance is essen t ia l ly an e lec t ronica l ly control led null- type i n s t r u ­
men t . The amount of cu r r en t n e c e s s a r y to mainta in balance is m e a s u r e d on a m i c r o -
a m m e t e r which is ca l ibra ted d i r ec t ly in m i c r o g r a m s . 

The balance was evacuated by a t h r e e - s t a g e mercury-d i f fus ion pump backed by a 
mechan ica l vacuum pmnp. A l iquid-ni t rogen cold t r a p was placed between the pumping 
sys tem and the mic roba lance to prevent back diffusion of m e r c u r y into the balance 
sect ion. System p r e s s u r e s w e r e m e a s u r e d by an ionization gage connected in the 
sys tem between the cold t r a p and ba lance . 

P r e s s u r e changes during the reac t ions w e r e min imized by the l a rge volume of 
the sys tem. 

The specimen was placed in a 1/4-in, - s q u a r e plat inum boat to prevent loss of 
m a t e r i a l should flaking of the specimen occur during the reac t ion . The boat was s u s ­
pended from the beam of the balance inside the react ion tube by a platinum wire 
0, 005 in. in d i ame te r and 24 in. long. Boat and specimen were heated by a r e s i s t a n c e -
wound furnace . T e m p e r a t u r e s were control led to ±5 C. 
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Method 

Rates of reac t ion of the u ran ium compounds with n i t rogen , oxygen, and wa te r 
vapor were de te rmined from weight-gain m e a s u r e m e n t s . 

I r r e g u l a r polyhedral spec imens about 3/16 in. a c r o s s and roughly equiaxed were 
cut from sample m a t e r i a l . Specimen weights ranged from 0. 05 to 0. 35 g. The spec i -
miens were d ry abraded with 240- , 4 0 0 - , and 600-gr i t si l icon carbide paper and s u s ­
pended in the Vycor reac t ion tube of the m i c r o b a l a n c e . After heating to the des i r ed 
t e m p e r a t u r e in a vacuum at a p r e s s u r e of <0. 05 p. of m e r c u r y , the react ion was 
ini t iated by the addition of gas to the react ion tube. React ions with e i ther ni t rogen or 
oxygen were made at 740 ± 5 m m of m e r c u r y . For reac t ions with water vapor the 
p r e s s u r e was miaintained at 29 ± 3 m m of m e r c u r y . Rate data were not taken until 
about 1 min after the react ion was s ta r ted to allow for adsorpt ion of the vapor by the 
plat inum suspension w i r e , the plat inum boat , and the balance beam. P r e l i m i n a r y 
exper iments showed this t ime to be sufficient to es tab l i sh equi l ibr ium within the 
appa ra tu s . Weight-gain m e a s u r e m e n t s were made for 3 hr a t 1/2 to 20-min i n t e r v a l s , 
depending on the r a t e of reac t ion . 

The densi ty of the uran ium compounds for this study ranged f rom essent ia l ly 
100 to about 89 per cent of theore t i ca l for the ixiost porous m a t e r i a l s . Poros i ty plays 
a l a rge role in de termining the ac tua l surface a r e a of a spec imen. However , in o rde r 
to evaluate kinetic r e s u l t s , it i s n e c e s s a r y to have a common bas i s of compar i son . 
T h e r e f o r e , the geomet r i ca l surface a r e a was used in calculat ing the reac t ion r a t e s in 
t e r m s of weight gain per unit surface a r e a . 

The oxygen used in the oxidation reac t ions was obtained from the t h e r m a l d e ­
composi t ion of degassed po tass ium permangana te a s desc r ibed by Hoge.C-'-^) The 
n i t rogen was the Matheson prepurif ied grade which was dr ied by pass ing through a d ry 
ice -ace tone cold t r a p . Water vapor was obtained from deaera ted dis t i l led wate r p r e ­
pa red by boiling for 5 min at a tmospher ic p r e s s u r e and then by holding for 1/2 h r in a 
vacuum at about 10 mmi of m e r c u r y p r e s s u r e to remove dissolved g a s e s . 

