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SURVEY or asntACfORY URANIUM c o m p o u n d s

Luther D. Loch, GLn B. Engl*,
M, Jack Snyder, and Winston H. Duckworth
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A need exists In our nuclear-energy program Cor Cut! compound* that 
ara stable at high temperatures. Considerable research and development Is 
being done on on* such compound, UOj. However, a number ol other re
fractory uranium compounds are receiving little attention* The lira t phaae 
ol a reeaarcb effort to eupply needed data on them ia aummariaed in thie

Aa Indicated, the present intareet ia in compound* that are reeietaat 
to melting or decomposition at high temperatures. Aleo, in general, a 
nuclear fuel should contain a high concentration of fiealonable material and 
should have a low absorption croea section for alow neutrons. Other proper
ties of particular interest in this program include vapor preaeure, free 
energy of formation, thermal conductivity, thermal expansion, Young's 
modulus, and corrosion resistance.

The results of a literature survey are given in thie report together 
with data obtained to date in a concurrent laboratory effort. Further report* 
will be issued as particular compounds are preparad and meaeurementa of 
their properties are completed,
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SELECTION O f COMPOUNDS

Twenty binary uranium compounds, with Aluminum, boron, carbon, 
Iron, nickel, nitrogen, silicon, or oulfur, appeared interesting on the basis 
of uranium content and refractoriness. Compounds melting much below 
100 C were a rb itra r ily  excluded. Melting points and uranium contents of 
tbe twenty compounds ore  shown In Table 1. Two nitrides, U^Nj and UN;, 
and one sulfide, USj, were excluded from Table 1 because of reported low 
•ub ilitiee  at high tem pera tu res0»*), although they had the deeired high 
melting points and uranium  contents.

Table 2 lists the absorption croee eectione and comparative induced 
radioactivities for each of the eight combining elemente in Table 1. The 
induced activities were computed for 1 y of combining element irradiated 
for 1 yv in a therm al-neutron flux of 10*4 neutrons/(cm*)(eec). In each 
cnee, in computing tbe activity, the decay chains were continued until a  
•table isotope was reached. In the caee of boron, calculations were made 
for the low-absorption natural isotope, boron-11.

fo r  comparison with Tahlt 2, the activity of the fission products of 
uranium-215 was eetim atsd  to be 1. 85 x 10** curies per g, 1 h r  a fte r r e 
moval from a reac to r operating at a  therm al flux of 10** nv. Therefore, 
in each compound considered, the uranium will introduce a much larger 
amount of activity than is associated with the combining element.

URANIUM CARBIDES, NITRIDES. AND SULFIDES

Preparation

Uranium carbides, nitrldee, o r eulfidee are  prepared by a  variety of 
reactions. Equations for these are given in Table 3.

The carbides usually sre  prepared by a rc  melting stoichiom etric mix
tu res of the elements o r by reaction of uranium  oxides with carbon. Ths 
reaction of monatomic carbon and UOj> ie ca rried  out in a graphite crucible 
at about 1800 C. The reaction is essen tia lly  complete when the evolution of 
CO markedly decreases and should be stopped s t this point to avoid further 
pickup of carbon from the crucible, UC esn be prepared by passing
methane over fine uranium  powder (prepared from UHj) at 650-700 C.(*)

(1) H Imssssi a  eM.
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TABLE 1. URANIUM CONTENTS AND MELTING POINTS OF 

URANIUM COMPOUNDS

Uranium Content
Compound w / o C  par Cm* U) Melting Point, C Re la ranee

UC 95. 19 12.97 2350-2400 o )

uzc , 92. 97 11.97 1775 (decomposition) 0 )

UC i 90. 83 10.61 2450-2500 0 )

UN 94.44 13.52 2650 a  100 <«)

