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FOREWORD 

The work described in this report was done for the United 
States Atomic Energy Commission by The Carborundum Company 
under Contract No, AT (40~l)-2558. It is a part of the AEC Fuel 
Cycle Development Program, and covers the period of May, 1959 
through December, 1960. 

In addition to the authors, the following persons contributed 
to the work described in this report: C, A. Lienie, P, A, Smudski, 
P. E. Doherty, L. N. Hailey, and T. J. Keaty. 
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I. INTRODUCTION 

The object of this investigation was to develop refractory uranium 
materials possessing sufficient advantage over uranium dioxide to 
warrant their use as reactor fuels. 

Numerous properties^ in addition to refractoriness, affect the 
suitability of a material for fuels. However, uranium density and 
therm.al conductivity are highly important considerations. It was, 
therefore, decided to center attention on uranium m.onocarbide, 
uranium mononitride and the silicide, U3Si2j all of which have higher 
uranium, densities than UO2. Also^ it seemed probable that the 
thermal conductivity of these three materials would be superior to 
that of UO2 which is a poor conductor. 

The work program, was divided into three phases: (1) the develop­
ment of methods for synthesis of the compounds, (2) fabrication of 
the synthesized naaterials into bodies suitable for testing, and (3) 
the determtn.ation of such properties as thermal conductivity^ thermal 
expansion^ and high temperature strength. 

The development of economical methods, both for synthesis of 
the compounds and fabrication of the bodies, has been emphasized, 
since the ultimate aim of the fuel cycle program is to decrease the 
cost of power from nuclear reactors , 

II. SYNTHESIS EXPERIMENTS 

A. Uranium Monocarbide 

Three approaches were considered for the preparation of 
UC: (1) reduction of an oxide (UO2 or UsOg) by carbon, (2) reaction 
of amm.onium diuranate and carbon, and (3) the direct combination 
of uranium metal and carbon, 

1. Reaction of Uranium Oxide and Carbon 

Carbon was heated with both UO2 and U3O8 to produce 
UC according to the following reactions: 

UO2 + 3C > UC + 2CO 

U3OB + l i e - > 3UC + 8CO 
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The oxide was Mallinckrodt's minus 200 mesh ceramic 
powder (natural uranium). The carbon was R, T. Vanderbilt Conapany's 
Thermax Thermatomic Carbon, produced by the thermal decomposition 
of methane. It had an ash content of 0. 05 percent and a particle size 
of,less than 2 microns. 

The reaction mixture was usually prepared for furnacing 
as follows: the oxide and carbon were mixed by dry ball-milling for 
24 hours in a rubber-lined mill with stainless steel balls and then 
pressed into pellets, 5/8 inches by 5/8 inches, at 15,000 - 20,000 
pounds per square inch, using about 2 percent of water as a temporary 
binder. 

A few experiments indicated the possibility of omitting 
the pelletizing step by simply heating the mixed powders. This has 
the advantages of saving pelletizing time and producing a softer clinker 
which is more readily crushed to a powder. However, it appears more 
difficult to obtain a complete reaction if pelletizing is omitted, probably 
because the particles of UO2 and carbon are in less intimate contact. 
Chemical analysis of a representative 1500 gram batch of UC prepared 
from a non-pelletized naix was as follows: 

% 

Uranium 94.58 
Conabined Carbon 4. 58 
Uncombined Carbon 0. 49 
Nitrogen trace 
Iron trace 
Oxygen 0.50 

In the above experiment, the mix was heated for 8 hours in a vacuum 
at 17500c. Both uncombined carbon and oxygen are abnormally high, 
indicating incomplete reaction, which is confirmed by x-ray analysis. 

Three types of furnaces were tried for heating the reaction 
mixture: (1) induction furnace with flowing argon atmosphere (Figure 1); 
(2) alumina muffle tube furnace with flowing argon atmosphere (Figures 
2 and 3); and (3) vacuum induction furnace. A sketch and photograph of 
the vacuum induction furnace are shown in Figures 4 and 5, respectively. 
The vacuum pump was a four-stage mechanical booster pump. Model 
KMB~30, purchased from Kinney Manufacturing Conapany, and has a 
capacity of 30 cubic feet per minute, A vacuum of 5 to 10 microns was 
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obtained at room tenaperature and about 50 microns at 1700-1800OC, 
after the reaction had been completed; during the reaction the pressure 
depended upon the rate of heating and size of the naix. 

In most cases, graphite crucibles were used to contain 
the reaction naix, although tantalum crucibles were used in a few 
experiments. The latter appear to be satisfactory but unnecessary. 

In regard to the results obtained with the different 
furnaces, there appear to be no basic reasons why almost any type 
of furnace cannot be used satisfactorily so long as the proper tempera­
ture and atmospheric conditions can be maintained. However, the 
results were som.ewhat er ra t ic with the particular induction furnace 
used in these experiments, probably because it was difficult to exclude 
air completely from the reaction chamber. Good results were obtained 
in both the mtiffle tube furnace with flowing argon and in the vacuum^ 
induction furnace. However, the vacuum furnace is preferred because 
otherwise considerable quantities of expensive inert gases (argon or 
heliuna) must be used to carry off the carbon monoxide formed; if 
carbon monoxide is not rem.oved, the reaction fails to go to completion. 

Uranium dioxide and carbon were found to react slowly 
at 1400OCo Thus, when a mixture of UO2 and carbon was heated for 
4 hours at 1400°C. in a muffle furnace in flowing argon, the product, 
as determined by x-ray analysis, was principally UO2 with small 
amounts of UC and UC2. The preferred temperature for forming UC 
was found to be 1700-1800°C. The x-ray pattern of the product 
normally obtained by heating in this temperature range was: major 
phase, UC; faint indications of UO2 and UC2; occasional batches con­
tained no trace of UC2. When the furnacing temperature was higher, 
there tended to be larger simounts of UC2 in the product. 

It seemed possible to synthesize good quality UC by the 
carbon reduction of either UO2 or UsOg. However, the results were 
more consistent with UO2; in particular, there tended to be less UC2 
in the product when UO2 was the starting material . This is probably 
explained by the fact that U3O8 is partially reduced thernaally to UO2; 
therefore, the calculated amount of carbon to react with U3O8 accord­
ing to the equation 

U3O8 + l i e > 3UC + SCO 

naay be excessive, depending upon the exact furnacing conditions such 
as rate of tenaperature r i se . Thus, in some instances, the product 



of the foregoing reac t ion contained 6 to 7 pe rcen t carbon a s cont ras ted 
to the theore t ica l of 4, 80 percent for pure UC, 

Many ba tches of UC have been made by heat ing s to ich io­
m e t r i c mix tu re s of UO2 and carbon in the vacuuna induction furnace 
at 1750-1800OC. The s ize of the batches va r i ed from about 30 g r a m s 
to 6 pounds. The range in chemical ana lys is of the product was a s 
follows: 

% 

Uranium 94.50 - 95.40 
Carbon 4. 65 - 4. 90 

*Oxygen , 05 - 0. 35 
Nitrogen t r a c e - 0 .10 
Iron t r a c e - 0,10 

*Determined by vacuum, fusion. 

X - r a y analys is usual ly , but not a lways , indicated t r a c e 
amounts of UO2 and UC2 in addition to the m a j o r phase of UC. 

2, Reaction of Ammonium. Diuranate and Carbon 

According to Katz and Rabinowitch^^^, ammonium d i ­
urana te decomposes on heating as follows: 

9(NH4)2U207 ™.. > 2N2 + I4NH3 + 6U3O8 + 15H20 

If it i s a s sumed that the U3O8 form.ed r e a c t s with carbon according 
to the equation 

U3O8 + l i e — — - ^ 3UC + SCO 

then, theore t ica l ly , 12. 36 percent carbon is needed in the reac t ion 
mix tu re of ammonium diuranate and carbon. However, a cons ide ra ­
t ion of the fac tors involved indicates that the reac t ion may not proceed 
as outlined above. F o r example , U3O8 naay t h e r m a l l y deconapose, at 
l eas t in pa r t , to UO2 before reduct ion by carbon t akes p lace . Also , 
hydrogen formed by deconaposition of am.monia, and the p resence of 
wa te r vapor at ce r ta in s tages in the syn thes i s , m a y influence the 
amount of carbon requ i red . That some such side reac t ions do occur 
is indicated by the exper imen t s desc r ibed below. 
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The anamonium diuranate (Mallinckrodt's nainus 200 
mesh) and carbon were mixed by ball-miilling for several hours in 
a rubber-lined m.ill with stainless steel balls. Pellets were pressed 
at 15,000-20,000 pounds per square inch and reacted in alumina 
boats under various conditions. 

The first experiment was based on the assumption that 
ammoniumi diuranate would decompose to UsOg under the reaction 
conditions and the carbon would then react with the U3O8 to form 
uranium carbide. The pellets were heated in a ceramic tube furnace 
in an argon atiaiosphere. A temperature of about 700*^0. was reached 
in approximately 20 minutes and the maximum tenaperature of 1700°C. 
in about 3 to 4 hours. The pellets were held at 1700°C. for one hour 
and then allowed to cool, in argon, to room temperature. The results 
for x-ray and chemical analyses are shown in Experiment 1, Table 
No, I. 

These results indicated that a large amount of uranium 
dicarbide was formed. The stoichiometric amount of carbon for UC 
is 4. 80 percent. Additional experinaents were undertaken as indicated 
above except that smaller amounts, 11. 90 and 10. 00 percent of carbon, 
were used in the reaction naixture. The results for x-ray and chemical 
analyses are shown in Table No. I, Experiments 2 and 3, respectively. 

These results indicate that 11. 90 percent carbon is too 
high and 10, 00 percent is somewhat low for stoichiometric UC. The 
results also suggest the possibility that the reaction did not take place 
between carbon and UsOg but rather carbon and another oxide. It was 
now assumed that the final deconaposition product of ammonium di­
uranate under the reaction conditions was UO2. Under this assumption, 
10. 34 percent carbon would be needed and additional experiments were 
made on this basis . The final com.position of the product was very 
sensitive to the reaction conditions as shown in Table No. II. 

The results of these experincK nts indicate the possibility 
of preparing stoichiometric uranium naonocarbide by this process but 
considerable additional study will be required. 

3. Reaction of Uranium and Carbon 

This naethod of preparation was used exclusively in con­
nection with a simultaneous synthesis and fabrication process which 
will be described under fabrication of uraniuna carbide. 



TABLE NO, I 

P roduc t s Obtained by Reacting Carbon with Anamoniuna Diuranate 

E x p e r i ­
ment 
No. 

1 

2 

3 

Amount of 
Carbon, % 

12.36 

11,90 

10.00 

X-Ray Analyses 

Strong UC 
Moderate UC2 
Indication UO2 

Moderate UC 
Weak to Moderate 

UC2 

Strong UC 
Faint UO2 
Indication UC2 

TABLE NO. II 

Chem.ical Analyses , % 

Uranium 92.59 
Total Carbon 7.22 
Nitrogen < 0 . 10 
Iron 0 ,01 

Uranium 92.65 
Tota l Carbon 6.53 
Nitrogen <. 0 .10 
Iron 0 .13 

Uranium 94,53 
Tota l Carbon 4 .16 
Nitrogen < 0.10 
I ron 0.-003 

Effect of Heating Conditions on the Reaction Product of Carbon and 
Ammonium Diuranate 

Exper imen t 1 Exper iment 2 Exper imen t 3 

Atmosphere Vacuum, 
Time to Reach 700oc ,min . 40 
Time to Reach 1700OC,hr. 1 
Holding T ime , h r . 1 
Total Carbon, % 3. 88 
X-Ray Analysis 

UC Major 
UC2 Weak 

UO2 Faint 

Argon 
40 
2 
1 
4 .15 

Major 
Weak 

Faint 

Argon 
40 
4 
1 
5 .51 

Major 
Moderate to 

Strong 
Faint 
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B. Synthesis of Uranium Mononitride 

A review of the literature (see appendix) indicated that of 
the uraniuna nitrides, only the mononitride, UN, is stable in a vacuum 
above 1300-1400OC. The most successful preparation methods for 
UN disclosed in the literature were: (1) the reaction of UH3 with 
nitrogen or ammonia, and (2) the reaction of UCI4 with ammonia. 
After some consideration of possible costs of several potential 
processes, it was decided to investigate the following: 

k. The reaction of uraniuna oxide, carbon and nitrogen. 

b . The reaction of uranium metal (or hydride) and nitrogen. 

c. The reaction of amnaonium diuranate^ carbon and nitrogen. 

1. Reaction of Uraniuna Oxide, Carbon and Nitrogen 

Uranium oxide was investigated as a starting material 
for producing uranium nitride because this method appeared attractive 
econonaically. The desired reactions are illustrated by the following 
equations: 

2UO2 + 4C + N2 — — ^ 2UN + 4CO 

2U30g + 16C + 3N2 — > 6UN + 16CO 

A study of the literature indicated that the probability 
for these reactions is good, since UC is unstable in nitrogen above 
llOOOC., while UN is stable in nitrogen up to considerably higher 
temperatures. A possible disadvantage of this approach is that UC 
and UN are isomorphous, making identification of the reaction products 
by x-ray techniques difficult. 

The first experiments were carried out as follows: 
Stoichiometric mixtures of UO2 or U3O8 (m.inus 200 mesh) and carbon 
(m.inus 2 naicrons) were naixed by ball-milling for 2 hours in a rubber-
lined mill with stainless steel balls. The mixtures were placed in 
graphite crucibles and heated at 1400 to 1850OC. in a flowing nitrogen 
atmosphere supplied fromi commercial tank nitrogen. The reaction 
products were also allowed to cool in a nitrogen atmosphere. Two 
types of furnaces were used depending upon the temperature: at 
1400 to 1500°C., a ceramic tube muffle furnace was used with holding 
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t imes up to 48 hours; at 1550 to 1850OC,, an induction furnace 
(Figure 1) was emiployed with holding times up to several hours. 

