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July 12, 1962

DETERMINATION OF NITROGEN AS URANIUM
NITRIDES IN FUSED URARIUM DIOXIDE (UOp)

By Harlan J, Anderson and James C. Langford
Hanford Atomic Products Operation
General Electric Company
Richland, Washington *

Introduction

In-reactor tests of UOo fuel elements can be abruptly terminated by
cladding failures caused by excessive internal gas pressures. In fuel fab-
rication development studies, therefore, an accurate analysis is required
of fixed or sorbed gases present in candidate fuel materials before fabri-
cation(l). Fused UOp is one of several candidate ceramic fuel materials.

Brite and Anderson reported(3) the presence, ease of formation, and
possible mechanism of formation of uranium nitrides in fused UOp. Anderson
also reported(%) that uranium mononitride (UN), uranium sesquinitride (U9N3),
and uranium dinitride (UN2) can act as copious sources of nitrogen in fused
U0s.

In our laboratories, vacuum extraction and Kjeldehl techniques are used
to analyze for fixed or sorbed gas content in UO2 samples. Pagt efforts to
correlate nitrogen values obiained by these two analytical techniques with
calculated values of prepared UOp samples containing known amounts of UN and
UNp, have not been successful. Nitrogen values for samples of commercially
fused U02 also have represented areas of disagreement between vendor and
our laboratories. Because of inconsistency among analyses, study of analytical
techniques was undertaken and completed.

A new enalytical technique was developed and successfully used to analyze

the nitrogen content (UN, UpN3, UNy) in fused UO,.

* Work performed for the U. S. Atomic Energy Commission under Contract
AT(45-1)-1350.
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Abstract

A new Kjeldshl digestion technique that uses a mixture of 1l:1 dlluted
hydrochloric acid with additions of copper selenéte and hydrofluosilicic
acid was successfully used tc analyze the nitrogen content (UN, UQN3, UNQ)
in fused uranium dioxide (UOQ). Usueal digestion techniques and vaéﬁum ex-
traction at 1000°C were inadequate for analysis of all urﬁnium nitride species

present in (fused) UO,.
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General Ahgzoach

Our ?bservations and data showed that the 5ulk of the nitrogen present
in fused ?02 is in the form of uranium nitrides. The Kjeldahl technique,
therefore; sppeared to be the best analytical approach. Dissolution of T0o
gamples w%s conslidered of primary importance.

Reagilmte thet might be effective in dissolving U, heve been reported(2),
Determina&ions of nitrogen in UO» has been reported(z) by Bennett using an
oxidizingéalkaline fusion followed by measurement of the volume of released
nitrogen.é Generally, the analytical approach for nitrogen determination was
the KJeldéhl method with modifications of digestion techniques(g). A note(z)
on a methéd for the determination of nitrogen content in uranium nitrides
was impor@ant since these nitrogen species were identified as present in our
fused UOQ{ Several digestion methods were tested using 200 milligrams (mg)
samﬁles oé -100 mesh UO,. Two prepared samples consisting of UN in UOp and
UN, in Uoé were used for each method.

Exiséing routine methods used in our laboratories yielded poor results
on both UNiand UNp content in UO, prepared samples. One method consisted of
sample dig%ation in concentrated HCl, or variations of diluted HCl1 with ad-
ditions ofézinc metal for generation of active hydrogen. Another method was
a sample dﬁgestion in Hﬁloh and H,0, or Naan.

Only #itrogen values obtained by digestion of the samples in a mixture
consistingiof 1:1 diluted HC1 with additions of copper selenate end hydro-
fluosilici% acid were acceptable for both UN in U0, and UN, in UC, prepared

|

samples. E

Apparatus de Reagents
|
_KJeld#hl equipment, conventional laboratory glassware, and reagent grade

chemicals Qere used unless otherwise stated.
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A NaOH solution was made by dissolving 680 grams of NaOH in two liters
of distilled water. Devarda's alloy, 0.5 grems, was added. Solutions were
boiled until the volume was reduced to 1.8 liters(g). A mixed ji.miicator of
brom cresol green(é) and methyl red was used. Methyl red indlicator wvas used

to increase the sensitivity of the end point direction.

Procedure
Weigh out about 200 mg. of -100 mesh UO, sample into a 50 ml. Erlemmeyer
flask. Record actual weight. Then, add 25 ml. of 1:1 HCl and 2 ml. of HyS5iFg.
Do not cover, but heat just below boiling for about 30 minutes. Add about
200 mg. of copper or potassium selenate. Digest until solution is complete.
Transfer the cooled sample solution to Kjeldahl distillation equipment
and add 25 ml. NaOH solutioix. Distill and collect the condensate in a 50 ml.
Erlenmeyer flask containing the mixed indicator solution and 5 ml. of 4% boric
acid solution(é). Adjust the heat input so that about 20 ml. of condensate
will be collected in five minutes. The boric acid solution need not be
accurately meaeured(g).
Titrate the collected ammonia (ammonium borate) with a standard acid
of 0.005 normality (N). Make a blank determination using the same amount
of reagent as in the sample determination.