US 88.12 9.58 >2000 ( i )

u j s j
83.40 7.32 *

UjSl 94.21 14.99 93o0>) (5)
U jS if 92. 70 11.31 *1650 (5)
USi 89.44 9.30 *1600 (*)
Alpha US&2 80.91 7.27 *1600 (5)
Bata USi2 80.91 7.48 '1600 (5)
usi3 73. 86 6.02 *1500 (5)

u b 2 91.66 11.75 >1500 (6)
u b 4 84.61 7.94 >1500 (6)

u 6 n i 96.05 16. 90 » 790(£) (5)
u n i 2 66.98 9.02 985(£) (5)
UNiS 44. 77 - - 1300 (5)

UA12 81.52 6.64 *1590 (5)

U6 F c 96.20 17.00 8I5<C) (5)
u f « 2 68.00 8.98 1235 (5)

(0  Baaed on product of X fay deadly of compound and w/o uranium.
(b) (Vvitcctoid temperature.
(c) Per Hectic temperature.

CONFIDENTIAL



CONFIDENTIAL

8

TABLE 2. ABSORPTION CROSS SECTIONS AND INDUCED 
RADIOACTIVITIES OF COMBINING ELEMENTS 
IN REFRACTORY URANIUM COMPOUNDS

Element

Therm al-Neutron-Absorption 
C ross Section, 

m lllibarna per atom

Induced Activity!*), 
curies per g of 

element

Carbon 3.2 0.0000282

Nitrogen 1880 0.025

Sulfur 490 2.25

Silicon no 0.2

Boron-* 11 50 0. 71

Nickel 4600 1.16

Aluminum 230 14.0

Iron 2530 3.77

(a) Activated for 1 yr In a thermal-neutron flux of 10** ncutxom/(cm2X *«).
(b) Three tecond* after removal from the neutron flux this activity will be attenuated by a factor of 10“*,
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T A IL S  3. PREPARATIONS O f URANIUM C A R itD K l. NITRIDES, AND SULFIDES

.  .
Physical

Appearance
iw t f - f e i i d  
React w e

Solid-Solid Ga>Solrt
R e a e tw s  R e a d w s

u c B n * t  hart 

cn rtta ia
u * c ~ -  u c m o o o ^ ' 1

I N C - *  U C (lM G -U O O C /*>

u o 3 ♦ j c  - • >  u c  ♦ r c o i u u - i i o o c ^  u  ♦  C j H | - »  u c  •  c .  h / 7»

U ♦ CH^ ~ +  UC ♦ 2 H 2 l1 )

¥ i B right hart 
a y s ta t t

2U ♦ SC — • *  UC 4  UCftfOOO c f l 1 IK N U C j — . U j Cj U M O C ] ^

Gray «etallic  
c iyeta l*

U ♦ 2 C -» -U C 2 (l0> UOr  1C —  UC j .  ? C O (1 7 » -l8 O 0 C /a) 

U |0 |  ♦  14C - 4 .  3U C j ♦ SCO (2100 W

UN G uy n c ta llic  
c rysta l*

N itr id e *
•

U 4 R j  ( <  1000 0  —4.  U I^ K  >1K UR, —  UN (1300-1600 c / 4 •  

u a 4 ♦ N H 3 ( r M M a t ) - 4 - U N , ( i > l | ; U N | - 4 .  U N (1)00-1(00c / l l>  

U 4 NH j ( c  1000 C | U \  (1 > U ; UNf  « • »  UN (DOO-UOO #

W lfides

US Gray aeta llic

c rys ta li
•

DOS ♦ C - *  US 4  CO (1900 c / ^  UOj 4 HjS « •+ •  UOS ♦  H jO M M O C ia  paph ite  uvc.Wefc