At the lower tem.peratures (1400-1500OC.) the rate of 
reaction was so slow that the reaction did not go to com.pletion during 
the period at which the naaximum temperature was maintained. The 
product consisted of a naixture of U2N3, UO2 and uncombined carbon; 
however, carbide impurities were apparently not form.ed. (See 
Experiment 1, Table No. III). At the higher temperatures (1750-
1850°C.) in the induction furnace, the reaction rate was greater , 
but there was a tendency to form carbides and solid solutions of 
nitrides and carbides. The products were also characterized by 
sonae oxidation believed to have been caused by poor atm.osphere 
control during furnacing (as an example, see Experiment 2, Table 
No, III). Therefore, additional experiments were carried out using 
the special alumina tube muffle furnace, illustrated in Figures 2 and 3, 
where both high temperature and more positive atnaosphere control 
were possible. In addition, several other changes in procedure were 
naade: the m.illed mix was pelletized into 0, 5 by 0. 5 inch cylinders 
by pressing at 15,000-20,000 pounds per square inch with about two 
percent water as a temporary binder; the pelletized mix was heated 
on an aluaaiinum. nitride plate instead of in a graphite crucible; the 
commercial nitrogen was purified by passing it through activated 
alumina to remove possible moisture and then through heated copper 
turning to remove oxygen (in one or two experiments Matheson's 
purified nitrogen was substituted for laboratory purified nitrogen); 
in some experinaents, the uraniuna oxide-carbon naix was prepared 
by ball-milling for 24 hours instead of two hours; and finally, in 
the majority of the experiments, the reaction product was cooled in 
an inert atmosphere instead of in nitrogen. This last naodtfication 
was found necessary because the product desired was UN, and although 
UN may have been produced at the nitriding temperatures of 1700 to 
1750OC., it converted, at least partially, to the higher nitrides when 
cooled slowly in nitrogen. 

Table No. Ill sunamarizes sonae representative experi­
ments on the preparation of UN by nitriding stoichiometric mixtures 
of the oxide and carbon, Conaments have already been made on 
Experiments 1 and 2. Experiments 3 and 4 were designed to compare 
UO2 and UsOg as starting mater ia ls . Since the product was cooled 
in nitrogen in both cases, the major product was U2N3, However, 
the free carbon content of the product was much higher when UsOg was 
used. This is probably because there was not a direct reaction between 



TABLE NO. Ill 

Representa t ive Exper iments 

E x p e r i ­
ment 
No. 

1 

2 

3 

4 

5 

Oxide 

U3O8 

UO2 

UO2 

U3O8 

UO2 

Container 
Mate r i a l 

Graphite 

Graphite 

Aluminum 
Nitride 

Alumtnuna 
Nitride 

Aluminum 
Nitride 

on the Synthesis of UN 
(UO2 

Furnace 
Type 

Ceranaic 
tube 

Induc­
tion 

Special 
Ce ramic 
tube 

Special 
Ce ramic 
tube 

Special 
Ce ramic 
tube 

by Nitriding 
o r UsOg) and Carbon 

Atnaosphere 

Am.m.onia 

Nitrogen 

Nitrogen 

Nitrogen 

Nitrogen 
Argon 
Cooled in 

argon 

Reaction 
T e m p e r a ­
t u r e , °C. 

1500 

1750 

1700 

1700 

1600 
1600 

Mixtures 

Reaction 
T ime , 

h r . 

24 

3 

4 

4 

3 
3 

of Urani .um Oxide 

Analyses of 
X-

Major 
Weak 
Weak 

Major 
Mod. 
Weak 

Major 
Indi­
cation 

Major 

Major 
Weak 

Ray 

U2N3 
UO2 
Graph. 

Product 
Chemical , % 

N 7.49 
F r e e C 1.00 
Comb. 

C Nil 
U(C ,N)*U 93.39 
U2N3 
UO2 

U2N3 

UO2 

U2N3 

U2N3 
UO2 

N 5 .23 
F r e e C 0 .23 
Comb, 

C 0 .26 
U 90.85 
N 7.67 
F r e e C 0. 10 
Conab. 

C 0 .06 
U 88 .56 
N 8.24 
F r e e C 1. 64 
Conab. 

C 0 .06 
U 93.20 
N 4 .70 
F r e e C 0 .05 
Comb. 

C 0 .23 



TABLE NO, III (cont'd) 

E x p e r i ­
ment 
No. 

6 

7 

8 

Oxide 

UO2 

UO2 

UO2 

Container 
Mater ia l 

Aluminum. 
Nitr ide 

Alunainum 
Nitr ide 

Aluminum 
Nitr ide 

Furnace 
Type 

Special 
Ce ramic 
tube 

Special 
Ceranaic 
tube 

Special 
Ceranaic 
tube 

Atmosphere 

Nitrogen 
Argon 
Cooled in 

argon 
Nitrogen 
Argon 
Cooled in 

a rgon 

Nitrogen 
Argon 
Cooled in 

argon 

Reaction 
T e m p e r a ­
t u r e , OC. 

1700 
1700 

1700 
1700 

1700 
1700 

Reaction 
T i m e , 

h r . 

3 
1 

1 
3 

3 
3 

Analyses of Product 
X-Ray 

Major 
Mod. 
Weak 

Major 
Weak 
Faint 
type 

Major 
Very 

faint 

UN 
U2N3 
UO2 

UN 
UO2 

UC2 

UN 

UO2 

Chemical , % 

U 93,81 
N 5.06 
Tot. C 0.17 

U 93,84 
N 5.02 
F r e e C 0,04 
Comb. 

C 0 .11 
U 94.41 
N 5.20 
F r e e C 0.04 
Comb. 

C 0.07 

*Solid solutions of uranium, carbide and uranium nitride. 
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the UsOg and carbon under the experimental conditions, but rather 
considerable thermal decomposition of U30g to UO2 and then reaction 
between UO2 and carbon. In the rem.ainder of the experiments shown 
in Table No. Ill, the product of nitriding was held at the maxim.um 
tenaperature for a period of 1 to 3 hours in an inert atmosphere and 
then cooled in an inert atmosphere in order to obtain the mononitride. 
The best results were obtained under the conditions of Experinaent 8. 
The naononitride could also be obtained, of course, by decomposing 
the higher nitrides in vacuum. 

It seenas probable that the nitrogen analyses reported 
in Table No. Ill are somewhat low. Recent analyses by the National 
Research Corporation of the sanae samples, show nitrogen contents 
about 0 . 4 - 0 . 5 percent higher than those obtained by Carborunduna, 
Uranium nitride, in the form of fine powder^ is pyrophoric and must 
be handled with great care to prevent loss of nitrogen by oxidation. 
This is a possible source of e r ro r in the detemaination of nitrogen. 

2. Reaction of Uranium and Nitrogen 

The work described in the preceding section demon­
strated that a good grade of UN can be m.ade by nitriding a stoichio­
metr ic mixture of UO2 and carbon. As a basis of comparison, 
experiments were also conducted on nitriding uranium metal. In 
nearly all instances, 100 to 250 mesh natural uranium metal shot, 
obtained from National Lead Company, was used. The following 
impurities were found in the jaietal powder as received: 

% 

Oxygen 0.10 
Total Carbon 0. 08 
Iron 0.07 
Nitrogen 0.03 

The metal was treated with dilute nitric acid, followed by washing 
with distilled water and acetone, to remove oxide film before being 
used to make UN. 

Several procedures were tried for converting the 
uranium metal shot to UN, as illustrated by the following experiments: 
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Experiment 1. The cleaned naetal shot was placed in 
an alumina boat and heated in a ceramic tube furnace in laboratory 
purified nitrogen at 800®C, for 8 hours. The nitrided product was 
then transferred to a graphite crucible and heated in a vacuum in­
duction furnace (Figure 4), for one hour at 1600OC. to decom.pose the 
higher nitrides to UN. As can be seen from Experiment 1, Table No. 
IV, the product picked up considerable carbon from, the graphite 
crucible and was also contasaiinated with UO2. Oxygen contamination 
in this case was probably caused by insufficient care in handling the 
nitride powder. 

Experinaents 2 and 3. The m.etal was nitrided as above 
except the alumina boat was replaced with one of aluminum, nitride. 
The decomposition to the naononitride was carried out in the ceramic 
tube furnace by raising the temperature of the furnace to 1450OC. and 
holding for 8 hours in an argon Mmosphere. The product (Experinaent 
2, Table No. IV) was principally UN with only small amounts of 
carbon and UO2. Experiment 3 was a duplicate of Experiment 2, 
except in Experiment 3, prepurified nitrogen, obtained from the 
MathfeSBn Company, was substituted for the laboratory purified nitrogen. 
The products of the two experiments were essentially the same, x-ray 
examination showing a major phase of UN with faint patterns for UO2. 
It is believed that the source of oxygen here was the tank argon used 
in the decomposition and cooling steps. 

Experiment 4. The metal was first converted to the 
hydride by heating in hydrogen for one hour at 250OC. The hydride 
was then nitrided as in Experiments 2 and 3, Table No. IV. After 
nitriding, the product was transferred to a tantalum-lined graphite 
crucible and decomposed to the mononitride by heating in the vacuum 
furnace at 1400OC. X-ray examination of the UN did not reveal UO2 
as in the previous experiments, thus further indicating that the source 
of oxygen in Experiments 2 and 3 had been the conamercial argon used 
in the ceramic tube furnace during decomposition of the higher nitrides 
and cooling of the furnace. Chemical analysis confirmed the low oxygen 
content of the product in Experiment 4. 

Since the procedure used in Experiment 4 appeared to 
result in a good product, a larger furnace (Figure 6) was constructed 
for hydriding and nitriding uranium metal shot. 

The muffle was an Inconel tube, 3 inches inside diameter 
by 48 inches long. Stainless steel boats, holding about 1000 grams of 



TABUS NO. IV 

Representa t ive Exper imen t s on the P re pa ra t i on of UN from Uranium (100-250 Mesh U shot was Nitr ided 
____̂  in Experinaents 1, 2 and 3; UH3 was Nitrided in Exper iment 4) 

Conditions for Reduction of 
E x p e r i - Nitriding Conditions Higher Nit r ides to UN 
ment Temp, Time Container Temp. Tinae Atmos- Container Chenaical 
No, " C . h r . Mate r ia l ^C. h r . phere Mater ia l X-Ray Analyses Analyses , % 

1 800 8 AI2O3 1600 1 Vacuum Graphite Major U(e ,N) U 94.43 
Weak UO2 N 4 .21 

F r e e C 0, 07 
Comb. C 0. 60 
Fe 0 .01 

2 

3 

4 

800 

800 

250-800 

4 

4 

6 

AIN 

AIN 

Tantalum 

1450 

1450 

1400 

8 Argon 

8 Argon 

1 Vacuum 

AIN 

AIN 

Tantalum 

Major 
Faint 

Major 
Faint 

Single 
Phase 

UN 
UO2 

UN 
UO2 

UN 

U 
N 
Total C 
Fe 

U 
N 
Total C 
Fe 

N 
0 

94.20 
5.26 
0.10 
0 .08 

94.48 
5,24 
0 .04 
0 .09 

5 .11 
0 .01 

Note; Matheson 's prepurif ied ni t rogen was used in Exper iment 3 while laboratory-puri f ied ni t rogen 
was used in Exper imen t s 1, 2 and 4. Oxygen in Exper iment 4 was determined by vacuum fusion. 
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nitride, were used as containers. After nitriding and cooling, the 
stainless steel boat was pushed into a flexible rubber tube attached 
to one end of the muffle and the rubber tube closed off from the 
Inconel tube by clanaps. The closed rubber tube containing the nitride 
was then transferred to a glove box where the product was placed in 
a tantalum-lined graphite crucible preparatory to heating in the 
vacuum, furnace. 

The product obtained by the above procedure was single 
phase uranium mononitride, as determined by x-ray analysis. Dupli­
cate chemical analyses of samples from a typical 1000 gram batch 
are shown in Table No. V. 

3, Reaction of Ammonium. Diuranate, Carbon and Nitrogen 

The synthesis of UC by the reaction of amnaonium di­
uranate and carbon has already been discussed. The reactions involved 
in the preparation of UN by nitriding a mixture of amnaonium diuranate 
and carbon were assumed to be as follows: 

9(NH4)2U207 > 2N2 + I4NH3 + 6U3O8 + I5H2O 

2U3O8 + 16C + 3N2 » 6UN + 16CO 

A stoichiometric mixture of anamonium diuranate sind 
carbon, based upon the above equations, was heated for 4 hours at 
17000c. in flowing nitrogen and then allowed to cool in nitrogen. X-ray 
analysis of the product indicated that the major phase was U2N3 which, 
as has been shown, can be converted to UN by vacuum treatment at 
about 1400°C. However, in addition to the nitride, the product con­
tained considerable carbon,as is seen by the following chenaical analysis: 

% 

Uranium 89.82 
Nitrogen 7.47 
Free Carbon 1.01 
Combined Carbon 0,29 

Because of the excess carbon in the product, it is evident 
that the reaction did not proceed as outlined in the above equations. 
The results were much the sanae as previously obtained when a stoichio­
metric mixture of U3O8 and carbon was nitrided under similar conditions; 
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in both instances the product contained an excess of carbon (See Table 
No. Ill, Experiment 4). As previously mentioned, the explanation is 
probably that U3OQ does not react completely with carbon under the 
conditions of the experiments but is partially thermially decomposed 
to UO2 which then requires less carbon. There are , of course, other 
complicating factors in the case of the decomposition of amnaonium 
diuranate, as for example, the presence of water vapor and hydrogen. 
For the above reasons, and because of limited time, it was decided 
to do no further work on this process. 