Calculate nitrogen content by the following formula:

parts per million (ppm) § (nitrogen) = (Ul Titration - ml Blank) x ¥ x 14.007 x 1000
Grams Sample

Duplicate results should agree within 0.3% relative.

Results and Discussion

The preliminary work was performed on two samples consisting of UN in UOp
and UN, in UOp. Table 1 shows that of the several digestion techniques available
for analyzing nitrogen as uranium nitrides in UO2, only the recommended technique

gave complete recovery of the nitrogen. An important feature of this digestion
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technique is the essential action of the selenate ion, described by Lathouse
et 61(2).

Past efforts to correlate nitrogen values obtained by vacuum extraction
and by Kjeldahl techniques were not successful on either commercial samples
or prepared samples (Table I) containing known amounts of UN and UN, in UOp.

An analysis of results indicated that the analytical techniques used
vere biased towsrd particular species of uranium nitride. Some digestion
procedures using Kjeldahl techniques gave good values for fused UOo containing
UN, but were erratic for UN, in UOy. In contrast, the vacuum extraction
technique at 1000°C gave good results for UK, and U2l3 , but low results for
UR in UO,. UN is reportedly stable in vacuum to about 1700°C.

Vacuum extraction techniques, of course, remain quite useful for meas-
urements of sorbed gases that are released from U0y at the generally used
1000°C extracting temperature. But for fused UOp that conteins UN or other
high temperature steble compounds, a new, high vacuum, high temperature i
technique 1s needed.

We have modified high temperature vacuum fusion equipment to permit
operating temperatures to 2000°C. Ordinarily a graphite crucible and graphite
heat shield is used. Graphite reduces U0, at 2000°C. That reaction may be
useful as an analytical technique for determining oxygen-to-uranium atom
ratios. Use of a tungsten crucible and tungsten powder for a heat shield
in ocur vacuum fusion equipment appears to be & promising analytical technigue

for high temperature compounds such ag UN in UO,.

Conclusions

Existing routine digestion techniques for Kjeldehl analysis, and vacuum
extraction techniques for analysis of all uranium nitride species present in
fused UOp, were inadequate. A satisfactory technique was developed and suc-

cessfully used.
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From our studies on the ease of formation of uranium nitrides in fused
U0y, we conclude that uranium nitride formations may also occur in U02 powders
and pellets that are sintered in cracked ammonia. Use of pure hydrogen rather

than cracked ammonia in 002 sintered processes is recommended.
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TABLE I. Analysis of Nitrogen as Uranium Nitrides in Fused UO2

Nitrogen (ppm)

Sample L 2 30
UN (in UOy) 690 890 1310
UN, (in UOy)2 540 1450 1220

Digestion Methods (Kjeldahl Techniques)

1. Hydrochloric Acid

2. Perchloric Acid and Hydrogen Peroxide

L Theoretical
250 1340
€90 1250

3. 1:1 HCl with additions of (copper) selenste and hydrofluosilicic acid.

4. Vacuum Extraction at 1000°C with mass spectrometric analysis of gases.

i

Some UoN3 possible in sample

B New Digestion Technique
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DETERMINATION AND CONTROL OF NITROGEN AS URANIUM
NITRIDES IN FUSED URANIUM DIOXIDE (UO,)

BY Harlan J. Anderson and James C. Langford
Hanford Atomic Products Operation

General Electric Company
Richland, Washington¥*

Introduction

In-reactor tests of U0, fuel elements can be abruptly terminated by
cladding failures caused by excessive internal gas pressures. In fuel fab-
 rication development studies, therefore, an accurate analysis is required
of fixed or sorbed gases present in candidate fuel materials before fabri-
cation(l), Fused U0, is one of several candidate ceramic fuel materials.

Brite and Anderson reported(é) the presence, ease of formation, and
possible mechanism of formation of uranium nitrides in fused UOp. Anderson
also reported(i) that uranium mononitride (UN), uranium sesquinitride (U2N3),
and uranium dinitride (UN,) can act as copious scurces of nitrogen in fused
U0y,

In our laboratories; vacuum extraction and Kjeldahl techniques are used
to analyze for fixed or sorbed gas contemnt in 002 sampies. Past efforts to
correlate nitrogen values obtained by these two analytical techniques with
calculated values of prepared U0, samples containing known amounte of UN and
UNy have not been succeseful. Nitrogen values for samples of commerciaily'
fused U0, also have represented areas of disagreement between vendor and
our laboratories. Because of inconsistency among snalyses, study of analytical
techniques was undertaken and completed.

A new analytical technique was developed and successfully used to ahalyze
the nitrogen content (UN, UoN5, UN5) in fused UO,.