Elec t ropla t ing Nickel on Uranium Silicide (USi) 
and Uranium Beryl l ide (UBei3) 

Solutions Used 

A, Alkaline c leaner 

KOH 
C u r r e n t densi ty 
T e m p e r a t u r e 

75 g pe r l i t e r 
50 amp pe r ft cathodic 
25 C 

Acid dip 

HNO3 (sp gr 1.42) 
H2O 
T e m p e r a t u r e 

100 m l 
100 m l 
25-35 C 
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C . A n o d i c t r e a t m e n t 

H 3 P O 4 (85 p e r c e n t ) 
H2O 
H C l ( c o n c e n t r a t e d ) 
C u r r e n t d e n s i t y 
T e m p e r a t u r e 
C a t h o d e s 

D . N i c k e l - p l a t i n g s o l u t i o n 

NiSO^- 7H2O 
M g S 0 4 
NH4CI 
H 3 B O 3 
X X X - D * 
pH 
T e m p e r a t u r e 
C u r r e n t d e n s i t y 

S t r i k e 
P l a t e 

300 m l 
500 m l 
16 m l 
See be low 
3 5 - 4 5 C 
C a r b o n 

145 g p e r l i t e r 
75 g p e r l i t e r 
15 g p e r l i t e r 
15 g p e r l i t e r 
20 m l p e r l i t e r 
5 . 5 ± 0, 1 
38 C 

30 a m p p e r ft^ 1/2 m i n 
15 a m p p e r f t^ 

P r o c e d u r e fo r P l a t i n g on USi 

(1 

(2 

(3 

(4 

(5 

(6 

(7 

(8 

(9: 

(10 

(11 

(12 

(13 

C l e a n c a t h o d i c a l l y in So lu t ion A fo r 5 m i n 

R i n s e in d i s t i l l e d w a t e r 

D i p in So lu t ion B fo r 4 m i n 

R i n s e w i t h d i s t i l l e d w a t e r 

T r e a t a n o d i c a l l y in So lu t ion C a t 25 a m p p e r ft f o r 10 m i n 

R i n s e w i t h d i s t i l l e d w a t e r 

R e m o v e by l i g h t l y a b r a d i n g w i t h a 2 4 0 - g r i t p a p e r the l o o s e 
p o w d e r y m a t e r i a l t h a t f o r m s on t h e s u r f a c e of the USi in S t e p (5) 

R i n s e in d i s t i l l e d w a t e r 

R e p e a t S t e p (1) 

R i n s e w i t h d i s t i l l e d w a t e r 

D i p in So lu t ion B fo r 4 m i n 

R i n s e w i t h d i s t i l l e d w a t e r 

P l a t e fo r 20 to 40 m i n . 

^Hatdiaw Chemical Company, Cleveland, Ohio. 
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P r o c e d u r e for Plat ing Nickel on UBe^^ 

(1 

(2 

(3 

(4 

(5 

(6 

(7 

(8: 

(9 

Clean cathodically in Solution A for 5 min 

Rinse with dis t i l led water 

Dip in Solution B for 4 min 

Rinse with dis t i l led wate r 

T r e a t anodically in Solution C at 50 amp per ft^ for 5 miin 

Rinse with dist i l led wate r 

Dip in Solution B for 4 min 

Rinse witli d is t i l led wate r 

P la te 20 to 40 min . 

ExperiB:iental Detai ls of Hea t -o f -Format ion M e a s u r e m e n t s 

Mate r i a l s Used 

The UC used in this work was p r e p a r e d by repea ted mel t ing of a sample of 
uran ium and carbon in a vacuum a r c furnace . The product was ground in a dry box to 
pass through a 200-mesh s ieve . The sample was no rma l ly kept in a d ry box, but it 
evidently changed ve ry l i t t le on exposure to a i r . 

The puri ty of the sample was a source of major concern . It w a s , t he re fo re , 
subjected to ana lys is by seve ra l techniques . As spec t roscopic ana lys is showed no 
impur i t i e s g r e a t e r than 0. 02 w / o , it was a s s u m e d that the sample contained only 
u r a n i u m , ca rbon , and oxygen. Upon ignition at 800 C to U30g , the sample gained 
weight by the factor 1, 1224. Since U30g contains 84.804 w/o u r a n i u m , the sample 
consis ted of 95, 18 w/o u ran ium. Vacuum-fusion ana lys is showed 1410 ppm oxygen. 
After exposure to a i r , ana lys i s showed 1400 and 1600 ppm oxygen. If a value of 
1450 ppm oxygen is chosen, and if the fur ther assumpt ion is made that this is p re sen t 
as UO2, then the complete analys is is 95, 18 w/o u r a n i u m , 0. 145 w/o oxygen, and 
4, 68 w/o carbon (by difference) , which is equivalent to 97. 24 w / o UC, 1. 22 w/o UO2, 
and 1,54 w/o u ran ium. This analys is was a s sumed to be c o r r e c t for the sample used . 
It m a y be compared with the chemica l ana ly s i s , which showed 9 5 . 4 w/o uran ium and 
4. 73 w/o carbon. A powder sample submitted to X - r a y diffraction showed only a c lear 
UC pa t te rn . Pe t rog raph ic examination in ref lected light showed cubic c r y s t a l s of UC. 
No other phase could be detected. It was a s sumed that no free carbon was p r e sen t . 
Since the heat of combustion of UC is not g rea t ly different from that of U + C, no a p ­
prec iab le e r r o r is involved in this assumpt ion . 
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Exper imenta l Techniques 