C. Synthesis of Uranium Silicide (UsSi?.) 

The uranium silicide, U3Si2s was c h o ^ n for study after 
considering several factors. The phase diagram for the uranium-
silicon system (Figure 7) discloses five compounds with m.elting points 
above 1300OC. Of these, U3Si2 has the highest uranium density and 
the second highest melting point (see also Table No. VI). 

Two general methods for the preparation of U3Si2 were con­
sidered: (1) the reaction of elemental uraniuna and silicon, and (2) 
the reaction of UO2 with compounds of silicon or with silicon and 
carbon. The chief enaphasis in the present work has been on the 
former method. 

1. Preparation of U3Si2 by Reaction of Uranium and Silicon 

The uraniuna was similar to that used in preparing 
uranium nitride; it was obtained from National Lead Conapany in the 
form of 100 to 250 mesh shot and treated with dilute nitric acid, 
followed by washing with distilled water and acetone, to remove the 
oxide film. The silicon, in the form, of 325 naesh powder, was pur­
chased from Union Carbide Metals Company and had a purity of 99. 7 
percent. Stoichiometric amounts of uranium and silicon were prepared 
for reaction by milling the two powders in a rubber-lined ball mill 
with stainless steel balls; an inert atmosphere was, of course, main­
tained in the ball mill . 

Initial experiments were naade as follows: stoichiometric 
mixtures of uranium and silicon were placed in crucibles of alumina, 
siliconized graphite, or boron nitride and heated in an inert atmosphere 
(argon) to temperatures of the order of 1750OC., held for periods up 
to 30 minutes, and then allowed to cool slowly to room temperature. 
In all such experiments the product consisted of a mixture of silicide^. 
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TABLE NO. V 

Duplicate Chenaical Analyses of Typical 1000 Gram Batch 
of UN 

Component 

Uraniu3xi 
Nitrogen 

Total Carbon 
Iron 
Qxyge-n 

Sample 
No. 1 

% 

94.28 
( 5 .05* 
( 5 , 5 ** 

0 .14 
0 ,04 

_ 

Sample 
No, 2 

% 

94.27 
5 . 0 3 * 
5 .6 ** 
0 .11 
0 .03 
0 ,08*** 

* Resul t s from Carborundum Labora to ry by alkal i fusion. 
** Resul t s from National R e s e a r c h Corporat ion by the KJeldahl method. 

*** Determined by the National R e s e a r c h Corporat ion by vacuum fusion. 

TABLE NO. VI 

Melting Point and Uranium Densi ty for Var ious Uraniuna Compounds 

lonapou 

USis 
USi2 
UzSis 
USi 
U3Si2 
UsSi 
U2N3 

UN 
UC2 
UC 
U02 

u 

Melting • 
Point, 

nd o c . 

1510 
1700 
1610 
1575 
1665 

930 
Decomposes 

1450 
2630 + 50 
2400 + 100 
2400 + 100 
2700 + 50 
1133 + 2 

L i t e ra tu re 
Reference 

(2) 
(2) 
(2) 
(2) 
(2) 
(2) 
(3) 

(4) 
(5) 
(5) 
(6) 
(7) 

Density 
g. / c c . 

8,15 
8.98 
9.25 

10.40 
12.20 
15.58 
11.24 

14.32 
11.68 
13,63 
10.96 
19.00 

Weight 
F rac t ion 
Uranium. 

0 .739 
0.809 
0 .851 
0.895 
0.927 
0 .961 
0 .919 

0 .944 
0.908 
0.952 
0,882 
1.000 

U Densi ty 
g. / c c . 

6.02 
7.26 
7.97 
9.30 

11.31 
14.98 
10.33 

13,52 
10.60 
12,97 

9.64 
19.00 
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the principal constituent frequently being USi2 (see Experiments 1 
and 2, Table No. VII). Since USi2 tended to crystallize more rapidly 
than U3Si2 from melts at 1750OC., experiments were designed to 
permit rapid quenching of the melt. This was acconaplished in the 
manner indicated in Figure 8. After a tenaperature of about 1750OC. 
had been reached and held for several minutes, the hold rod at the 
top of the furnace (Figure 8) was lifted upwards, permitting the 
crucible to spill its contents to the cold end of the furnace tube, 
thereby quenching the product. Numerous m.elts made in this way 
gave consistently a product which x-ray analysis indicated to be 
principally U3Si2 (as an example, see Experiment 3, Table No. VII). 

Concurrently with the above work, some synthesis 
experiments were carried out at lower temperatures . It was observed 
that the reaction between uranium and silicon went rapidly to essential 
completion in the range of 1500 to 1550OC. and could be cooled slowly 
from, such temperatures to give U3Si2 as the principal product. The 
experiments were carried out successfully, both in vacuum, and in an 
inert atmosphere (see Experiments 4 and 5, Table No. VII). However, 
it appears that the latter method may be preferable since U3Si2 has 
shown some tendency to instability in vacuum at temperatures slightly 
higher than 1550OC. Thus, when U3Si2 was heated to 1600OC, in a 
vacuuna there was considerable weight loss and x-ray analysis of the 
condensed vapors showed the presence of several silicides and free 
silicon. 

The U3Si2 naade by either quenching from 1700-1750OC. 
or slow cooling from 1500-1550OC, normally had weak x-ray patterns 
for UO2 and silicon. It was found that the synthesis of U3Si2 in larger 
batches reduced the oxygen content of the product to a comparatively 
low level (compare Experinaents 4 and 5, Table No. VII), 

To investigate the cause of apparent free silicon in the 
product, syntheses were made using silicon in deficient, excess, and 
stoichionaetric anaounts. X-ray reports indicated free silicon in all 
cases. However, metallographic examination of the products showed 
single phase material when stoichiometric quantities had been used. 
The inconsistency was resolved by recalculation of the x-ray diffraction 
pattern for U3Si2, showing that some lines in the patterns are comnaon 
to both Si and U3Si2. 

A variety of crucible materials were examined for use 
in the synthesis of U3Si2. These included alumina, aluminum nitride, 
graphite, siliconized graphite, boron nitride, beryllia, m,agnesia. 



TABLE NO. VII 

E x p e r i ­
ment 
No. 

1 

2 

3 

4 

Summary of Some TjTsical Experime 

Amount of 
Product , g. 

50 

50 

50 

50 

Max. 
Temp. 

°C. 

1750 

1750 

1800 

1550 

Time at 
Max, Temp, 

min . 

30 

5 

5 

0 

nts on the 

Crucible 
Mater ia l 

AI2O3 

BN 

BN 

MgO 

Synthesis of UgSi? 

Furnace Atmos-
Type phere 

Induction Argon 

Induction Argon 

Induction Argon 

Muffle Argon 

from U + Si 

• X-Ray 
Analys ii 

Major 
Mod. 
Weak 

Mod. 
Mod. 
Faint 

Major 
Weak 

Major 
Weak 
Faint 

3 

USI2 
UsSi 
U308 
and Si 

USiz 
UaSiz 
UO2 
and Si 

UsSiz 
UO2 
and Si 

UsSiz 
Si 
UO2 

Remarks 

Cooled 
slowly 

Cooled 
slowly 

Quenched 
from 
I8OOOC. 

Cooled 
slowly 

500 1550 MgO Induction Vacuum Major UsSig Cooled 
Weak Si slowly. 

*Ckygen 
0.07% 

50 1200 MgO Induction Vacuum Mod. UsSiz Cooled 
Weak to slowly. 

Mod. USiz Starting 
and UO2 materials 

Indica- UH3 + Si 
tion of UsSi 

* Determ.ttied by vacuum, fusion. 
Note: The presence of free silicon in the above products is questionable. See paragraph 4, page 17. 



19 

thoria, and tantalum. The most satisfactory materials from the 
standpoints of non-wetting and freedom from attack by the uranium-
silicon com.positions were beryllia, thoria, and magnesia. Because 
of its ready availability, magnesia was chosen as the standard 
crucible material . The miix reacted markedly with tantalum, crucibles. 

Most of the U3Si2 naade for fabrication and physical 
property tes ts , to be described later, was synthesized by the non-
quenching method: the mixture of the elements was heated in vacuum 
or inert atnaosphere to 1500-1550OC. and allowed to cool to room 
temperature by sinaply shutting off the power from the furnace. A 
typical analysis of one to three pound batches made by this method 
in the vacuuna furnace was as follows: 

Uranium 
Silicon 
Carbon 
Oxygen 
Nitrogen 
Iron 

% 

92. 
6. 
0. 
0. 
0, 
0. 

32 
96 
14 
07 
03 
29 

If the vacuum furnace is used for the synthesis of U3Si2 it is necessary 
to control the tenaperature carefully because of the instability of the 
compound in vacuum, at temperatures slightly higher than 1550OC. 

The possibility of preparing U3Si2 at temperatures 
appreciably lower than 1500-1550OC. has also been considered. A 
few experiments in the vacuum furnace at 1200OC. indicated that the 
reaction of silicon powder and 100-250 mesh uranium did not go to 
completion, at least in a short hold t ime. When the 100-250 mesh 
uranium, was first hydrided to produce a finer powder, single phase 
U3Si2 was still not obtained. In these experiments, it was observed 
that when compacts of uranium and silicon are carefully heated, an 
exothernaic reaction takes place at about 875QC. 

2. Preparation of U3Si2 by Reaction of Uranium Dioxide, 
Silicon Carbide and Carbon 

« 
Exploratory experiments were first naade to determine if 

USi2 could be prepared from silicon carbide according to the equation 

2SiC + U02 _ _ ^ USi2 + 2CO 
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Minus 25 micron powders were m.ixed, pressed into pellets and heated 
in a ceranaic tube furnace in an argon atmosphere. X-ray analysis of 
the product showed a strong pattern for USi2 after 15 hours at 1500OC., 
or after one hour at 1700OC. 

One experiment was designed to produce UsSig according 
to the reaction 

3U02 + 2SiC + 4C « — _ ^ U 3 S i 2 + SCO 

In this case the pressed pellet was heated for one-half hour at ITOOOC. 
X-ray examination indicated the product to be USiz, UO2 and SiC, 
Because of time limitations and because initial experim.ents were not 
especially encouraging, no further work was done on this method. 

III. FABRICATION EXPERIMENTS 

In the present study, fabrication experiments were limited to 
powder metallurgy techniques. Cold pressing and sintering were 
emphasized, although preliminary results obtained by reaction hot-
pressing of UC and U3Si2 were encouraging. 

A. Fabrication of Uraniuna Monocarbide 

1. Cold Pressing and Sintering 

The UC used in the fabrication studies was prepared 
by reacting stoichiometric amounts of UO2 and C, as described in 
Par t II of this report . The reaction product, in the form of clinker, 
was crushed to minus 80 naesh in an inert atmosphere and then reduced 
to fine particle size by dry milling in an inert atmosphere in a rubber-
lined ball mill with stainless steel balls. Numerous batches of powder 
were produced; most of these were nailled to an average particle size 
of less than 2 microns. The analysis of various batches of UC powder 
fell within the following l imits: 

Uranitxm 
Carbon 
Oxygen 
Nitrogen 
Iron 

% 

94.50 - 95.40 
4. 65 - 4. 90 
0.05 - 0.35 

trace - 0.10 
trace - 0.10 
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Several variables in fabrication were studied; as a 
result , the following procedure was developed for producing high 
density specimens: 

Uranium monocarbide, having an average particle 
size of less than 2 microns, was cold pressed at about 20, 000 pounds 
per square inch using 0. 5 percent Carbowax (based on the weight of 
UC) dissolved in trichlorethylene as the tenaporary binder. The 
trichlorethylene was vaporized from the specimens at rooxa tempera­
ture in an inert atmosphere. The specimens were then placed in 
tantalum-lined graphite crucibles and the Carbowax removed by 
heating at the rate of 50OC. per hour to SOOOC. and then at 200OC, 
per hour to 1400^0. After cooling, the crucibles were placed in an 
induction heated vacuum furnace, the temperature raised to 1850OC. 
in about one hour and held at the maximum, temperature for one hour. 
The resulting specimens had densities ranging from 92 to 96 percent 
of theoretical, there being some variations in density from batch to 
batch as well as some variation within the same batch. 

Of the factors which affect the sinterability of UC, 
particle size appears to be quite important. The highest densities 
were obtained by sintering powders having an average particle size 
of less than two microns. It was necessary to ball mill minus 80 naesh 
UC for at least 24 hours to obtain high density specimens. Longer ball 
nailling t imes, however, did not necessarily im.prove sintered density. 
These points are illustrated in Tables No. VIII and IX. 

One-ha.lf percent Carbowax 6000 was found to be a sa t i s ­
factory binder. Resu.lts obtained with three different amounts of 
Carbowax are compared in Table No. X., 

In a study of cold forming pressures , no improvement 
in sintered density was obtained by using pressures in excess of 
20, 000 to 30, 000 pounds per square inch. Some increase in unfired 
bulk density, however, was found at higher pressures (see Table 
No, Xl) , It should be emphasized that these data may not be typical 
of coarse powders, or powders prepared by other procedures. 