U O U C S  —  USj 4 CO (>1200 Ck 

I g j - ^ l f t ^ K i a m e e a t H O O C p  

2UHj 4  SMjS - *  2US ♦ S H j  (SOttOO c f l *

V i Gray metallic 
crysta l*

u ♦ s u s j —^  2U2S3  a a o o  c y l2 > 2UH3 ♦ 3H2S UjSj  4 $H2 (S00-C0OC/,0 >

(•) Supefsoipt hub* * *  art reltftnces at the end of the report.
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Uranium sesquicarblde (U2C3) can ba formed by Keating a  •tolchio- 
m etric mixture (7.03 w/o carbon) at 2000 C in vacuo and then reheating at 
1600 C while shaking the m aterial about in the crucible. Samples contain
ing up to 90 w/o UgC) phase have been obtained in this m anner. W

UN is prepared by reducing higher nitrides in vacuo a t 1300-1650 C* 
The higher n itrides can be prepared by levera l methods, as shown in Table 
3. ChiottiH) reported sintering UN crucibles at tem peratures between 2000 
and 2100 C to approxim ately 85 per cent of theoretical density. These cru
cibles contained about 0.43 w/o carbon.

B rew er^*) reported that US can be prepared by reacting UHj with 
H2S in a vacuum tube at 400-550 C. Hydrogen evolved from the reaction ie 
removed by evacuation through a liquid-air cold trap. The reaction product 
is crushed and heated at 500-600 C to decompose any remaining hydride, 
then reheated a t 1800-1900 C in a molybdenum crucible to obtain a  uniform 
product.

Another method of making US ie to form USg by one of the methods 
described by B rew er^*) and to react the USg stoichiom etrically with UH3. 
The mixture of US2 and UH3 ie heated to 400-600 C to decompose the hydride 
and then to 2000-2200 C to homogenise the product.

US also can be formed by reacting UO2 and H2S in the presence of 
carbon to form US2 and subsequent reduction of US2 to US in vacuo at 
1600 C .U ) UO2 was heated in H2S in a  graphite crucible below 1200 C and 
UOS was formed; the tem perature was then raised above 1200 C and CS was 
formed by the reaction of H2S and the graphite crucible. CS reacted with 
UOS to form US2.

1

Crystallography

Crystallographic data for the carbidea, nitrides, and sulfides are 
given in Table 4.

Thermochemical Aspects

The standard free energy of form ation of UC2 a t 298 K was calculated 
to be -42, 000 calo ries, based on R ossini's^) values for AH and AS at 
298 K. A F j up to 1500 K was computed from Kubaschewski's ruleU*) by 
assuming ACp * 0.

CONFIDENTIAL
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TABLE 4. CRYSTALLOGRAPHY OF URANIUM CARBIDES, NITRIDES, AND SULFIDES

Unit a il X-Ray

Compound Tv pc
Dimensions,

A
Molecules 

per Unit a i l
Density,

4 per cm5
Space
Group Remarks Reference

UC Fee a •  4.941 4 13.43 • • NaO'iype structure (10,2)

“ A lee A ■ 8,088 a 0. 004 8 12.88 ■;-il48d lsostructural with 
F^Cj

<9>

UCo Be tetragonal a ■ 3.524 
c • b . m

2 11.IB 14/rnmm Cj C3 structure (10.2)

UN Fee •  ■ 4.180 ft 0.001 4 14.32 . — Nad-type structure, com 
pktely soluble with UC

• (2)

US Bee a  ■ 8.484 ft 0.002 4 10.87 • • Nad-type* struct i*e, 
soluble with ThS 
and a s

(1)

•

u,s, Orthorhombic •  •1 0 .4 1  * 0.02 
b ■ 10,65 ft 0.02 
c  ■ 3.89 ft 0,01

4 8.78 Pbnm SbjSj-type structure, 
isomorphous with
Np$Sj ^*2*3

(1)
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FIGURE i .  FREE ENERGY OF FORMATION OF UN
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FIGURE 2. STANDARD FREE ENERGIES FOR REACTIONS OF UN 
WITH COMMON REAGENTS
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FIGURE 3. STANDARD FREE ENERGIES FOR REACTIONS OF UC2 
WITH COMMON GASES
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Standard free energy of formation values fo r UN were calculated up 
to 1500 K and are  presented in Figure 1. These calculations were based on 
experim ental data of Kubaschewski and EvansO*).