The ca lo r ime t e r used was a modified P a r r adiabatic ins t rument . The modifi­
cation consis ted in the addition of a hea te r and m e r c u r y the rmos ta t to mainta in a 
constant t e m p e r a t u r e in the j acke t . Thus , the c a l o r i m e t e r was used a s an i so the rma l 
ins t rument . The t e m p e r a t u r e of the jacke t was mainta ined at 30 ± 0, 01 C. A P a r r 
double-valve se l f -sea l ing bomb was used . A copper heating wi re was wound around the 
bomb to aid in adjusting the s ta r t ing t e m p e r a t u r e such that the final tenaperature would 
be ve ry close to the t e m p e r a t u r e of the j acke t . The e lec t rodes were replaced with 
platinum r o d s , to one of which was welded a platinum pan. An 8-cm length of 36-gage 
p la t inum-20 w/o i r id ium wire was gold-so ldered between the e l e c t r o d e s . A smal l 
c u r r e n t was passed through this wire to ignite the sample . A c o r r e c t i o n , usual ly 
anaounting to about 5 ca l , was applied for the heat produced in the w i r e . A Leeds and 
Nor thrup r e s i s t a n c e t h e r m o m e t e r was used in conjunction with a Gl Muel ler bridge and 
sensi t ive galvanometer for m e a s u r i n g the t e m p e r a t u r e of the wate r in which the bomb 
was imnaersed . 

The method of calculation was tliat outlined by J . Coops and c o - w o r k e r s , ^ '*' 
The energy equivalent was de te rmined with Standard Sample 39g of benzoic ac id , 
provided by the National Bureau of S tandards . The standard deviation of eight d e t e r ­
minat ions from the mean of 2470, 9 cal per deg was 1. 8 cal per deg. 

Samples were weighed on an analyt ical ba lance . All weighings were reduced to 
vacuum. Resul t s in absolute joules were converted to ca lo r i e s by dividing by 4. 1840, 
Washburn co r rec t ions were made where applicable following the outline given by 
Hubbard, (^5) 

P r e l i m i n a r y de te rmina t ions were made of the heat of combustion of U02> cotton 
t h r e a d , and Du Pont Mylar f i lm, which w e r e used as combustion a ids . The UO, was 
used as rece ived from Mal l inckrodt . Its composit ion was de te rmined by ignition at 
800 C to U3O8 to be UO2 033-

Three inethods were used in the combustion of UC. In th ree e x p e r i m e n t s , by the 
f i r s t method , a powdered UC sample was placed in a UjOo-l ined platinum cruc ib le . An 
oxygen p r e s s u r e of 30 a tm was used . The UC burned to a black fused pe l le t , in one 
case mel t ing through the c ruc ib le . Some of the product was vapor ized and deposited on 
the walls of the bomb. 

In another s e r i e s of exper inaents , the UC was mixed with from 3 to 10 t imes i ts 
own weight of UO2 s-nd sealed inside an envelope of 0. 5-iriil Mylar f i lm. The sample 
was placed in a platinum crucible and burned with 10 atm of oxygen. The dilution of 
the sample with UO2 served to keep the t e m p e r a t u r e of the combustion low, so that 
only a few sma l l beads of fused oxide resu l t ed . The or ig inal purpose of the Mylar bag 
was to pro tec t the sample from oxidation until the moment of ignition. This protect ion 
was probably not n e c e s s a r y , but the Mylar a lso se rved to i n su re the ignition of al l the 
pa r t i c l e s of s ample . There was no a s s u r a n c e , however , tliat the Mylar was completely 
burned. 

A th i rd s e r i e s of exper iments was conducted in such a way as to exclude wate r 
from the bomb. It was hoped in this way to be able to de te rmine the exact amount of 
unreac ted sample at the conclusion of the combustion and so to make suitable c o r r e c ­
t ions for incomplete combust ion. Dr ied UO2 wa,s mixfcd with UC in a platinum crucible 
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and burned in 10 to 20 a tm of oxygen. No cotton fuse or other combustion aid was used. 
The precaut ions agains t water w e r e apparent ly insufficient, however , a s an •uncertainty 
in the final weight of about 0. 03 per cent p e r s i s t e d . This was enough to vit iate the 
r e s u l t s from the en t i re s e r i e s , espec ia l ly s ince tlie combust ions were somewliat l e s s 
complete than in the f i r s t two s e r i e s . 