The effect of tinae and temperature of sintering on the 
density of UC pellets is seen in Table No. XII ^ Frona these data it 
appears that a temperature of 1850OC. held for one hour produces 
the best results; higher temperatures or longer t imes give a product 
containing naore UC2 contamination with no improvenaent in density. 
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TABLE NO. VIII 

Effect of Particle Size on Density of Sintered UC 

Particle Density in g. /cc . on Sintering at 
Size TSSOQCT" '~~~J^^C7~~' 2 0 5 0 ^ 

-80 Mesh - 10.30 9.93 
2 Microns - 10. 65 10. 60 
0.5 Microns 12.50 

TABUS NO. IX 

Effect of Milling Time on Density of Sintered UC 

Milling Time, hr . 24 
Unfired Bulk Density, g/cc 8. 75 
Sintered Bulk Density, 

g/cc 12.83 

Carbowaix, % 0.25 
Unfired Bulk Density, 

g/cc 8.59 
Sintered Bulk Density, 

g/cc 12.40 

48 72 
8.70 8,80 

12,67 12.69 

0.50 0,75 

8.75 8,44 

12.83 12.53 

TABUE NO. X 

Effect of Amount of Binder on Density of UC 
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TABLE NO, XI 

Effect of Cold Fo rming P r e s s u r e on Density of UC 

UC 
Batch 
No. 

1 

2 

Fo rming 
P r e s s u r e 

ps i . 

15,000 
20,000 
30,000 
40, 000 

28,000 
56,000 
84, 000 

Unfired 
Densi ty 
g. / c c . 

8.76 
8.87 
9.02 
9.02 

8.93 
9.37 
9.50 

TABLE NO. X n 

Effect of Time smd T e m p e r a t u r e of Sinter 

T e m p e r a ­
tu re 

OC. 

1750 
1850 

1850 

2100 

UC Pe l le t s 

Sintering 
T i m e , 

h r . 

1 
1 

3 

1/2 

Densi ty, 

Sintered 
Densi ty 
g. / c c . 

11.21 
10.95 
11.29 
11.11 

12,30 
12.30 
12.30 

ing on Densi ty of 

g. / c c . X-Ray Analysis 

11.85 Major 
12,49 Major 

12.22 Major 

12,42 Major 

UC, v e r y faint UO2 
UC, v e r y faint UO2 

and UC2 
UC, weak to modera te 

UCz 
UC, weak to modera t e 

UCz 
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In these experiments, the Carbowax binder was removed 
by careful heating in a ceram.ic tube m.uffle furnace rather than in the 
induction vacuum furnace where the final sintering was done. This 
was because the rate of heating in the induction furnace could not be 
controlled accurately enough to prevent rupturing the specimens by 
too rapid rem.oval of the binder. 

In the early experiments, the specimens were contained 
in graphite crucibles during sintering. However, some tendency to 
UC2 form.ation was noted, especially on the surface of the pieces. 
For this reason tantalum-lined graphite crucibles were adopted as 
containers in the latter stages of this investigation, and were effective 
in preventing UC2 formation. 

In the present work, UC specimens have been fabricated 
in the following shapes and s izes : cylinders, 0.2 inches by 0.2 inches, 
0. 5 inches by 0. 5 inches, and 1 inch by 1 inch; also, bars 1/4 inch 
by 1/2 inch by 3 inches. 

Metallographic examination of sintered UC specimens 
frequently showed indications of uranium metal at the grain boundaries, 
and trace amounts of UC2 and a third phase believed to be UO2. Photo-
m.icrographs of representative polished sections are seen in Figures 
9 and 10. 

2. Reaction Hot Pressing 

This method consists of reacting stoichiomLctric am^ounts 
of fine uranium and carbon powders while applying pressure . It had 
previously been explored by Dubuisson et al.^°^ who used uranium 
powder prepared by the calcium reduction of UO2. The source of 
uraniujn, in the present investigation, was 100-250 m.esh shot obtained 
from National Lead Company. In several experim.ents the uranium 
shot was used as received, but in two hot pressings the shot was first 
hydrided to produce a finer powder. In all experiments, the carbon 
was minus 2 micron powder having an ash content of about 0. 05 percent. 

The usual fabrication procedure was as follows: The 
mixture of powders was ball-milled for 24 hours in a rubber-lined 
mill with stainless steel balls and then pressed in graphite dies at 
1, 500 psi. at m.aximum temperatures of 1000 to 1400°C. A schem.atic 
drawing of the hot pressing equipment is shown in Figure 11. 
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Erra t ic results were obtained in the experiments when 
the 100-250 mesh uranium was used as received, probably because 
of non-uniformity of the uranium-carbon mixtures. In one such 
experim.ent, the heating cycle was one hour at 800^0, , raised to 
1400OC. in two hours and maintained there for two hours. The 
pellet that was obtained had a density of 13. 3 gram.s per cubic 
centimeter. X-ray and chemical analyses were as follows: 

X-Ray Analysis Chemical Analysis, % 

Major UC Uranium 95.26 
Very faint indications Total Carbon 4. 46 

of UO2 Uncombined 
Carbon 0.13 

Iron 0,04 
Nitrogen 0. 10 

Metallographic examination of a polished section of the pellet 
showed considerable uranium metal which was not distributed 
uniformly. 

Two hot pressings were carried out using fine uranium 
metal powder produced by hydriding the m.etal shot. In these 
experiments the metal powder and carbon were mixed in a Spex 
mixer by rapid vibratory motion. In the first hot pressing the 
temperature was held at 800°C. for one hour, then raised to 1200®C, 
and held for one hour. The resulting pellet had a density of 13. 05 
grams per cubic centimeter; naetallographic examination revealed 
uranium metal located in pools which were m.ore numerous towards 
the outside of the pellet. The second hot pressing was carried out 
by holding at 8OOOC. for one hour, followed by pressing at lOOOOC, 
for 4-1/2 hours. The resulting pellet had a density of 13. 19 gram.s 
per cubic centimeter; metallographic examiination revealed less 
free uranium metal and a smaller grain size than in the previous 
pellet. A photograph of a polished section of this pellet is shown 
as Figure 12. 

B, Fabrication of Uranium Nitride by Cold Pressing and Sintering 

The UN used in these experiments was made by nitriding 
uranium as described in Part II of this report . The powder was 
pyrophoric and great care was required in handling it to avoid 
oxidation. 
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The optimum procedure developed for the fabrication of UN 
by cold pressing and sintering was es-sentially the same as that for 
the fabrication of UC previously described. The powder was 
reduced to minus 2 micron particles by ball milling for at least 
24 hours in a rubber-lined mill with stainless steel balls. The 
milled powder was then cold pressed at 12,000 pounds per square 
inch, using 0. 5 percent Carbowax 6000 as the temporary binder. 
The Carbowax was removed by carefully heating in flowing argon 
as described under the fabrication of UC. The final sintering was 
done by heating in the vacuum furnace for one hour at 1850OC. As 
with UC, the most satisfactory container material for use in 
sintering UN was tantalum-lined graphite crucibles. 

The density of pieces fabricated by the above procedure 
ranged from about 12. 0 to 13. 6 grsons per cubic centimeter, or 
about 84 to 95 percent of theoretical based upon 14, 31 gram.s per 
cubic centimeter for pure UN. Density varied from bMch to batch 
of UN powder used for fabrication, and although x-ray examination 
indicated single phase UN for the various batches of powder, chemical 
analysis showed a deficiency of nitrogen in the most sinterable powders. 
Fur thermore, metallographic examination indicated the presence of 
m.etal in the highest density specimen (Figure 13), and unquestioned 
single phase UN only in specim.ens having a naaximum density of 
about 12.0 grams per cubic centimeter (Figure 14), Specimens 
of intermediate density appeared to have a second phase which could 
not be identified. This possible second phase was somewhat darker 
than UN, under reflected light, and tended to etch more readily with 
acids (Figure 15). Variation of density of sintered UN with nitrogen 
content is seen in Table No, XIII. 

Uranium mononitride was also sintered successfully in an 
alumina tube muffle furnace (Figure 2) in flowing argon or helium. 
However, it was more difficult to prevent oxidation in this case, 
and the required temperature of 1850OC. was difficult to maintain 
because of the refractory limitations of the alumina muffle. 

In addition to composition, the effect of the following variables 
on sintered density were studied: particle size of the powder, cold 
forming pressure , and sintering temperature. 
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TABLE NO, XIII 

Variation of Density of Sintered UN with Nitrogen Content 

Experi ­
ment 
No. 

1 

2 

3 

4 

5 

Nitrogen 
Content 

% 

4 .6 

4 ,7 

4 . 8 

5 .1 

5 .6 

Densitj 
g /cc . 

13.2 

13.6 

12.8 

12.9 

12,0 

Metallographic Examination 

UN + possible 2nd phase 

UN+ U 

UN + possible 2nd phase 

UN + possible 2nd phase 

Single phase UN 
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As previously stated, the best procedure developed for p ro­
ducing UN from uranium was: (1) hydride 100-250 mesh uraniuxn 
shot; (2) decompose the resulting hydride and nitride the product 
at about 800°C,; and (3) reduce the higher nitrides to UN by vacuum 
treatment at 1400*^C. This procedure resulted in UN powder having 
an average particle size of 6 to 8 microns. The average density 
obtained on sintering such material was about 10 grams per cubic 
centimeter; however, when the powder was first reduced to an 
average particle size of about 1, 5 naicrons by milling, the density 
obtained on sintering under the same conditions was 12. 6 grams 
per cubic centimeter. These experiments are summ.arized in 
Table No. XIV. 

The pressure chosen for cold forming was 12,000 pounds 
per square inch. This choice was based upon experiments which 
showed that pressures higher than about 10, 000 pounds per square 
inch did not result in higher density when using milled minus 
2 micron UN. In fact higher pressures sonaetimes resulted in 
pieces with lamination cracks which were evident only after 
sintering. The effect of cold forming pressure on the density of 
sintered UN is seen in Table No, XV. 

No improvement in the density of fabricated UN was achieved 
by sintering at temperatures higher than 1850°C. Thus^ when 
single phase UN, having essentially theoretical composition, was 
vacuum sintered for one hour at 1850OC., 1950OC,, or 2100OC., 
the resulting densities were respectively as-follows: 12.0 grams 
per cubic centimeter, 11.3 grams per cubic centimeter, and 
12,1 grams per cubic centimeter. Metallographic examination 
of the sintered pellets indicated that the composition was still 
single phase UN in each case after sintering, 

C. Fabrication of Uranium Silicide (UsSiz) 

1. Cold Pressing and Sintering 

The procedure used in cold pressing UsSiz was, in 
general, s imilar to that already described for UC and UN. The 
product from the reaction of U and Si (see Part II of this report) 
was crushed and milled to an average particle size of less than 2 
m.icrons. This required m.illtng for at least 48 hours in a rubber-
lined mill with stainless steel balls. Forming pressures of from 
5,000 to 20,000 pounds per square inch were tried^ using Carbowax 
6000 as the temporary binder; however, it was found that a pressure 
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TABLE NO. XIV 

Effect of Milling 

Experi­
ment 
No. 

1 
2 
3 

Milling 
Time, 
hr, 

0 
56 
72 

Time and Particle Size 
Sintered UN 

Average 
Particle 

Size, 
micron 

6-8 

1-2 

g/cc . 

10,0 
12.7 
12.6 

on the Density of 

Density 
%of 

Theoretical 

70 
89 
88 

TABLE NO. XV 

Effect of Cold Forming Pressure on the 
• 

Experi-
Ment 
No. 

1 
2 
3 
4 
5 

Cold 
Forming 
Pressure , 

psi. 

10,000 
12,000 
i5,000 
16,000 
26,000 

Density Before 
Sintering 

Density of Sintered UN 

Density 
Sintei 

% 
g/cc. Theoretical g/cc, I 

13.0 
8.9 62 12.7 

13.1 
9.3 65 12,7 

12.9 

After 
ring 

% 
'heoretical 

90.9 
98.9 
91.6 
88.9 
90.3 

. / • 
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of 6j 000 pounds per square inch was adequate to give maximumi 
sintered density. High forming pressures (15, 000-20,000 pounds 
per square inch) frequently caused lamination cracks in the 
sintered pellets. 

Both removal of the binder and sintering were done 
in a ceramic tube muffle furnace (Figure 2) in flowing argon. 
The preferred heating schedule was as follows: tenaperature raised 
at the rate of 50OC. per hour to 600OC., then 200OC. per hour to 
1400°C. and held for one hour. Ctf several container miaterials 
tried, tantalum-lined graphite crucibles were found to be the m.ost 
suitable, especially from the standpoint of protecting the silicide 
frona oxidation during sintering. 

The fabrication procedure outlined above resulted in 
sintered U3Si2 specimens having a density of 11. 8 to 12, 0 grams 
per cubic centimeter, or about 96. 8 to 98. 4 percent of theoretical, 
A polished section of typical high density specimen of U3Si2 is 
seen in Figure 16. 

2. Reaction Hot Pressing 
# 

Preliminary experiments were carried out on the s imul­
taneous synthesis and fabrication of UsSig by reaction hot pressing. 
Two powder mixtures of reactants were used: (1) 100 to 250 mesh 
uranium shot and minus 325 mesh silicon, and (2) 100 to 250 mesh 
uranium shot and minus 200 mesh uranium trisilicide (USi3), The 
experiments were made at temperatures ranging from 925 to ISOQOC, 
using die materials of graphite, aluminum nitride or boron nitride. 
The hot pressing equipment was similar to that used for reaction 
hot pressing of UC (Figure 11), 

These experiments are summarized in Table No, XVI, 
The results indicate that it is possible to form U3Si2 at tempera­
tures as low as 92 5°C,; that graphite is not a satisfactory die 
material except possibly at low temperatures (925*^0,) where long 
hold periods are necessary; and that the method has considerable 
promise if a satisfactory die material is used. Some possible 
good die materials m.ay be aluminum nitride, magnesia, and 
beryllia. 



TABLE NO. XVI 

E x p e r i ­
ment 
No. 

1 

2 

3 

4 

5 

6 

7 

Synth< 

Reactants 

3U + 2Si 

3U + 2Si 

3U + 2Si 

7U + 2USi3 

3U + 2Si 

3U + 2Si 

U3Si2* 

3sis and Fabr ica t ion of 

T e m p e r a ­
tu re 
OC, 

925 

925 

925 

1150 

1300 

1500 

1450 

Time 
at Max. 
T e m p . , 

min. 