Standard free-energy changes of severa l reactions of UN and of UC2 
with some common gases and with carbon a re  presented in Figures 2 and 1,

The large negative values of standard free-energy  change indicate that 
UN and UC2 should reac t readily  with oxygen, w ater, or steam. They are 
shown to be thermodynamically unreactive with hydrogen.

Standard free-energy  changes for the reaction of US with oxygen, 
based  on an estim ated value for the heat of form ation of US, a re  shown in 
Figure 4. Because of the large negative values for the calculated AF^, it 
is  highly improbable that the estim ated heat of formation is sufficiently in 
e r r o r  that the actual A F^ would be positive. Thus, it is fairly certa in  that, 
thermodynamically, US will have poor resistance  to oxidation. A sim ila r 
calculation showed that US is not thermodynamically resistant to steam .

Chemical P roperties and C orrosion Data

Reactions of UC2 with some common elem ents o r compounds a re  given 
in Table 5.

UC2 reacts with w ater a t 82 C to give hydrogen, CH4, paraffins, and 
traces  of C2H2, CO, and CO g.^S) At 248 C, approximately 96 per cent of 
the gaseous reaction product is hydrogen.

M oissan06) reported  UC2 to be decomposed by dilute HC1, HNO3, and 
H2SO4, giving yellow uranyl salt solutions. Concentrated acids, except 
HNO3, react only slowlv with UC2 at room tem perature but very rigorously 
when heated. DaaneU?) reported a slow reaction with H3PO4 at room  tem
pera tu re  and a vigorous reaction when heated.

UC2 was reported by Rideal^®) to be*readily decomposed by a lkalis.

UC decomposes in w ater at 83 C with the evolution of a gaseous m ix
ture composed of approxim ately 78 per cent CH4 and 12 per cent hydrogen. 
As the tem perature is increased, the ratio  of hydrogen increases until a t 
400 C the mixture contains 99.2 per cent hydrogen. (*5)

US has been found to be stable in boiling w ater if it is well sin tered. U)

CONFIDENTIAL
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TABU 5. CHEMICAL REACTIVITY OF UC2

**'•■•' • * *i n

a B B a U  
r a w r

■ B f

'illpfSifiSig
i P 1 ®

■ ■

I®

Reactant
Reaction Temperature, 

C Product! of Reaction Remarks Reference

°a 370 UgOg and COg mm (16)
°5 400*500 m m Oxidised completely within 4 hr in an alt stream (22)
NS UOO mm • • (16)
n2 U80 Uranium nitride After 12 hr all carbide is converted to nitride (23)
ci2 350 Volatile chloride (16)
a 2 600 UClg mm (2*)
Fa 80 No reaction -- (16)
Fa Slightly above 30 Explosive reaction — m
*2 390 -- Carbide ignites in bromine vapor (16)
*a 800*900 U8r4 — (25.26)
•a 500 UI4 — (27)
nii3 Red heat •• Partial decomposition of UGj (16)
h2s 600 A sulfide UCjj ignited in hydrogen sulfide (16)% • • Uranium sulfide and (16)

carbon disulfide
HQ 600 A uranium chloride mm (16)
HjjO • w Hydrocarbons Decomposes slowly at room temperature, (16)

decomposes rapidly when heated
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Physical Properties
’

■
The boiling point of UC2 was estim ated by MottO?) to be 4370 C under 

760 mm of m ercury.

O

Two values for the therm al conductivity of UC have been reported: 
0.078(20) and 0. 082(21) cal/(sec)(cm 2)(C/cm). The form er value is fo r a 
tem perature of 44 C while the tem perature of the la tte r m easurem ent was 
not specified.