Runs of the f i r s t two s e r i e s were calculated on the bas i s of the assiamption that 
combustion was complete except in those c a s e s where ignition of the res idue at 800 C 
resu l ted in a fur ther gain of weight , in which c a s e s the runs were d i sca rded . 

Calculat ions 

Heat of Format ion of UC. F r o m the da ta , the heat of combustion at constant 
volume was calculated. These r e s u l t s were converted to heat of combustion at constant 
p r e s s u r e and c o r r e c t e d to 25 C. A co r rec t ion was added for the U O T and uran ium 
impur i t i e s . The r e su l t s for the th ree runs in which UC was bui-ned alone were -358 . 6, 
-357 . 8, -356 . 3 kcal per mole with a mean of -357 . 6 kcal per m o l e . The mean for 
ten runs with UO, and Mylar was -358 , 8 kcal per mole with a s tandard deviation of 
1. 0 kca l per mo le . The excess ive sca t t e r in the r e s u l t s is believed to be due to in ­
complete combust ion , for which it •was not poss ible to apply suita,ble c o r r e c t i o n s . 
Weighing a l l runs equal ly , the final r e su l t for the reac t ion 

UC + 2 1/3 0 2 - - - > l / 3 U30g + CO2 

was AH° at 25 C = -358 ,5 kca l per m o l e , Huber , HoUey, and Meierkord'- ' -" ' have r e ­
por ted for the heat of formation of U3O0 a value of - 853 . 5 ± 1. 6 kcal pe r m o l e . Using 
this va lue , and -94 , 0 kcal per mole for CO2? the heat of formation of UC is found to be 
-20 . 0 ± 5. 0 kca l per m o l e . 

The e r r o r was es t imated a s follows. The uncer ta in ty in the c a l o r i m e t r i c work 
was es t imated to be 2. 0 kca l (twice the s tandard deviat ion). The uncei ' tainty in the 
heat of formation of UoOg contr ibutes 0.5 kca l . The cor rec t ion for UOn in the sample 
was 4. 0 kca l . To this value was ass igned an uncer ta in ty of 2. 0 kca l . The cor rec t ion 
for exces s u ran ium in the sample was 1. 0 k c a l , with an a s s u m e d uncer ta in ty of 
0.5 kca l . The total uncer ta in ty i s , t h e r e f o r e , assum.ed to be 5. 0 k c a l , the sum of 
t h e s e . 

The value usual ly given for the heat of formation of UC, -40 k c a l , is based on 
B r e w e r ' s e s t i m a t e , a s repor ted by Quill . ^ " ' This e s t ima te was based on a r a the r 
uncer ta in value for UC2 which, in t u r n , was based on a high value for U02 . Although 
the value obtained in the p r e sen t work cer ta in ly does not r e p r e s e n t a complete solution 
to the p r o b l e m , it would seem to be m o r e suitable for thermodynamic calculat ions 
•than the older va lue . 

The following improvements in p rocedure would probably be requ i red for a m o r e 
re l iab le de terminat ion: A sample should be p r epa red which contains much l e s s oxygen, 
to reduce the r a t h e r l a rge uncer ta in ty assoc ia ted with the tinknown form of the oxygen 
in the sample . The carbon content should be m o r e carefully de te rmined . F u r t h e r work 
i s r equ i red to de te rmine whether the combustion product is actual ly U30g , or whe the r . 
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p e r h a p s , it contains m o r e oxygen. A very careful analys is of the combustion product 
for w a t e r , oxygen, and carbon would be requi red in o rde r to make cor rec t ions for 
incomplete combust ion. 

Heat of Combustion of UO2. Since m o s t of the de te rmina t ions involved the use of 
UO2 a-s a combustion a id , it was n e c e s s a r y to de te rmine the heat produced in i ts com­
bustion. Samples weighing about 30 g were burned in 10 to 30 a tm of oxvgen. Fo r the 
reac t ion UO2 033 + ^- 3168 O2 > 1/3 U^Og, the average of five exper iments showed 

AH° at 25 C = -24 .55 kca l per m o l e , c ^ 

The s tandard deviation was 0. 11 kca l . This s eems to be in sa t i s fac tory ag reemen t with 
the r e s u l t s of Huber , Holley, and Meierkord^•'•'•'' for a sample of s imi la r composit ion. 
If a co r rec t ion of 48 kcal per g atom of oxygen is applied for the oxygen in excess of 
U02^ then for 

3 UO2 + O2—^U30g 

we find AH° at 25 C = - 7 8 . 4 hea l . This is not in good ag reemen t with the value of 
-76 , 01 kcal r epor ted by these a u t h o r s . The d i sc repancy is not such as to i nc rea se the 
luicertainty in the UC r e s u l t s , however . 