5 

60 

30 

5 

3 

5 

30 

• UaSi?. by 

P r e s s u r e , 
ps i . 

1500 

1000 

1000 

1500 

1500 

1000 

1000 

Reaction Hot P re s s ing 

Die 
Mater ia l 

Graphite 

Graphite 

Aluminum 
Nitride 

Graphite 

Graphite 

Boron 
Nitride 

Graphite 

X-Ray Analysis 

Major USi 
Mod. U3Si2 
Weak UO2 & Si 

Major U3Si2 
Weak Si 

Major U3Si2 
Weak to Mod. Si 

Major U3Si2 
Mod. Si 
Weak UO2 & UC 

Mod. U3Si2 & SiC 
Weak UO2 & Si 
Faint USi3 

Major U3Si2 
Weak to Mod. Si 

Densi ty, 
g / c c . 

11 .4 

11 .1 

10.5 

11.0 

-

11.2 

Major USiz 10.0 
Weak to Mod. U3Si2 

and UO2 
.Indication of USis 

03 

* x - r a y analysis: Major U3Si2l Indications of UO2 and Si 
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IV. PHYSICAL PROPERTIES OP URANIUM MONOCARBIDE, 
URANIUM MONONITRIDE AND URANIUM SILICIDE (U3Si2) 

A. Summary of P r o p e r t i e s 

The following p rope r t i e s were s tudied: therm.al expansion, 
t h e r m a l conductivity, modulus of r u p t u r e . Young's modulus , s h e a r 
modulus , e l ec t r i ca l r e s i s t iv i ty , r e s i s t ance to t h e r m a l cycling, and 
s tabi l i ty in wa te r . The r e s u l t s a r e br ief ly s u m m a r i z e d in Table 
No. XVII and a r e descr ibed in m o r e detai l in the sect ions which follow 

B. T h e r m a l Expansion 

T h e r m a l expansion was de te rmined by a d i l a tomete r method 
in an argon a tmosphe re . The appara tus is i l lus t ra ted in F igure 17. 
The t e s t spec imen, a b a r 3 inches by 1/2-inch by 1/4-inch, r e s t s on 
the closed end of an impermeable si l icon carbide tube. A high densi ty 
s i l icon carbide rod t r a n s m i t s the sample expansion to an Ames 
m i c r o m e t e r dial located on a wa te r -coo led flange. The dilatomieter 
a s sembly is closed off with a bel l j a r res t ing on the wa te r -coo led 
flange. After evacuating the appa ra tus , a flowing a rgon a tmosphere 
is es tabl i shed to pro tec t the ssimple from oxidation. 

Expansion m e a s u r e m e n t s were made on two spec imens each 
of UC, UN and U3Si2, The spec imens differ somewhat in densi ty a s 
indicated below: 

Density, g / c c . 
Mater ia l Sample 1 Sample 2 

UC 12,68 11,30 
UN 11,35 12.00 
U3Si2 11.12 11,45 

Two s e r i e s of measuremients were made on each of the No, 1 s amp le s 
and one on the No, 2 s a m p l e s , except in the case of UN where only 
one s e r i e s of m e a s u r e m e n t s was made on each s amp le . There was 
no significant difference in the r e s u l t s obtained with the No. 1 and 
No. 2 spec imens , as is indicated by F igure 18. Table No. XVIII 
shows the average coefficient of t h e r m a l expansion of the t h r e e 
m a t e r i a l s at var ious t e m p e r a t u r e in t e rva l s . 
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T A B I ^ NO. XVII 

Summary of Physical P rope r t i e s of UC, UN, and U3Si2 

P roper ty 

Average density of specimens 
tes ted , % theore t ica l 

Average t he rma l expansion 
from 25 to IZOQOC., 
c m / c m / ° C . 

Thermal conductivity at 800OC., 
c a l / c m 2 / c m / s e c / ° C . 

UC 

90 

UN 

81 

Essiz 

92 

1 1 . 4 3 x 1 0 - 6 9 , 7 0 x 1 0 - 6 1 4 . 9 9 x 1 0 -

0.07 0.13 0.06 

Elec t r i ca l res i s t iv i ty at room 
t e m p e r a t u r e , ohm-cm. 

Young's modulus,at room tena­
pe ra tu r e , ps i . 

Shear modulus at room t e m ­
pe ra tu re , ps i 

Po i s son ' s ra t io at room 
t empera tu re 

Modulus of Rupture at 
(psi) 

Stability in wate r at 

250c. 
6000c. 
8OOOC. 
lOOOOC, 
1200OC. 
1400OC. 
I6OOOC. 

lOOOC. 

200°C. 

5 . 0 1 x 1 0 - 5 2 . 0 8 x l 0 " 4 1.50 x l O " ^ 

25, Ox 106 2 1 , 6 x 1 0 ^ 1 1 . 3 x 1 0 5 

9. 7 X 10 6 

0.29 

23,000 

17,600 
10,000 

Deforms 

8.7 X 106 4. 8 X 106 

0.24 

10,500 

11,200 

19,300 
13,700 

Deforms 

0.17 

12,500 
11,300 

Deforms 

Disintef r a t e s Only slight Oi ly slight 
react ion react ion 
Dis in te- Only slight 
g r a t e s react ion 
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TABLE NO. XVIII 

Thermal Expansion of UC, UN and U3Si2 

Temperature Average Coefficient of 
Interval, °C, Thermal Expansion, cm/cm/"C, 

25 • 200 
25 - 400 
25 - 600 
25 - 800 
25 - 1000 
25 - 1200 

UC 

9,47 
10.30 
10,68 
11.01 
11.23 
11.43 

UN 

8.55 
8.71 
8.90 
9. 10 
9.30 
9.70 

U3Si2 

13.54 
14.03 
14.32 
14.57 
14,85 
14.99 

C, Thermal Conductivity 

The thermal conductivity data reported in this section were 
obtained on a single specimen each of UC, UN and U3Si2. These 
values will be checked by additional experiments and reported at a 
later date; therefore, the present data are to be considered as p r e ­
liminary only. 

Thermal conductivity was measured by a comparative method 
using equipment similar to that designed by Froncl and Kingery^^'' of 
the Massachusetts Institute of Technology (see Figure 19). The stan­
dard for comparison was nickel, obtained from the International 
Nickel Company. The two standards and the test specimen were 
right cylinders, one inch in diameter by one inch high, machined to 
dimensional tolerances of plus or minus 0, 001 inch. 

Thermal gradient was determined by a pair of thermocouples 
in each standard and test specimen. The thermocouples iri each cylin­
der were 0, 75 inches apart and positioned at the center of the 
diameter of the cylinder by inserting them in holes about 0. 035 inches 
in diameter. The ceramic tube surrounding the sample-standard 
assembly was heated to approximately the same temperature as the 
assembly to minimize lateral heat flow; this was accomplished by 
five independently-controlled platinum heaters . The equipment was 
enclosed in a bell jar and thermal conductivity measurenaents made 
in a vacuum. 
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Prelinainary values for the thermal conductivity of UC, 
UN and U3Si2 are reported in Figures 20, 21 and 22, respectively. 
Densities of the test specimens, in terms of percent of theoretical, 
were as follows: UC, 88. 3; UN, 81. 0; and U3Si2* 92.2. Values 
were also calculated for 100 percent dense specimens by the 
formula^l°^ 

Kg 
(1-Pv) 

where Kg is the thermal conductivity at zero porosity; Kxnj naeasured 
thermal conductivity, and Py, volume pore fraction. All values 
reported are based upon a comparison with the thermal conductivity 
data for nickel as determined by Francl and Kingery(lC^) and shown 
in Figure 20. 

D. Modulus of Rupture 

Modulus of rupture determinations were carried out at room 
temperature using a Universal testing machine with a loading rate 
of 0. 05 inches per minute. Determinations at higher temperatures 
were made using the apparatus illustrated in Figures 23 and 24. 
The sample holder. Figure 23, consists of two pieces of graphite 
which fit together along eight bearing surfaces to insure correct 
alignment. The test specimen is supported by two graphite pins in 
the lower piece; pressure is applied by two graphite pins in the upper 
piece, thus subjecting the sample to four-point loading. 

The test specimens for both room temperature and high 
temperature determinations were bars 3 inches by 1/2-inch by 
1/4-inch. The span was 2-1/2 inches. 

The graphite assembly containing the test bar was placed 
in an inductively-heated furnace as shown in Figure 24. Temperature 
was determined by sighting on the edge of the sample holder with an 
optical pyrometer. An argon atmosphere was maintained in the 
furnace during the determination and cooling periods. While this 
did not protect the samples completely from oxidation, only thin 
oxide films were found on the samples after cooling. 

In the tests at elevated temperatures it was found that 
specimens of UC, UN and U3Si2 deformed under load when certain 
temperatures had been reached. These temperatures were as follows: 
UC, 1200OC. ;UN, 1600OC,; and U3Si2, 800OC. Examples of deformed 
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UC and UN bars are seen In Figure 25, Metallographic examination 
of polished sections of such bars indicated essentially single phase 
composition (Figures 9a,14 and 16); therefore, it appears that 
deformation is not caused by the presence of a metal matrix in these 
pieces but is a fundamental property of the compounds. 

The behavior of U3Si2 in the high temperature modulus of 
rupture tests was unique, although its behavior at room temperature 
was quite normal. At 800°C. the bars deformed gradusilly and 
showed no evidence of breaking during the application of pressure . 
However, after the furnace had cooled, it was found that the bar had 
broken into many pieces (see Figure 26). At 600°C,, a normal 
sharp break was obtained, but again after cooling, the bar was 
found to have broken into many pieces. Thermal expansion studies 
of U3SI2 showed no sudden volume changes on heating gradually to 
IZOO^C., as might have been expected had a phase change taken 
place. Also, when a test bar of U3Si2 was heated and cooled In a 
graphite crucible In a ceramic tube furnace In an inert atmosphere, 
no cracking occurred; but when the same cycle of heating and cooling 
was carried out in the modulus of rupture equipment, even without 
application of pressure , the characterist ic cracking of the bar shown 
In Figure 26 was observed. It is believed that this disintegration of 
the U3SI2 bars In the modulus of rupture equipment was the result 
of partial oxidation during slow cooling of the furnace. N. R. Koenlg^H^ 
has noted catastrophic cracking of U3SI2 specimens as the result of 
oxidation. 

Results of modulus of rupture determinations are shown 
in Table No, XIX, 

E. Young's Modulus, Shear Modulus and Poisson's Ratio 

Young's modulus and shear modulus were determined by 
a sonic method on sintered bars of UC, UN and U3Si2 having nominal 
dimensions of 3 inches by 1/2-inch by 1/4-inch. Determinations 
were made at room temperature only. 
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TABLE NO. XIX 

Mater ia l 

UC 

UN 

U3SI2 

Modulus of Ruptu 

T e m p e r ­
a ture , 
OC. 

25 
800 

1000 
1200 

25 
800 

1200 
1400 
1600 

25 
600 
800 

No, of 
B a r s 

Tes ted 

5 
3 
1 
2 

3 
4 
1 
1 
2 

5 
4 
4 

r e of UC, 

Densi ty, 
% 

UN and U3SI2 

Average 
Modulus 
of Rupture 

Theore t ica l ps i , 

90-94 23,000 
84-87 

83 
83-91 

81-83 
79-84 

81 
78 

82-84 

92-98 
90-94 
93-98 

17,600 
10,000 

Range, ps i . 

15 ,400-33,500 
15,000-20,000 

_ 
B a r s deformed under load 

10,500 
11,200 
19,300 
13,700 

10 ,200-10,900 
8 ,000-14 ,500 

-
-

B a r s deformed under load 

12,500 
11,300 

10 ,300-17 ,600 
8 ,700-17 ,700 

B a r s deform.ed under load 
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Frequency measurements were made on bars which were su s ­
pended between elastic bands located at the nodes, so as to not 
dampen the vibrations. The bars were driven with a cutting head 
driver of type A41-8j manufactured by the Astatic Corporation. 
The vibrations were detected by means of a microphone held directly 
above the specimen. Young's modulus was calculated from the 
frequency of the first mode of flexural vibration; shear m^odulus, 
from the frequency of vibration In the torsional mode. Methods of 
calculation were based on equations developed by P icke t t "^ ' . 
Poisson's ratio was calculated from Young's modulus and shear 
modulus by the equation 

E 
Poisson's ratio = r-^ - 1 

where E is Young's modulus and G Is shear modulus. 

In the case of each compound, data were obtained on bars 
representing a range In density. In general, there appeared to be 
a linear relationship between Young's modulus and porosity and 
also between shear modulus and porosity, at least In the density 
ranges Involved In the present Investigation. This can be seen by 
Inspection of Figures 27 through 32. 

It will be noted that there Is considerable dispersion in the 
points on the above graphs, especially in the case of U3Si2. It is 
believed that this is mainly due to variations In the cross-section 
dimensions along the length of a specific bar . The bars were not 
machined, but used as sintered. 

Poisson's ratio for UC and UN was calculated from the data 
in Figures 27 through 30. In these calculations, values for Young's 
modulus and shear modulus were taken from the straight line graphs 
at specific densities. Since the dispersion of points was considerably 
greater in the case of U3Si2, calculations of Poisson's ratio for 
different densities of U3Si2 were made from values of Young's 
modulus and shear modulus obtained on each bar . (Points having 
corresponding numbers In Figures 31 and 32 represent data on the 
same bar). The results for UC, UN and U3SI2, shown in Table 
No. XX, indicate that Poisson's ratio Is higher at higher densities. 
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TABLE NO. XX 

Variation of Poisson's Ratio for UC, 
With Density 

Density, % 
of Theoretical 

75 
80 
85 
90 
95 

Pols son 
UC 

.. 