* Work performed for the U. S. Atomic Energy Commission under Contract
AT(45-1)-1350.
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Abstract

A new Kjeldshl digestion technique that uses a mixture of 1:1 diluted
hydrochloric acid with additions of copper selenate and hydrofluosilicic
acid was successfully used to analyze the nitrogen content (UN, UpN3, UNp)
in fused urenium dioxide (UOQ). Usual digestion techniques and vacuum ex-
traction at 1000°C were inadequate for analysis of all uranium nitride species
present in (fused) UO,. An important adjunct to these studies showed that
high nitrogen levels in UO, can be reduced to acceptable levels by heat

treating bulk UOp supplies at 1750°C in moist hydrogen.
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General Approach

Our observations and data showed that the bulk of the nitrogen present
in fused UOp is in the form of uranium nitrides. The Kjeldahl technique,
therefore, appeared to be the best analytical approach. Dissolution of U0,
samples was considered of primary importance.

Reagents that might be effective in dissolving U0, have been reported(g).
Determinations of nitrogen in U0, has been reported(z) by Bennett using an
oxidizing alkaline fusion followed by measurement of the volume of released
nitrogen. Generally, the anslytical approach for nitrogen deternmination was
the Kjeldehl method with modifications of digestion techniques(ﬁ). A note(é)
on a method for the determination of nitrogen content in uranium nitrides
was important since these nitrogen specles were identified as present in our
fused UOp. Several digestion methods were tested using 200 milligrams (mg)
samples of -100 mesh UOy. Two prepared samples consisting of UN in U0, and
UN, 1n UO, were used for each method.

Existing routine methods used in our laboratories yielded poor results
on both UN and UN, content in U02 prepared samples. One method consisted of
sample digestion in concentrated HCl, or variations of diluted HC1l with ad-
ditions of zinc metal for gemeration of active hydrogen. Another method was
a sample digestion in HBloh and 3202 or Na202.

Only nitrogen values obtained by digestion of the samples in a mixture
consisting of 1l:1 diluted HCl1l with additions of copper selenate and hydro-
fluosilicic acid were acceptable for both UN in U0, and UN, in UO, prepared

samples.

Apparatus and Reagents

KJjeldahl equipment, conventional laboratory glessware, and reagent grade

chemicals were used unless otherwise stated.
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A NaOH solution was made by dissolving 680 grams of NaOH in two liters
of distilled water. Devarda's alloy, 0.5 grams, was added. Solutions vere
hoiled until the volume was reduced to 1.8 11ters(2). A mixed 1ndicator of
brom cresol green(é)’and methyl red was used. Methyl red indicator was used

to increase the sensitivity of the end point direction.

Procedure
Welgh out about 200 mg. of -100 mesh U0, sample into & 50 ml. Erlemmeyer
flask. Record actual weight. Then, add 25 ml. of 1:1 HCl and 2 ml. of HpBiFg.
Do not cover, but heat just below bolling for about 30 minutes. Add about
200 mg. of copper or potassium selenate. Digest until solution is complete.
Transfer the cooled sample solution to Kjeldehl distillation equipment
and add 25 ml. NaCH solutioﬁ. Distill and collect the condensate in a 50 ml.
Erlenmeyer flask containing the mixed indicator solution and 5 ml. of L% boric
acid solution(é). Adjust the heat input so that about 20 ml. of condensate
will be collected in five minutes. The boric acid solution need not be
accurately meaeured(g),
Titrate the collected ammonia (ammonium borate) with a standard acid
of 0.005 normality (N). Make a blank determination using the same amount
of reagent as in the sample determinsation.

Calculate nitrogen content by the following formula:

(ml Titration - ml Blank) x N x 14.007 x 1000

parts per million (ppm) N (nitrogen) =
Grams Sample

Duplicate results should agree within 0.3% relative.

Results and Discussion

The preliminary work wag performed on two samples consisting of UN in UOs
and UNp in UOp. Table 1 shows that of the several digestion techniques available
for analyzing nitrogen as uranium nitrides in UOp, only the recommended technique

gave complete recovery of the nitrogen. An important feature of this digestion
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technique is the essential action of the selenate ion, described by Lathouse
et al(z).

Past efforts to correlate nitrogen values obtained by vacuum extraction
and by Kjeldahl techniques were not successful on either commercial samples
or prepared samples (Table 1) containing known amounts of UK and UNp in an.

An enalysis of results indicated that the snalytical techniques used
were biased toward particular species of uranium nitride. Some digestion
procedures using Kjeldahl techniques gave good values for fused UOp containing
UN, but were erratic for UNp in UC,. In contrast, the vacuum extraction
technique at 1000°C gave good results for UNp and UpN3, but low results for
UN in UO». UN is reportedly stable in vacuum to about 1700°C.,

Vacuum extraction techniques, of course, remain quite useful for meas-
urements of sorbed gases that are released from UOp at the generally used
1000°C extracting temperature. But for fused U0, that contains UN or other
high temperature stable compounds,; & new, high vacuum, high temperature tech-
nique is needed.