The average coefficient of therm al expansion of UC2 for the tem pera
ture range 20-235 C was reported  to be 12. 5 x 10*6 per deg C. (28)

URANIUM SILIC IDES AND BORIDES

Preparation

Uranium silicides (U3S1, U3Si2» USi, alpha USi2, beta USi2, And 
USij) were prepared as p a rt of the present re se a rc h  by heating stoichio
m etric  m ixtures of the elem ents in an electric  a rc  furnace. Fabrication of 
shapes from  the arc m elts was accomplished by ceram ic techniques.

Some of the a s-ca s t uranium -silicon compounds crystallised as 
m ultiphase m aterials and had to be annealed to remove extraneous phases. 
This generally was done by extended heating of the ingot in an inert a tm o s
phere near the melting or decomposition tem perature. Annealing a lso  was 
affected during sintering p rocesses.

UjSi is more ductile than the other uranium  silicides. It has been 
cocxtruded with other m etals at 750-800 C. (29)

Brewer(6) and Zalkin^®) prepared gray m etallic crystals of UBg and 
UB4 by heating stoichiom etric m ixtures of uranium  and boron powder in an 
inert atm osphere in molybdenum crucibles at 1SO0 C for about 1 h r.

Crystallography

Crystallographic data on the uranium silic ides and borides are  listed 
in Table 6.

i

IfjJ m
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Compound

Unit Cell X-Ray

Type
Dimensions.

A
Molecule* 

per Unit Cell
Density, 
g per cm3

Space
Group Remark* Reference

U3Si Be tetragonal a *6 .029*0 .002  
c •  8.697 * 0,003

4 IS .58 14 mcm •  • €31)
(32)

u3si2 Tetragonal a *7.3298 * 0,0004 
c * 3.9003 a 0,0005

2 12.20 P4/mbtn mm (33)

USi Orthorhombic a ■ 6.66 * 0 . 0 1  

b •  7.66 * 0.01
4 10.40 Pbnm Uomorphout with FeB (31.32)

Alpha USI2 Be tetragonal a *3 .98  a 0.03 
c «  13.74 *0.06

4 8.98 14/amd Uomofphoui with Thsu, 
ftS I2. CeSl2 . and NpSl2

(31.32)

Beu US13 Hexagonal a -3 .8 6 * 0 .0 1  
c .  4.07 *0,01

l 9 . 2 5 C6/mmm bomerphout with AIB2  

and TIBj|
(33)

USIj Cubic a •  4.035 mm 2.80 • • mm (34)

USI3 Cubic a  •  4.03 \ 8.16 Pm3m LI 2-type AuCu3 ordered 
structure

(31.32)

UBs Hexagonal a  ■ 3.12 
c ■ 3.96

\ 18,88 - May be iwtnorpboos with ( » )

U#4 V
Tetragonal a •  7.075 a 0.004 

c ■ 3.979 a 0.002
4 9.38 hj/mbm Uomorphous with ThR| 

and CeB4

O0)
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The constitutional diagram of the uranium-silicon system, as deter
mined by Kaufmann(31 * 32) indicates the existence of the intermediate phases, 
U3Si, U5Si3, USi, U2Si3, USi2, and USi3. However, there is some doubt 
whether this diagram is accurate in the region 5 to 30 w/o silicon. In later 
work, Zachariasen(33) rejected the formulas U5Si3 and U2Si3. His inter
pretation of the X-ray diffraction data was that UsSi3 should be replaced by 
U3Si2» and that the phase identified by Kaufmann as U2Si3 i t  an allotrope of 
USi2 with a hexagonal structure. Zachariasen called this compound beta 
USi2. It is not quite clear whether Zachariasen1 s samples were of the name 
composition as those of Kaufmann as no chemical analyses were given.

Brauer and Halg(3*) identified a cubic phase with the USi2 composi
tion. Their samples were prepared in a molten aluminum bath and analysed 
19 w/o silicon and 80.7 w/o uranium.