0.182 
0.241 
0,286 
0.304 

UN and U3SI2 

's Ratio* 
UN 

0.215 
0.240 
0.250 
0.260 

-

•Calculated from graphs of Figures 27 through 30, 

Bar 
No. 

1 
2 
3 
4 
5 

Density, % 
of Theoretical 

90.2 
93.4 
97.1 
97.1 
97.7 

Poisson's Ratio' 

Eask 
0.161 
0,181 
0.179 
0.185 
0.185 

**Calculated from data on individual bars . (See numbered 
points of Figures 31 and 32). 
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F- Electrical Resistivity 

Electrical resistivity measurements were made on UC, UN 
and U3Si2 at room temperature, using sintered ba r s , 3 inches by 
1/2-inch by 1/4-lnch, The samples were preparea for measure ­
ments by abrading the surfaces of the bars under kerosene to remove 
any Interfering oxide film. Resistance measurements were m.ade 
on a Kelvin Bridge Ohmmeter (Leeds and Northrup Model 4285), 
Results are shown In Table No. XXI, 

TABLE NO. XXI 

Electrical Resistivity of UC, UN and 

Material 

UC 
UC 
UN 
UN 
UN 

UgSiz 
U3Si2 

Resistance 

g/cc, 

12,28 
12.05 
11,83 
11.80 
11.58 
11,45 
11,20 

Temperature 

Density 
% Theoretical 

90.10 
88.41 
82.63 
82.42 
80.90 
93,85 . 
91.80 

to Thermal Cycling 

U3Si2 at Room 

Electr ical Resistivity 
ohm-cm 

5,00 X 10-5 
5.02 X 10-5 
2.08 X 10-4 
2.06 X 10-4 
2.10 X 10~4 
1.49X 10-4 
1.50 X 10-4 

G. 

The resistance of UC, UN, U3Si2 and UO2 to mild thermal 
cycling was studied. The specimens were pellets, 1/2-inch dia­
meter by 1/2-inch long, having the following densities: 

Density 
Material g/cc % Theoretical 

UC 12,7 93.2 
UN 11,3 78.8 

U3SI2 11.6 95,2 
UO2 10,4 94.8 

The heating was done In a tube furnace attached to a glove 
box (Figure 33), making possible heating and cooling in an inert 
atmosphere. 
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The pellets were placed in a stainless steel boat at room 
temperature and plunged Into the hot zone of the furnace at 1200^0. 
The temperature of the pellets rose to llOOOC. In about 2-1/2 
minutes. The pellets were kept in the furnace for 10 minutes and 
then quickly withdrawn and cooled with a s tream of argon at room 
temperature. The pellets cooled to below red heat In about one 
minute and to room temperature In about ten minutes. The above 
procedure was repeated for 18 cycles after which the pellets were 
examined. There was no evidence of cracking or spalling of any 
pellets, although the surfaces had become slightly darkened, probably 
as the result of superficial oxidation. The pellets were sectioned 
and examined metallographlcally but no significant change in 
microstructure was detected. 

H. Stability In Water 

The specimens tested were bars , 1/4-inch by 1/2-inch by 
3/4-inch. 

UC reacted slowly with water at room temperature, as 
evidenced by rate of formation of bubbles; at 40^C. the rate was 
vigorous and the bars disintegrated in a few minutes, 

UN and U3SI2 did not show visible evidence of reaction with 
watfer at room temperature and reacted only slightly with water at 
100°C, after 16 days' exposure. However, samples of UN im­
mersed In distilled water at 200°C. for 14 days completely d is ­
integrated. In contrast, U3Si2 showed only slight evidence of 
reaction with water at 200^0, The test at 200°C. was conducted 
as follows: The specimens were placed in pyrex glass tubes which 
were about one-third full of distilled water. The tubes were sealed, 
placed In steel cylinders and the cylinders heated to 200^0, In an 
oven for the specified period, removed from the oven, cooled and 
the specimens Inspected. 

The results of stability tests of UC, UN and U3SI2 In water 
are summarized in Table No. XXII, 



TABLE NO. XXII 

Stability of UC, UN and U3Si2 in Wate r 

Tes t 
No. 

1 

2 
3 
4 
5 

6 

7 
a 
9 

10 

Mate r ia l 

UC 

UC 
UN 
UN 
UN 

UN 

U3SI2 
U3Si2 
U3Si2 
U3SI2 

Density 
g / c c . 

12 .3 

12 ,3 
11,7 
11,8 
11.7 

11.8 

11.8 
11.8 
11 ,3 
11 ,3 

T e m p e r ­
a t u r e , 

oc. 

25 

40 
100 
100 
200 

200 

100 
100 
100 
200 

Exposure 
T i m e , 
days 

0 

0 
14 
14 
14 

14 

16 
16 

5 
4 

Weight Change, % 

Slow bubble f o r ­
mat ion 
Reacts v igorously 
0. 034 gain 
0, 044 gain 
Complete d i s i n ­
tegra t ion 
Complete d i s in ­
tegra t ion 
0.029 los s 
0. 042 los s 
0. 001 los s 
0.020 los s 
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V. SUMMARY 

Uranium monocarbide of 97 to 99 percent purity was prepared 
by carbon reduction of UO2, and fabricated by cold pressing and 
sintering into fuel pellets with densities ranging from 92 to 96 percent 
of theoretical. Reaction hot pressing was also used to produce 
pellets of about 95 percent theoretical density. 

Uranium nitride was synthesized by (1) nitriding stoichiometric 
mixtures of UO2 and carbon and (2) by nitriding uranium metal. 
Fabrication was by cold pressing and sintering. High density pellets 
(about 95 percent of theoretical) were obtained only with nitrogen 
deficient powder; with powder of stoichiometric composition, the 
maximum density obtained was about 85 percent of theoretical. 

Uranium silicide, U3SI2, was prepared (1) by quenching melts 
of uranium and silicon from about 1750°C. , or (2) by reacting a 
mixture of uranium and silicon powders at 1450-1500OC,, followed 
by normal cooling. Pellets of 96 to 98 percent theoretical density 
were fabricated by cold pressing and sintering. Reaction hot pressing 
also appeared to be a promising method of forming U3SI2 pellets. 

Several properties of UC, UN and U3SI2 were studied. Of the 
three compounds, UN has the lowest thermal expansion, the highest 
strength at temperatures above lOOOOC., and the highest thermal 
conductivity. U3Si2 Is the most stable In water, and UC, the least. 
None of these mater ia ls , considered as ceramics , appear to be 
abnoimally sensitive to thermal shock. 
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CHEMICAL ANALYSIS TECHNIQUES 

Uranium 

A 0. 5 gram sample contained in a platinum crucible was weighed 
and ignited at lOOO^̂ C. A mixture of hydrofluoric, nitr ic, and sul­
furic acids was added to the cooled sample and evaporated until SO3 
fumes were noticeable. The contents of the crucible were then 
transferred to a 150 milliliter beaker with the aid of water. Iron 
was separated from the uranium by the addition of ammonium hydroxide 
and ammonium carbonate and the precipitate was repeatedly washed 
with ammonium carbonate. The filtrate and washings were then 
acidified with nitric acid and heated to boiling. The uranium was 
precipitated from the cooled solution with ammonium hydroxide, 
filtered, and Ignited to constant weight at lOOOOC. The uranium 
content of the sample was then calculated on the basis of the weight 
of the U30g recovered. 

Carbon Analysis 

In order to ascertain the completeness of reaction In the form­
ation of UC, it Is necessary to determine the combined carbon and 
the free carbon content of a sample. This has been accomplished by 
determining the total carbon and free carbon contents and calculating 
the combined carbon from these values. 

Total Carbon Analysis 

A 0. 5 gram sample was weighed into a combustion boat and 
covered lightly with alumina boat bedding. Ignition was carried out 
In a standard combustion train at 1150-1200OC, for 25 minutes with 
oxygen. The carbon dioxide generated was purified by passing it 
through a Lundel gas purifying tube containing H2S04* Cr203, a 
Fleming purifying jar with H2SO4, and finally a P2O5 tube. The 
purified CO2 was absorbed in ascarite and weighed. 

Free Carbon Analysis 

One gram of the carbide sample was dissolved in 50 mil l i ­
l i ters containing 3 volumes of HNO3 "to 5 volumes of water and heated 
on a sand bath until the carbides were decomposed. The resulting 
sample was filtered through a Gooch filter containing a previously 
ignited asbestos pad. The residue was washed with HCl:H2O(l:20), 
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then with hot wa te r and dr ied at llOOC. The graphi t ic carbon content 
was de termined by the combustion method desc r ibed above. 

Nitrogen Analysis 

A one g r a m sample was weighed on t a r e d aluminum foil and 
placed in a s t a in less s tee l boat containing 25 g r a m s of previous ly 
mel ted potass ium hydroxide. The charge was inse r t ed into a furnace 
equipped with a s t a in le s s s tee l tube and heated to 500-600OC. After 
40 minutes of fusion the ammonia produced from the n i t r ides was 
flushed by passing argon through the t r a in and scrubbed through a hot 
20 percent sodium hydroxide solution. The condensate from th is 
sc rub solution was collected in a 50 mi l l i l i t e r bo r i c acid solution and 
t i t r a t ed with 0. ION sulfuric acid. 

I ron Analysis 

The Iron content of p rec ip i ta tes desc r ibed in the Uranium sect ion 
was de te rmined co lo rkne t r i ca l ly with th locyanate . 

Determinat ion of Silicon in Uranium Silicide 

1. T r a n s f e r 0. 3 to 0. 4 g r a m s of the sample to a 250 mi l l i l i t e r 
beaker using the p las t i c v ia l containing the sample a s a weighing bot t le . 

2. Add 50 Aii l l l l l ters of HNO3 (1:4) and cover beake r . 

3. Heat on hot plate until the reac t ion is complete and the s i l i ca 
is white . Add more HNO3 (1^4), if n e c e s s a r y , 

4. Wash cover and s ides of beake r . Add 25 m i l l i l i t e r s of 
H2SO4, HNO3 solution. Cover with speedy-vap . 

Solution: 600 m i l l i l i t e r s dis t i l led H2O 
200 m i l l i l i t e r s concentra ted H2SO4 
200 m i l l i l i t e r s concentra ted HNO3 

5. Evapora te to fumes of SO3. 

6. Cool. Add 50 to 75 m i l l i l i t e r s of d is t i l led w a t e r . 

7. Heat to dissolve s a l t s . 

8. F i l t e r on #40 Whatman f i l ter paper . Wash with hot wash 
solution (HCl - 1:99), 
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9. Ignite in a platinum crucible to constant weight. If ignited 
s i l i ca is not white , fuse in a sma l l amount of NagCOs. Dissolve 
me l t in dis t i l led wa te r , acidify with HCl and add 5 mi l l i l i t e r s of 
H2SO4. Cover with a speedy-vap and proceed with s t ep 5 through 
s tep 9. 

10. Weigh. 

11 . Add 5 mi l l i l i t e r s of HF and two drops concentrated H2SO4. 

12. Evapora te to d rynes s on sand bath. 

13. Ignite and weigh. 

Oxygen 

Determined by vacuum fusion by National R e s e a r c h Corporat ion. 
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REVIEW OF LITERATURE ON URANIUM NITRIDES 

1. The System, U-N 

No diagrstm has been const ructed for the u ran ium ni t rogen system.. 
Katz and RabinowitchCl) have surveyed the work on the s y s t e m . They 
r epo r t the exis tence of th ree compounds: UN, U2N3 and UN2. Between 
UN and U2N3, the sys tem is he te rogeneous , consist ing of two sepa ra t e 
p h a s e s , UN and U2N3. According to Rundle and co-workers^^)^ the 
sy s t em r e m a i n s one phase throughout the region from, u ran ium s e s q u i -
n i t r ide , U2N3, to the d ini t r ide , UN2. Only the ex t r eme ends of the 
phase need be considered as dist inct compounds. 

2. Crysta l lography 

a. Uranium. Mononitride 

UN is f ace -cen te red cubic with a la t t ice constant a = 4. 880A^ , 
given by Rundle, and a = 4. 8899A^^' by Kempter and c o - w o r k e r s . 
X - r a y densi ty is 14. 31-14. 32 g r a m s pe r cubic centimeter^^'* ^^'. 
Both Rundle and Kempter r epo r t that the re a re four uran ium a toms in 
a unit cel l and that the s t r uc tu r e is of the rock sal t type r a t h e r than 
of the zinc sulfide tvpe. It is en t i re ly i somorphous with uran ium 
monocarb ide , UC^^X The monocarbide is a lso face-centered, cubic 
with a = 4. 951A , according to Rundle, and a = 4. 955A, according to 
Litz and co-workers^^X It is a l so i somorphous with UO and it is 
l ikely that UN will exhibit complete solid misc ib i l i ty with UC and UO^^^. 
Rundle^5^ d i s c u s s e s the bonding mechan i sm between uran ium and 
ni t rogen. 

b . Uranium Sesquinitr ide 

U2N3 is body-centered cubic, with a = 10. 678A and x - r a y 
densi ty of 11.24 g r a m s pe r cubic cen t ime te r , according to Rundle^ ' . 
On the other hand, other inves t iga tors r epo r t that U2N3 has a hexagonal 
la t t ice with a = 3. 7 0 ^ and c = 5. 80^.^^^ 

As the ni t rogen-to-uran. ium ra t io i s inc reased f rom 1. 5 to 
1. 75, the U2N3 lat t ice constant d e c r e a s e s f rom 10. 6 7 8 ^ to 10. 580^8; 
from 1. 75 to 2. 00, the lat t ice i n c r e a s e s from 10. 5 8 0 ^ to 10, 62 
(2 X 5. 3 1 ) A , The dec rea se is in te rpre ted to mean that the re is 
solubil i ty over the en t i re range between the d is tor ted- f luor i te 
s t ruc tu re of U2N3 and the fluorite s t ruc tu re of UN2^ ' , 
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c. Uranium Dinitr ide 

UN2 has the fluorite s t ruc tu re with a = 5. 31A^ , and an 
x - r a y densi ty of 11. 73'-'-^ g r a m s p e r cubic cen t imete r . 