We have modified high temperature vacuum fusion equipment to permit
operating temperatures to 2000°C. Ordinarily a graphite crucible and graphite
heat shield is used. Graphite reduces U0, at 2000°C. That reaction may be
useful s an analytical technique for determining oxygen-to-uranium atom
retios. Use of a tungsten crucible and tumgsten powder for a heat shield
in our vacuum fusion equipment appears tc be a promising analytical technique

for high temperature compounds such as UN in UOp.

Removal of Impurities

An important adjunct to these studies showed that high nitrogen levels
in fused UOp, can be reduced to acceptable levelas by heat treating bulk UO2

materials at 1750°C in moist hydrogen.
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Fused U0, samples originally comtaining UN and UN, were examined after
heat treating at 1750°C for 12 hours in moist {1000 ppm HQO) hydrogen.
Ceramographic examination and nitrogern analysis by the new digestion technique
showed removal of about 80% of the nitrogen content (Table II). Uranium

nitrides (UN, QQN3, UNQ) can thus be substantially removed by this process.

Conclusions

Existing routine digestion techniques for Kjeldahl enalysis, and vacuum
extraction techniques for analysis cf all uranium nitride species present in
fused U0y, were inadequate. A satiasfactory technique was developed and suc-
cessfully used.

From our studies on the ease of formation of uranium nitrides in fused
U0p, we conclude that urenium nitride formations may also cccur in U0, powders
and pellets that are sintered in cracked ammonia. Use of pure hydrogen rdather

than cracked ammonia in U0, sintered processes is recommended. .
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TABLE I. Analysis of Nitrogen as Uranium Nitrides in Fused U0,

Nitrogen (ppm)

Sample 1 2 32
UN (in UOp) 690 890 1310
UN, (in U0,)2 540 1450 1220

Digestion Methods (Kjeldahl Technigues)

1. Hydrochloric Acid

2. Perchloric Acid and Hydrogen Peroxide

250

690

Theoreticsal
1340

1250

3. 1:1 HCl with additions of (copper) selenate and hydrofluosilicic acid.

4. Vacuum Extraction at 1000°C with mass spectrometric analysis of gases.

190

Some UpN3 possible in sample

b New Digestion Technique
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TABLE II. Removal of Nitrogen from Fused UO,

- Nitrogen (ppm)

Semple Before Aftsr (H, Treatment)

Kjeldahl® Vacuum Extraction - 1000°C

UN (in UOp) 1310 265 260

UN, (in UO,) 1220 230 388

a
= Using New Digestion Technique
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A method to purify nuclear grade uranium dioxide (UOp) grain by heat treating of bulk
supplies in a furnace, or a contained reaction vessel, for "4--66hours at.800°C -
1800°C 4in a {moist ~¢ 1000 ppm water) hydrogen atmosphere. This method has been reduced
to practice by & commercial vendor of UO, by following our instructions and specificae-
tions. Beneficial results were observed in purity, stoichiometry, density, and
crystallinity. (See attached items)
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Report of Invention

Introduction

High density, uranium dioxide grain prepared by fusion or by electro-
deposition from fused sa’tl bath contains undesiraple inclusions and impurities,
such as, uraniwai metal, uranium carbides, uranium nitrides, and occluded salts.
Theeamount of impurities included in the U0, often precludes its use as a
mclear fuel.

Ultra~-high purity, dense UOp crystals are also required for vasic studies
of the properties both in- and ex~reactor. Large crystals, suitable for these
studies are most conveniently obtained from UO, which has been fused in an
electric arc furnace.

Invention

The chemical and physical properties of highdensity uranium dioxide grain
were improved by our method of heat heating UOp grain in a furnace for time
periods of 4 to 66 hours at 800 --1800 C temperature ranges in a (moist,
~1000 ppm water) hydrogen atmosphere.

Briefly, the method consists of the following procedure:

UOobulk material of various sizes, but normally of -4 +20 mesh, is placed
upon & tray with a suitable liner such as molybdenun, and inserted into a

cool furnace. The furnace atmosphere is purged with an inert gas such &as

helium. Hydrozen gas_contaj nl g mogsture of a lOOO ppra water is
7
e Invéntor

) ) ‘ 7-/8-02-

InvefPor Date Inventor Date

Read and Undgrstoogd fuf/me this /(% qﬁmfﬂbf 1962.
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admitted into thefurnace. Excess hydrogen leaving the furnace is burned
by a torch. The temperature is raised 100 - 200 C per hour to operating ranges
of 800 - 1800 C but nornally at 1750 C. The UOp grain remains at temperature
for 4 -~ 66 hours, but normally for 16 hours duration. After turning off the
furnace power, the U0, grain is cooled at 200 C per hour. When room tenp-
erature is attained, the U0, grain is rewoved from the tray and stored.

Both metallic and non-metallic impurities were removed by our method.

The following tables, for examples, illustrate results of use of our method.