Thermochemical Aspects

No experimental thermochemical data were found on the uranium 
silicides or borides. Estimates of the standard free energies of reaction 
of USij2 and UBg with oxygen and water are shown in Figure 5. The predic
tions are  based on Battelle estimates of heats of formation. The large 
negative values of die standard free-energy changes indicate that neither 
USi2 nor UB2 is thermodynamically resistant to oxidation. As USig prob
ably is the most stable of the uranium silicides, none of the other silicides 
would be expected to have thermodynamic resistance to oxygen.

The silicides and borides appear to be thermodynamically resistant to 
hydrogen but not to water vapor, on the basis of Battelle estimates.

Chemical Properties and Corrosion Data

Data obtained at Battelle on the chemical stability of l^Si and alpha 
USi2 in acidic and basic solutions and in hydrogen gas are shown in Table 7. 
The results of corrosion tests in water of UjSi and alpha USi2 are given in 
Table 8.

U3Si is reported to resis t oxidation in air at 100 and 200 C, but not 
at 300 C. (35) it corrodes only slightly faster in steam at 125 psi than In 
boiling water. (35) The surface was roughened and a slight weight sain was 
observed after 5 hr in a lead-bismuth eutectic mixture at 425 C.O*)

Measurements made at Battelle on air oxidation of uranium silicides 
at 400 C are given in Table 9. In general, oxidation resistance in air

CONFIDENTIAL
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TABLE 0. OXIDATION tH AIR O f UBAHtUH SlUCiOCS

Compound
Silicon Cm MM,

- W/0 M
V « t |0 t0 t i» l»  t . t / 1  Hr 

ftl 400 C, n r  com

0 |M i t I t .  4 fOUtat** r*l*4>
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l ,« W

USi IS. I 10. S (ditiatof rated)

AlpteM US4t «. »fW  
• .  »«<•>
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CM Cmmimt t n l y |  nh  iiw p n .
CO O—*** if f  igfi>ii»| 4 mh .

* * •  t e n  M M  «  t o t e ,  t f> O n < w  « i i | M  i f p i « w i > i t y  U |  M  « v m  l A  to . to  t e iw ui w
M 1/4 «*. u* .
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IM N4M 4 Uitll l*C r*«*t*i «Uit*a ( M i l «  Ml* «* U ttj MM
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COMPOUND* WITH METALS

PraparmUoa
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C r y U l l o g r a p h y

CryaiailograpMc daU lo r compound# ol uranium wttA aluminum, Iran, 
or nukat a r#  given la T aU t U .

* Thm compound UAIj wa# Untatively Ida atilt ad by Cordon and 
K auim ann^7) on tlia baala ol m icroscopic anamination of alloys and X-ray 
dt term inations of crystal s tru c tu re . ftacauae a t  dlfficultis# with co m ica l
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TABLE 11. STRENGTH O f UjSi*4>

Trm p« ra tu re , C

Yield S trength , 
P»1

U ltim ate  S trength , 
P*1

T tiiiiw i ' C o m p ress io n Ten* ion Com p re  salon

ts ST, 000 115 ,000 IT, 000 280, 000

400 1 5 ,0 0 0

TOO IS, 000

750 10 ,000

•SO S, 000

U )  N m  lUwimam.t***
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St
inalyaei and with inhomogencity in their tlloyi, the compoiiUon coaid not 
be fixed to hotter than *2 a/o. However, the measured density (8.21 * per 
m i1) of their sample corresponded closely with the calculated X-ray density 
(I. 38 |  per cm5).

The uranium-nickel system has been investigated by Grogan and 
PleasanceO®), Foo»teW), and Bsenzigerf40). The data in Table 12 are 
from Baensiger. He also attempted to analyte the pattern of an alloy with 
the composition UNi but was unable to resolve its complex structure.

Properties

No data on the physical or chemical properties of these compounds 
were found. Also, there are no reliable methods of estimating their 
thermodynamic properties.
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