3, The P repa ra t i on of Uranium Ni t r ides 

In gene ra l , the following p repara t ion methods of uran ium n i t r ides 
a r e desc r ibed in the l i t e r a tu re and summar i zed by Katz and Rabino-
witch^l^-

a. React ion of uranium me ta l (powder or turnings) with 
ni t rogen or ammonia ^^'' ' * ' ' ^°'> ^^K 

b . Reaction of UH3 with ni t rogen o r ammonia^-'-^ 

c. Reaction of UCI4 or 2 NaCl- UCI4 with ammonia^^^ 

d. Reaction of UsOg with magnes ium in a n i t rogen s t r e a m ' ' . 

e . Reaction of uranium m e t a l o r i ts al loys with Mg3N in 
vacuum'•'•', 

f. Reaction of UC2 with nitrogen^^^' ^'^^K 

Only the r eac t ions of u ran ium, UH3, o r UCI4 with ni t rogen o r 
ammonia a r e considered to produce ni^tride not contaminated by other 
so l ids , which a r e difficult to r emove . If uranium ni t r ide is p r epa red 
by the action of ni t rogen or ammonia on uranium o r uranium hydride 
at t e m p e r a t u r e s up to 1300°C. , the reac t ion does not stop o r slow 
down at the composition UN, but p roceeds to U2N3 and beyond. 

Of the uranium n i t r i des , UN is the only compound stable at 
high t empe ra tu r e s^^ ' . There fo re , UN is p r epa red by decomposit ion 
of the h igher n i t r ides in vacuum above ISOO^C. 

The p repara t ion of uranium n i t r ides by ni t r idtng m i x t u r e s of 
uran ium oxide (UO2 or U3O8) or ammonium d iurana te , (NH4)2U207, 
and carbon is not mentioned in the l i t e r a t u r e . 

In the l i t e r a tu r e the p repara t ion of uran ium carbide from, the 
oxides (UO2 or U3O8) is desc r ibed . Litz and co -worke r s^^ ' s ta te 
that UC is read i ly p repa red by heat ing UsOg with the s to ich iomet r ic 
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amount of graphite to 1800°C.; higher temperatures yield UC2« 
according to the reactions: 

UgOg + l i e ISOO^C. >̂ 3 UC + 8 CO 

U3O8 + 14C —2400OC, y ^ ^^^ + 8 CO 

Austin and Gerds ' ' studied the ternary system uranium-
nitrogen-carbon at 1800°C. under vacuum and under nitrogen at 
atmospheric pressure . There is complete solid solubility between 
UN £ind UC, and essentially no solid solubility erf nitrogen in UC2 
or U2C3 or of carbon in U2N3. At IBOOOC., the two-phase field, 
U(C,N) and UC2, and the three-phase field, U(C,N), UC2 and C, 
exist in vacuum or argon. They investigated also the reaction of 
uranium carbides with nitrogen at atmospheric pressure from. lOOO^̂ C. 
to 2000°C. Up to 1800°C., uranium nitrides and free carbon are 
formed, but at 2000OC., the uranivim carbides UC2 + U(C, N) become 
more stable. At 1 atmosphere of nitrogen, U2N3 is the stable phase 
up to 1550OC., and U(N, C) solid solution is stable at ISOQOC. 

4. The Physical and Chemical Properties of Uranium Nitrides 

Uranium mononitride is described as light-grav powder with a 
melting point about 2650OC. plus or minus lOOOC. ^°^* ^^h It is quite 
stable in vacuum at 1700°C. 

Small uranium nitride crucibles^^I pressed at between 50,000 
and 60, 000 pounds per square inch and fired to between 2000°C. and 
21000c. , had a density of approximately 12. 0 grams per cubic 
centimeter. 

Tripler and co-workers "̂̂  obtained densities between 83 and 
90 percent of theoretical during vacuum sintering of UN at about 
1850°C. They report a Knoop naicrohardness for sintered UN, 
using a 100 gram load, of 455, 

Thermodynamic estimates naade at Battelle^-*-^' predict reaction 
of UN with oxygen, H2OJ and steam, and no reaction with hydrogen, 
A porous compact of UN reacted with acids, and with boiling water, 
but did not react with IN NaOH. 

In a finely-divided state, uranium nitrides are reported as 
being pyrophoric^l). 
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REVIEW OF THE LITERATURE ON URANIUM SILICIDES 

1. The System, U-Si 

The phase d iagram for the u ran ium-s i l i con s y s t e m , a s published 
by Katz and Rabinowitch^^', contained five in te rmedia te compounds. 
This phase d iagram was based on s tud ies pe r fo rmed at M, I. T . by 
Kaufnaann, Cullity, B i t s ianes , Gordon, Cohen and Bast ian . The 
phases repor ted original ly were UjoSi, "05813, USi, U2Si3, USiz* 
and USi3. 

In 1949 Zachar iasen(2) r epor ted that the compound U]_()Si3 was 
actual ly UsSi, the compound UsSis was U3Si2j and finally, that the 
compound U2Si3 was actually a modification of USig. 

La te r in 1957, Kaufmann, Cullity, and Bitsianes^3) published 
the phase d iagram shown in F igure 7 of Appendix 4, which contains 
the compounds U3Si (epsilon phase) , UsSiz, USi, U2Si3, USi2, and 
USis. They claimed that the so-ca l l ed epsi lon phase did not fall 
exact ly on the composit ion UsSi, F u r t h e r m o r e , they s ta ted that the 
compound, alpha USi2. did not t ransforna at high t e m p e r a t u r e s to the 
beta form., and hence they show the conapound U2Si3 in i ts p lace . 

They r e p o r t thai the conapound IJsSi forms at 930OC. through a 
pe r i t ec t i c reac t ion between U3Si2 and gamma u ran ium-s i l i con solid 
solution. A eutec t ic ex i s t s between gamnaa u ran ium and U3Si2 at 
9 atom percent si l icon and a t e m p e r a t u r e of 9850C. The next com.-
pound found is UsSiz* mel t ing congruently at 16650C. The next 
compound found is USJ, which has an incongruent mel t ing point of 
I5750C. Following this is U2Si3, again mel t ing incongruently at 
I6IOOC. USi2 is r epor ted to mel t congruently at about 1700Oc. 
Final ly , the compound USi3 is shown to have an incongruent mel t ing 
point at 1510OC, 

Two additional eu tec t ics a r e shown, the f i r s t located at 1570OC, 
between U3Si2 and USi, while the second is at 87 a tomic percen t 
s i l icon between USis and si l icon at 13150C. Kaufmann et a l . ^3) 
noted that the re was appreciable solid solubil i ty of s i l icon in 
u ran ium. 

2. Crysta l lography 

The c rys t a l s t r uc tu r e of uranium, dis i l ic ide was r epor t ed by 
B r a u e r and Haag^"*) to be f ace -cen te red cubic , with a la t t ice p a r a -
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m e t e r of a© = 4. 053 A. However, Zachariasen^^) r e p o r t s th is phase 
(alpha USi2) to be body-centered t e t ragona l type. The lat t ice p a r a -
naeters of th is compound, along with those of UsSi, UsSiz, USi, be ta 
USi2 and USi3, as r epor t ed by Zachar i a sen , a r e shown in the 
following t ab le : 

Crys ta l lographic Data and Density of Uranium 
Sil icides 

Theore t ica l 
Latt ice X-Ray Density, 

Com^pound St ructure P a r a m e t e r s g / c c . 

U3Si Body-centered a = 6 . 0 6 7 ^ 15,58 
Tet ragonal c = 8. 679^ 

U3Si2 Tet ragonal a = 7. 3151 12.20 
c = 3.8925 

USi Orthorhombic a = 5 . 6 5 ^ 10.40 
b = 7.65 
c = 3.70 

Beta USiz)* Hexagonal a = 3.85 9.25 
or U2Si3 ) c = 4. 06 

USiz Body-centered a = 3. 97 8. 98 

Tet ragonal c = 13. 71 

USis Cubic a = 4 .03 8,15 

*Beta USi2 according to Zacha r i a sen , and U2Si3 according to Kaufmann. 

3. Synthesis and Fabr ica t ion 

The uranium s i l ic ides have been p repa red by many different 
methods ; Defacqz^^' r epor t ed the fornaation of uranium disi l ic ide in 
1908 by an a luminothermic reac t ion . La te r , B r a u e r and Haag^^) 
succeeded in p repa r ing the disi l icide f rom the e l ement s in a naen-
s t ruum of mol ten a luminum. The o ther a t tempts at p repara t ion have 
been centered around a d i rec t combination of the two e l emen t s . 
Kaufmann, Cullity and Bitsianes^^^ p r epa red uranium si l icon a l loys , 
a s desc r ibed by Gordon and Kaufmann^^), by mel t ing the e l ement s 
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in beryllia or beryllia-lined crucibles heated by high frequency tech­
niques in either vacuum or an atmosphere of argon. Resistance-
heated melting furnaces were found unsuccessful because of the 
lack of eddy current stirring. Epsilon alloys (UsSi^ were prepared by 
S. Isserow^''') by m.elting in zirconia-washed graphite crucibles in 
induction-heated vacuum furnaces, Loch^ Engle, Snyder and 
Duckworth^S) prepared uranium, silicon alloys by melting in an 
electric arc furnace. 

The fabrication of uranixmi silicides into test specimens has 
been largely carried out by casting, following either arc melting^•'•^' 
or induct ion-heated melting^"^). The epsilon phase has been extruded 
and coextruded successfully at temperatures of 750-850OC. C10;» \ 

U3Si2, USi, USi2, and USis have been sintered to densities of 
81. 7 to 99. 4 percent theoretical in vacuum^^^''. Loch and coworkers^®^ 
report sintering of uranium silicides in an argon atmosphere. 

4. Chemical and Physical Properties 

Of the various uranium silicide compounds UsSi (the epsilon phase) 
has received by far the most attention because of its high uranium 
density (14. 98 grams per cubic centimeter) and its excellent corrosion 
resistance in high temperature water. Isserow^"^) deals extensively 
with the epsilon phase (U3Si) and states that the pure compound is 
formed from the as-cast alloy, U + U3Si2, only after aime&ling i t 
800°C, for one week. He reports that the corrosion resistance is 
dependent upon the absence of other phases (U, U3Si2. e tc . ) in the 
alloy and found weight losses of 50 milligrams per square centimeter 
per naonth in SOO^F* water. He found an initial corrosion rate of 
1000-1500 milligrams per square centimeter per month in BSOOp. 
water. However, samples subjected to 750^F, steam for 48 hours 
experienced extensive corrosion with substantial portions of the 
sample being converted to sludge. Samples not completely converted 
to the epsilon alloy have less corrosion resistance. 

Isserow'*' briefly studied the corrosion of the epsilon phase in 
molten lead. Here it was found that samples held at 350 to 425°C, 
did not form internaediate layers . However, at 500°C, or above, 
an intermediate layer of UPb3 was formed. 

Loch et al. ^°' indicate that there is no reaction of U3Si and alpha 
USi2 with boiling water and they report weight losses of 1 to 2 mil l i ­
grams per square centimeter per hour in eSO^F, water. 
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While Katz and Rabinov/itch^l) repor t ' that the dis i l ic ide is 
a t tacked by hydrofluoric acid, it is r e s i s t a n t to m i n e r a l ac ids , in ­
cluding aqua r eg ia . Loch and coworkers show that UsSi, and alpha 
USi2 r e a c t with concentrated HCl, HNO3 and H2SO4, but that no 
reac t ion occu r s with IN NaOH. 

It is r epor t ed by Katz and Rabinowitch^^^ that the dis i l ic ide is 
converted to the s i l ica te and urana te at red heat by heat ing with mol ten 
a lka l i and alkal i carbonate . They a lso indicate that the dis i l ic ide 
r e a c t s with chlorine at 500°C. 

Loch et a l . s ta te that UsSi, and beta USi2 show a slight weight 
gain (0. 08-0 . 62 percent ) in hydrogen at SOO^C. for one hour . 