TABLE I
Ref. HW-T0557, April - July, 19¢1

U0, (Fused) Grain

Ltem Before After Renarks
0/U atomic 1.96 2400 I hours at 1700 C
ratio
Gas Content 0.09 0.02
CC/gn U0, (STP)
Crystallinity inclusions of voids of
0.06 ma 0.D. 0,008 mm 0.D.
TABLE IT

Ref. HW-723L46, October - December, 1961

U0, (Electrodeposited} Grain

Them Before After Remarks

K 1400 ppm 360 ppm 10 hours at 1000 C
Pb 12,000 ppm 250 ppm

c1 1100 ppu 65 ppm

Q/U Atomic 2.013 2.001

e :;€;7 Inv%ntor ate ) .
elask Qunieclll fsfer IW.Lule  2-1842

Invento Inventor Date
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TABLE TIT
Ref. HW-SA-2663, HW-T4377, April - June, 1962

U0, (Fused) Grain

Iten Before After Renmarks
N (as UN in UOp) 1310 ppm 265 ppm 16 aours at 1750 C
N (as UN, in UO,) 1220 ppm 230 ppn

TABLE IV

Ref. HW~71L22, July - Septembexr, 1961

U0, (High energy impact formed) Grain

Ttem Before After Remarks
Der/lsity 9C-95% T.D. 99.5% T.D. 66 nours at 1800 C
gm/ec

Actual Use of lethod

Thig method has been reduced to routine use in our laboratories for
improving the purity, density, and crystallinity of U0, grain bulk supplies
vefore use in fabrication of reactor fuel test elements. Large single
crystals of U0, have been treated by this method to improve the chemical
and physical properties of specimens useful in fundamental studies.

A commercial vendor has also reduced this method to practice by
following our instructions and specifications for a production order of arc

fused UO,. After arc fusion of U0, -grain, the material was immediately

cooled in hydrogen zak than gonyventionally cooling the U0y in air or
M%@Z@/Zaaz Uz
v véntor Date .
; - /)
e M Wi 1862

Dufe Inventor Date

Inventor
Read and Understood Lyfjme this 2§ Cday of 1962.
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inert gas such as helium or argon. Chemical and physical properties of UO,

were improved by our hydrogen atmosphere treatment method.

Interest in Method

Since this method improves the chemical - physical properties, and
thereby enhances the integrity and composition of nuclear fuel raterials,
such as UOp, that are currently used in pressed, swaged or vitrational
compaction manufacturing processes for reactor fuel elements, we feel that
important industrial interest is attached to our method. The method is of
immediate interest to the USAEC fuels development and reactor prograns,
to the Hanford Plutonium Recycle Progranm, to commercial fuel processors
such as NUMEC, Kerr-licGee, and Norton Companies, and to foreign countries

and organizations such as U.XK., Germany, Italy, France, Japan, and Euratom.

Attachments:

ate -
Lo Wil D-13-42
Inventor Date

Read and Understood oy mp this /¥ % %ay, 1962.

Witness

Witness é Z {2'{4;3 ) <, (;21.//\



May 7, 1962

TO: E. A. EVANS FROM: R. J. ANICETT{}§:§9~'
N\

FUSED UO,_TREATMENT

During discussions with Norton Compeny personnel, I recommended a
hydrogen atmosphere treatment immediately after arc-fusion to Improve
crystallinity, density, and stoichiometry. These tests were based upon
our experiments conducted by H. J. Anderson, D. W. Brite and myself.

Previously, fusions were cooled in air or argon.

cc: HJ Anderson
RJ Anicetti
letterbook



Mey 31, 1962

TO: E. A. Evans FROM: H. J. ANDERSON %

Fused U0, Treatment

During discussions on May 28, 3962, with Norton Company personnel,
especially Mr. N. Turnbull, I sgain asked about our tests ﬂyé\hydrogen
atmosphere treatment immediately after arc-fusion of U0, to improve
crystellinity, density, stoichiometry and to remove impurities (metallic

and non-metallic) such as uranium nitrides.

My understanding was that Norton Company would conduct the tests

on Run 3 and tell us of the results.

cc: HJI Anderson
RJ Anicettl
letterbook



HW SA 2663
July 12, 1962

DETERMINATION 'AND CONTROL: OF NITROGEN AS URANIUM
NITRIDES IfFUSED URANIUM DIOXIDE (UOo)

By Harlan J. Anderson and James C. Langford
Hanford Atomlc Products Operation
General Electric Compeny

Richland, Washington¥®

Introduction

Reactor tests of U'O2 fuel elements can be abruptly terminated by cladding
failures caused by excessive internal gas pressures. In our fuel fabrication
development studies, therefore, an accurate analysis is required of fixed or
sorbed gas content present in our fuel candidate materials before fabrication(l).
Fused UQy is one of several candidate ceramic materials used in our studies.

Brite and Anderson have reported(i) on the presence, ease of formation, and
possible mechanism of formation of uranium nitrides in fused Uan Anderson has
also reported(&) that uranium mononitride (UN), uranium sesquinitride (U2H5),
and uranium dinitride (UN,) can act as copious nitrogen suppliers in fused UOp.