None of the uranium s i l ic ides a r e r epor t ed to exhibit much 
oxidation r e s i s t a n c e . Katz and Rabinowitch(l) s ta te that the dis i l ic ide 
burns in a i r at 800°C, The following table shows the r e s u l t s of 
Loch e t a l . ^8); 

Silicon Content, Weight Gain in 7-1 /2 
Compound 

U3Si 
U3SX2 

USi 
Beta USi2 
USig 

w/o 

3.8 
7.25 

10,5 
19.0 
26 .0 

Hours at 4 0 0 o c . , % 

19. 6 (disintegrated) 
18, 5 (disintegrated) 

1.4 (with 3-5% iron) 
16, 5 (disintegrated) 

0 .19 (with 1 w / o tungsten) 
0. 07 (with 4 w / o tungsten) 

Koenig^-^-' r e p o r t s that the oxidation of cas t U3Si2 is quite rapid 
at 315°C . , with cracking occur r ing after four hours and complete 
d is in tegra t ion after 16 h o u r s . He indicates that U3Si2 is s table at 
lOOOC. but undergoes slight oxidation at 200Oc, 

Snyder and Duckworth ' ' s tudied the init ial oxidation of USiZs 
USi3, and UsSiz. Up to about 400OC., pro tec t ive f i lms were found 
and ra t e of oxidation followed a parabol ic law. However, me ta l l i c 
u ran ium, and USi form non-protect ive oxide l a y e r s at these t e m p e r a ­
t u r e s . These t e s t s were of a s h o r t e r durat ion than that r epor t ed by 
KoenigCl2)^ 

The reac t ion of uran ium s i l i c ides with ni t rogen was studied by 
Snyder and Duckworth ' ^h They indicate that while protect ive surface 
f i lms were built up on al l of the s i l i c ides , at t e m ^ r a t u r e s of 400 
to 7 0 0 ° C , , the reac t ion ratffi were h igher than those of n i t rogen 
and uraniuna. Again, the reac t ion follows a parabol ic law. 
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I s se row ' ' - ' s t a t e s that tensi le t e s t s on an extruded and machined 
U3Si rod gave 100, 000 pounds per squa re inch as an ul t imate s t rength 
and a propor t ional l imit of about 60, 000 pounds pe r square inch. The 
values obtained after annealing were about 60 percent of these va lues . 
A total elongation of approximately one percent was exper ienced . 
The e las t i c modulus is r epor t ed to be nea r 22. 5 x 10^ pounds p e r 
square inch. The coefficient of l inea r expansion is reported ' '?) f rom 
room t e m p e r a t u r e to the t e m p e r a t u r e s indicated below: 

T e m p e r a t u r e , "^C. 300 600 800 

Coefficient of 
Expansion, 10^ ps i . 12 14 16 

The e l ec t r i c a l r e s i s t iv i ty of the epsi lon phase is r epo r t ed ' ' - ' to 
be 55 m i c r o h m - c e n t i m e t e r s at room t e m p e r a t u r e . 

The t h e r m a l conductivity of Ihe epsi lon phase (U^Si) i s r epo r t ed 
by Bitsianes^-^^^ a s shown in the following tab le : 

T h e r m a l Conductivity, C a l / c m / c m ^ / s e c / o c . 
T e m p . , OC. 19 a tomic % Silicon 23 a tomic % •Silicon 

25 - 0,036 
30 0.040 0.037 
40 0.042 0.039 
50 0,044 0.041 
60 0.045 0.042 

R, W. Nichols -̂̂ ^̂  r e p o r t s the t h e r m a l conductivity of U3Si2 
to be 0.035 c a l / c m / c m 2 / s e c / o c . at 650C, 

Tensi le and compress ion tes t ing s t r e s s - s t r a i n data is summ.ar-
ized by Goldman^-'-^'' This work was per formed on the epsi lon 
a l loys . As an example of the r e s u l t s for a 23 a tom percen t s i l icon 
alloy, the room. tem.perature s t r a in in tension at 37, 000 pounds p e r 
square inch was 0. 23 percen t . 

The p rope r t i e s of the epsi lon alloys a r e dependent upon the 
amount of UsSi formed. Koenig and Webb^lO) indicate that UsSi 
has a Vicke r s ha rdnes s of 240 while the " a s - c a s t " alloy has a 
h a r d n e s s of 530 Vicker s ha rdnes s number . The densi ty i n c r e a s e s 
with increas ing U3Si content and the r e s i s t i v i ty d e c r e a s e s . The 
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r e s i s t i v i ty of U3Si i n c r e a s e s with t enapera ture . The naagnitude of the 
r e s i s t iv i ty changes a r e shown in the following t ab le : 

E l e c t r i c a l Resis t iv i ty of U - 3 , 8 w / o Si a s a Function 
of Epsi lon Phase Content and T e m p e r a t u r e 

T rea tmen t 

Heated at 800^C. 
for s e v e r a l days 
in vacuum 

A s - C a s t 

Epsi lon 
Phase , 

% 

95 

0 

Res is t iv i ty M i c r o h m - c m , ; 
t u r e , OC. 

-200 

25 ,97 

42 .51 

25 

57.67 

63,88 

200 

65.36 

78.42 

at T e m p e r a -

400 

70.58 

84 .14 

Data on the t h e r m a l expansion of th ree uran ium s i l i c ides , UsSi, 
U3Si2a and USi?, a r e shown in the table below, a s r epor t ed by Loch 
and coworkers^'^ 

T e m p e r a t u r e 
Range, 
oc. 

20-200 
20-300 
20-400 
20-500 
20-600 
20-700 
20-750 
20-800 
20-900 
20-950 

^f'. 

Mean 

U3Si 

13.0 
13.4 
14.2 
14.9 
15.8 
16 .8 
17,5 

-
-
-

Coefficient of Line 
c m / c m / O C . 

U3Si2. 

15.5 
15 .3 
15,2 
15 .3 
15.2 
15 ,1 

_ 
15.0 
14.7 
14.6 

a r T h e r m a l Expansion, 
X 10" 
USi3 

•t> 

(+ 4 w / o tungsten) 

13 .4 
13.6 
14 .3 
14 .6 
14 .9 
15.4 

„ 

15,7 
16 .1 
16 .3 

The following t a b l e s , taken from a r e p o r t by Snyder and 
Duckwor th '^ f, show the t h e r m a l expansion coefficients, m i c r o -
h a r d n e s s , and specific hea ts of USi2, USis, and UsSi. 
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T e m p . 

°C. 
Range 

2 0 - 1 0 0 
2 0 - 2 0 0 
2 0 - 3 0 0 
2 0 - 4 0 0 
2 0 - 5 0 0 
2 0 - 6 0 0 
2 0 - 7 0 0 
2 0 - 8 0 0 
2 0 - 9 0 0 
2 0 - 9 5 0 

Ten: 
OC 

0 
50 

100 
150 
200 
250 
300 

I 

C o m | 

U3Si2 
USi 
USi2 
USis 

i.p. 
1 

M e a n L i n e a r T h e r m a l E x p a n s i o n Coeff ic ien t x : 
USi 

l e a t i n g Cool ing 

2 0 . 0 
1 8 . 8 
1 7 . 8 
1 7 . 4 
1 6 , 9 
1 6 , 4 
1 6 . 1 
1 5 , 9 
1 5 , 8 
1 5 . 7 

1 8 , 8 
18. 1 
1 8 . 2 
1 7 . 9 
1 7 . 7 
1 7 . 7 
1 7 . 6 
1 7 . 6 
1 7 . 4 
1 7 . 3 

M i e r o H a r d n e 

jound 

f 

USi2 
H e a t i n g 

1 5 . 9 
1 5 , 6 
1 5 . 5 
1 5 . 6 
1 5 . 5 
1 5 , 5 
1 5 . 7 
1 6 . 2 
1 6 . 8 
1 6 . 9 

Cool ing 

1 5 , 1 
1 4 , 9 
1 5 . 8 
1 5 , 8 
1 5 . 9 
1 6 . 3 
1 6 . 6 
1 6 , 7 
1 6 , 7 
1 6 . 7 

10~^/OC. 
USi3 

H e a t i n g 

1 5 . 5 
1 5 . 3 
1 5 . 4 
1 5 , 7 
1 5 . 8 
1 5 . 6 
1 5 . 3 
15 . 1 
1 5 . 0 
1 4 . 9 

s s of Uran iuna S i l i c i d e s 

A v e r a g e Knoop H a r d n e s s 
25 g. load 

-
645 
745 
485 

IOC • g . l o a d 

796 
745 
700 
445 

Spec i f i c H e a t s of U r a n i u m S i l i c i d e s 

MSi2„ 

0 . 
0 . 
0 . 
0. 
0, 
0. 
0 . 

064 
060 
064 
071 
075 
070 
051 

Spec ific H e a t , c a l / g / o c . 

U S i a 

0 . 0 7 7 
0 . 0 7 3 
0 . 0 7 3 
0 . 0 7 7 
0 . 0 8 1 
0 . 0 8 3 
0 . 0 8 3 

U^Si 

0. 
0. 
0. 
0. 
0. 
0. 
0. 

043 
, 033 
,033 
,037 
,042 
, 043 
,034 

Cool ing 

1 5 . 5 
15, 6 
1 6 . 3 
1 6 . 7 
1 7 . 1 
1 7 . 8 
18. '4 
1 8 . 8 
1 8 . 9 
1 9 . 1 
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The s i l ic ide , U3Si, has undergone i r rad ia t ion tes t ing * 
and some swelling was exper ienced, varying from a sma l l amount at 
bu rn -ups of 600 megawatt days per ton of uran ium to 7 percent at a 
burn-up of 1600 megawatt days pe r ton^-*-- '̂. It was suggested that 
the swelling was due to a decomposit ion of the epsi lon phase or a 
d i so rder ing effect, resul t ing in a volume change. Accompanying 
this is a h a r d n e s s i nc rea se , embr i t t l emen t , i nc rease in e l ec t r i c a l 
r e s i s t iv i ty , and a change of the normal ly posit ive t e m p e r a t u r e , c o ­
efficient of e l e c t r i c a l r e s i s t iv i ty to negat ive. 

4. L i t e ra tu re References on Uranium Sil icides 

(1) J . J . Katz, and E . Rabinowitch, "The Chemis t ry of 
Uranium - P a r t I, The E lement , Its Binary and Related 
Compounds, " McGraw-Hil l Book Company, I n c . , New 
York (1951), pp. 226-229. 

(2) W. H. Zachar i a sen , Crys ta l Chemical Studies of the 5f -
Ser ies of E l e m e n t s , Acta Crys ta l lographica , Zj 94 (1949). 

(3) A. Kaufmann, B. Cullity and G. B i t s i anes , Uranium 
Silicon Alloys, Journal of Meta l s , 9, Section 2, 23 (1957). 

(4) G. B r a u e r and H. Haag, The Crys ta l S t ruc ture of Uraniuna 
Sil icide, Z . Anorg, C h e m . , 259, 197-200 (1949). 

(5) E . Defacqz, Compt. r e n d . , 147, 1050 (1908). 

(6) P . Gordon and A. R. Kaufmann, The Alloy Sys tems 
Uranium-Aluminuna and Uranium Iron, Journa l of Meta l s , 
188, 182 (1950). 

(7) S. I s se row, The Uranium-Si l icon Epsi lon P h a s e , Nuclear 
Meta l s , I n c . , NMI-1145 (April 1956), 

(8) L, D, Loch, G„ B, Engle , M, J. Snyder and W. H, Duckworth, 
Survey of Refrac tory Uranium Compounds, Battel le Memor ia l 
Inst i tute , BMI-1124 (August 1956). 

(9) M, J. Snyder and W. H. Duckworth, P r o p e r t i e s of Some 
Refrac tory Uranium Compounds, Battel le Memor ia l Inst i tute , 
BMI-1223 (September 1957). 
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(10) N, R. Koenig and B. A. Webb, P r o p e r t i e s of Ce ramic and 
Cermet Fue l s for Sodium Graphite R e a c t o r s , Atomics 
Internat ional Division, North Amer ican Aviation, I n c . , 
NAA-SR-3880 (June 1960) OTS. 

(11) L. M. Howe, I r rad ia t ion Behavior of Enr iched U3Si Elemients 
Sheathed in Zi rca loy, Atomic Energy of Canada L t d . , Chalk 
River , Ont , , CR Met-904. 

(12) N. R. Koenig, U3Si2 Fue l Evaluat ion, P t , I, Oxidation 
C h a r a c t e r i s t i c s , Atomics Internat ional Division, North 
Amer ican Aviation, I n c . , NAA-SR-Memo-5199, (April 1960). 

(13) G, B i t s i anes , Alloys of Uranium and Silicon - II The Epsi lon 
Phase , CT 3309 (June 1945), 

(14) R, W. Nichols , Ce ramic Fue l s - P r o p e r t i e s and Technology, 
Nuclear Engineer ing 3, 327 (Aug. 1958). 

(15) K, M. Goldman, P r e l i m i n a r y L i t e ra tu re Survey - Uranium 
Silicon Alloys, WAPD-FE-434 (August 1954) OTS. 

(16) M. L, Ble iberg and L, J . Jones , The Effects of P i l e -
I r rad ia t ion on UsSi, Nuclear Engineer ing and Science 
Conference (Chicago, March 1958), P r e p r i n t 18 -
Session VIII. 
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Figure 2 - Alumina Tube Muffle Furnace with Silicon Carbide 
Heating Elements for Temperatures to 1800°C. 

Figure 3 - Detail of Heating Chamber for Furnace Shown in 
Figure 2. 
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THE URANIUM-SILICON SYSTEM 
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SOURCE: KAUFMAN ET AL 

FIGURE 7 
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Figure 9a - Single Phase UC - lOOOX - Nitric Acid-Acetic Acid-
Water Etch. The dots are voids, some of which 
contain polishing powder. 
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Figure 9b - UC Plus Trace of UCz - lOOOX - Nitric Acid-Acetic 
Acid-Water Etch. 
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Figure 10a - UC With Small Amounts of Metal at the Grain 
Boxmdaries - lOOOX - Nitric Acid-Acetic Acid-
Water Etch. 
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Figure 10b - UC Plus Snaall Amount of UC2. Traces of oxide appear 
at some of the grain boundaries - lOOOX - Nitric Acid-
Acetic Acid-Water Etch. 
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white phase is me ta l . lOOOX - Ni t r ic Acid-Acet ic 
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Figure 13 - Sintered UN Containing a White Metal Phase . The 
black a r e a s a re voids, lOOOX - Ni t r ic Acid-Acet ic 
Acid-Water Etch. 

F igu re 14 - Sintered Single Phase UN. The dark a r e a s a r e voids , 
lOOOX - Ni t r ic Acid-Acet ic Acid-Water Etch. 
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Nitr ic Acid-Acet ic Acid-Water E tch . 
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4. UN Bar After Loading at 1600OC. 
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Figure 33a - Glove Box With Attached High Temperature Furnace. 
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Figure 33b - Details of High Temperature Furnace. 