In our laboratories; vacuum extraction and Kjeldahl techniques are used to
analyze for fixed or sorbed gas content in 002 samples. Past efforts to correlate
nitrogen values obtained by these two analytical techniques with calculated values
of prepared samples containing known amounts of UN and UN2 in U02 have not been
successful. Nitrogen values for samples of commercial fused UO, supplies have
also not been in agreement between vendor and our leboratories. Because of this
inconsistency among analyses, study of these analytical techniques was under
taken and completed.

A new analytical technique was developed and successfully used to analyze the

nitrogen content (UN, UpNx, UN,) in fused o, -

* Work performed for the U. 8. Atomic Energy Commission under Contract

AT (45 1) 1350.
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Abstract

A new Kjeldahl digestion technique thet uses a mixture of 1l:1 diluted
hydrochloric acid with additions of copper selenate and hydrofluosilicic
acid was successfully used to analyze the nitrogen content (un, UéN3’ UNQ)
in fused uranium dioxide (UOQ). Generally used digestion techniques and
vacuum extraction at 1000°C are inadequate for analysis of all uranium nitride
species present in (fused) U02. An important adjunct to these studies showed
that high nitrogen levels in UO2 cﬁn be reduced to acceptable levels by heat

treating bulk U0, supplies at 1750°C in moist hydrogen.
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General Approach

Our observations and data showed that the bulk of the nitrogen present in
fused 002 was present as fixed nitrogen in the form of uranium nitrides. The
Kjeldahl technique, therefore, appeared the best approach for solution of our
problem. Digsolution of 002 samples was considered of prime importance.

Reagents that might be effective in dissolving UOp have been reported (g).
Determination of nitrogen in U0, has been reported(l) by Bennett using a method of
oxidizing alkaline fusion followed by measufement of the volume of released nitrogen.
Generally, the analytical approach for nitrogen determination was the Kjeldahl method
with modifications of digestion techniques(g). A note(i) on a method for the det-—
ermination of nitrogen content in uranium nitrides was important since these nitrogen
species were identified as present in our fused UO2 supplies.

The Kjeldahl approach was tried with an inclusive digestion technique for
uranium nitrides in fused UOy. Several digestion methods were tested using 100
milligrams (mg) samples of ~100 mesh UO,. Two prepared semples consisting of UN
in U’O2 and UN, in UO, were used for each method .

Only nitrogen values obtained by digestion of the samples in a mixture con-
sisting of 1l:1 diluted HCLl with additions of copper selenate and hydrofluosilicic
‘acid were acceptable for both UN in U’O2 and UN, in UO, prepared samples.

Existing routine methods used in our laboratories gave éoor results on both
UN and UN, content in U0y prepered samples. One method consisted of sample
digestion in concentrated HCl, or variations of diluted HCL with additions of

.zinc metal for generation of active hydrogen. Another method was a sample dig-
estion in HCLOy and Hy0p or NapOp.

Apparatus and Reagents

Kjeldahl equipment, conventional laboratory glassware, and reagent grade

chemicals were used unless otherwise stated.
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A NaOH solution was made by dissolving 680 grams of NaOH in two liters of
distilled water. Devarda's alloy, 0.5 grams, was added. Solutions were boiled
unfil the volume was reduced to 1.8 liters(g). A mixed indicator of brom cresol
green(é) and methyl red was used. Methyl red indicator was used to increase the
sensitivity of the end point detection.

Procedure

Weigh out about 100 mg. of -100 mesh UO2 sample into a 50 ml. beaker. Record
actual weight. Then add 25 ml. of 1:1 HCL and 1 ml. of HpSiFg. Do not cover with
a watch glass, but heat just below boiling for about 30 minutes. Add about 200 mg.
of copper or potassium selenate. Digest until solution is complete.

Transfer the cooled sample solution to distillation Kjeldahl equipment and
add 25 ml. NaeOH solution. Start distillation to collect the condensate in a
50 ml. Erlenmeyer flask that contains the mixed indicator solution within the 5 ml.
of 4% boric acid solution(é). Adjust the heat input so that 5 minutesvafter
distillation begins, about 20 ml. of condensate will be collected. The boric
acid solution need not be accurately measured(9).

Titrate the collected ammonia (ammonium borate) with a standard acid of
0.005 normality (E). Make a blank determination using the same emount of reagent
as in the sample determination.

'~ Calculate nitrogen content by the following formula:

Parts per million (ppm) N (nitrogen) = (ml Titration - ml Blank) x N x 1k.007 x 1000
' Grams Sample

Duplicate results should agree within 0.3% relative.

Results and Discussion

The preliminary work as performed on two samples consisting of UN in U0y and
UN2 in U02. The results in Table 1 show that several digestion techniques are

available or used for analyzing nitrogen as uranium nitrides in 0026 Only the
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recommednded technique, however, gave complete recovery of the nitrogen. An
important feature of this digesﬁibn technique is the action of the selenate
ion. ILethouse et al(é) showed the selenate lon is essential to the digestion
process.

Past efforts to correlate nitrogen values as obtalned by vacuum extraction
and Kjeldahl techniques were not successful on either commercial samples or
prepared samples (Table 1) containing known amounts of UN and UN, in UO,.

An anelysis of results indicated that the analytical techniques used were
biased to particular species of uranium nitride. Some digestion procedures using
Kjeldahl techniques gave good values for fused U0, containing UN, but were erratic
on UNQ levels in U0,. In contrast, the vacuum extraction technique at 1000°C gave
good results for UNp (U2N3)’ but low results for UN in UOy. These results seem
reasonable since generally reported velues show UN 1s stable in vacuum to about
1700°C.

Vacuum extraction techniques, of course, remain quite useful for measurements
of U0, sorbed gases that are released at the generally used 1000°C operating
temperature. But for fused U02 that contains UN or other high temperature
stable compounds, a new high vacuum, high temperature technique is needed .

We have modified high temperature vacuum fusion equipment to permit operating
temperatures to 2000°C. Present equipment uses a graphite crucible and graphite
heat shield. For U0y, this graphite reacts at 2000°C with the oxygen in the U0y
compound td yleld copious amounts of CO. This reaction may be useful as an
analytical technique for the determination of oxygen-to —uranium atomic ratios in
U02. Use of a tungsten crucible and tungsten powder for a heat shield in our
vacuum fusion equipment appears to be a promising analytical technique for high

temperature compounds such as UN in U02.
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Removal of Impurities

An important adjunct to these studies showed that high nitrogen levels in
fused U02 can be reduced to acceptable levels by heat treating U0, bulk materilals
at 1750°C in moist hydrogen.

Fused UO2 samples originally containing UN and UNé were examined after heat
treating at 1750°C for 12 hours in moist (1000 ppm H20) hydrogen. Metallographic
examination and nitrogen analysis by the néw digestion technique showed depletiop
of about 80% of the nitrogen content (Table II). Uranium nitrides (UN, UpNs, UN, )
can thus be substantially removed by ﬁhis process.'

Conclusions

| Generally used digestion techniques for Kjeldahl analysis, and vacuum
extraction techniques for analysis of all uranium nitride species present in
fused UO,, were inadequate. A satisfactory technique was, however, develdped and
successfully used.

From our studies on the ease of formation of uranium nitrides in fused U0y,
the writers conclude that uranium nitride formations may also occur in UO2 powders
and pellets that are sintered in cracked ammonia. Use of pure hydrogen rather
than cracked ammonia in U0p sintering processes is recommended.

Acknowledgement

The authors thank both Mrs. I. S. Parent and Mrs. A. D. Couch for performing
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TABIE I. Analysis of Nitrogen as Uranium Nitrides in Fused U0,

Nitrogen (ppm)

Semple 1 2 __22
UN (in UOp) 690 890 1310
UN, (in UOy)% 540 1450 1220

Digestion Methods (Kjeldahl Technigues)

1. Hydrochloric Acid

2. Perchloric Acid and Hydrogen Peroxide

4 Theoretical
250 1340
690 1250

3. 1l:1 HCL with sdditions of (copper) selenate and hydrofluosilicic acid.

L. Vacuun Extraction at 1000°C with mass spectrometric analysis of gases.

i

Some UpNz possible in sample

lo*

New Digestion Technique
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TABLE II. Removal of Nitrogen as Uranium Nitrides in Fused UOp

Nitrogen (ppm)

Sample Before After (H, Treatment)
eldahl2 Vacuum Extraction  1000°C

UN (in UO,) 1310 265 260

UN, (in an) 1220 230 388

& New Digestion Technique 7

1
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DETERMINATION AND CONTROL OF NITROGEN AS URANIUM
NITRIDES IN FUSED URANIUM DIOXIDE (UO,)

By Harlar. J. Anderson and James C. Langford
Hanford Atomic Products Operation
General Electric Company

Richland, Washington*

Introduction

Reactor tests of U’O2 fuel elements can be abruptly terminated by cladding
failures caused by excessive internal gas pressures. In our fuel fabrication
development studies, therefore, an accurate analysis is required of fixed or
sorbed gas content present in our fuel candidate materiels before fabrication(k).
Fused U0y is one of several candidate ceramic materials used in our studies.

Brite and Anderson have reported(i) on the presence, ease of formation, and
possible mechanism of formation of uranium nitrides in fused UOeo Anderson has
also reported(E) that uranium mononitride (UN), uranium sesquinitride (U2N5),
and urenium dinitride (UN,)} can act as copious nitrogen suppliers in fused U0, .

In our laboratories, vacuum extraction and Kjeldahl techniques are used to
analyze for fixed or sorbed gas content in U02 samples. Past efforts to correlate
nitrogen values obtained by these two analytical techniques with calculated values
of prepared samples contalning known amounts of UN and UN2 in U02 have not been
successful. Nitrogen values for samples of commercisl fused U0, supplies have
alsc not been in agreement between vendor and our laboratories. Because of this
inconsistency among analyses, study of these analytical techniques was under
taken and completed.

A new analytical technique was developed and successfully used to analyze the

nitrogen content (UN, UplNs, UN,) in fused uo,, .

* Work performed for the U. 8. Atomic Energy Commission under Contract

AT (45 1) 1350.
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Abstract

A new Kjeldahl digestion technique that uses a mixture of 1:1 diluted
hydrochloric acid with additions of copper selenate and hydrofluosilicic
acid was successfully used to analyze the nitrogen content (UN, UéN3, UNQ)
in fused uranium dioxide (U02). Generally used digestion techniques and
vacuum extraction at 1000°C are inadequate for analysis of all uranium nitride
species present in (fused) U0, . An important adjunct to these studies showed
that high nitrogen levels in U'O2 can be reduced to acceptable levels by heat

treating bulk U0, supplies at 1750°C in moist hydrogen.
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General Approach

Our observations and data showed that the bulk of the nitrogen present in
fused UO, was present as fixed nitrogen in the form of uranium nitrides. The
Kjeldahl technique, therefore, appeared the best approach for solution of our
problem. Dissolution of U0, samples was considered of prime importance.

Reagents that might be effective in dissolving U0y have been reported (g),
Determination of nitrogen in U0, has been reported(l) by Bennett using a method of
oxidizing alkaline fusion followed by measurement of the volume of released nitrogen.
Generally, the analytical approach for nitrogen determination was the Kjeldahl method
with modifications of digestion techniques(é). A note(i) on a method for the det—
ermingtion of nitrogen content in uranium nitrides was important since these nitrogen
species were identified as present in our fused 002 supplies.

The Kjeldahl approach was tried with an inclusive digestion technique for
uranium nitrides in fused UOp. Several digestion methods were tested using 100
milligrams (mg) samples of -10O mesh UO,. Two prepared samples consisting of UN
in U02 and UN, in U0, were used for each method.

Only nitrogen values obtained by digestion of the samples in a mixture con-
sisting of 1:1 diluted HCLl with additions of copper selenate and hydrofluosilicic
.acid were acceptable for hoth UN in UO2 and UNy in UO, prepared samples.

Existing routine methods used in our laboratories gave poor results on both
UN and UN2 content in UOa prepared samples. One method consisted of sample
digestion in concentrated HCl, or variations of diluted HCl with additions of
zinc metal for generation of active hydrogen. Another method was a sample dig-
estion in HCLOy and HyOp or NapOo.

Apparatus and Reagents

Kjeldahl equipment, conventional laboratory glassware, and reagent grade

chemicals were used unless otherwise stated.
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A NaOH solution was made by dissolving 680 grams of NaOH in two liters of
distilled water. Devarda's alloy, 0.5 grams, was added. Solutions were boiled
unﬁil the volume was reduced to 1.8 liters(g). A mixed indicator of brom cresol
green(é) and methyl red wvas used. Methyl red indicator was used to increase the
sensitivity of the end point detection.

Procedure

Weigh out about 100 mg. of ~100 mesh UO2 sample into & 50 ml. beaker. Record
actual weight. Then add 25 ml. of 1:1 HCl and 1 ml. of HpS1Fg. Do not cover with
a watch glass, but heat just below boiling for about 30 minutes. Add about 200 mg.
of copper or potassium selenate. Digest until solution is complete.

Transfer the cooled sample solution to distillation Kjeldahl equipment and
add 25 ml. NaOH solution. Start distillation to collect the condensate in a
50 ml. Erlemmeyer flask that contains the mixed indicator solution within the S ml.
of k% boric acid solutiOn(é). Adjust the heat input so that 5 minutes‘after
distillation begins, about 20 ml. of condensate will be collected. The boric
acid solution need not be accurately measured(9).

Titrate the collected ammonia (ammonium borate) with a standard acid of
0.005 normality (g). Make a blank determination using the same amount of reagent
as in the sample determiratibn.

Calculate nitrogen content by the following formula:

Grams Sample

Duplicate results should agree within 0.3% relative.

Results and Discussion

The preliminary work as performed on two samples consisting of UN in UGy and
UN, in UOa. The results in Table 1 show that several digestion techniques are

available or used for analyzing nitrogen as uranium nitrides in Uogu Only the
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recommednded technique, however, gave complete recovery of the nitrogen. An
important feature of this digestion technique is the action of the selenate
ion. Lathouse et al(é) showed the selenate ion is essential to the digestion
process .

Past efforts to correlate nitrogen values as obtained by vacuum extraction
and Kjeldahl techniques were not successful on either commercisl samples or
Prepared samples (Table 1) containing known amounts of UN and UN2 in U'02o

An analysis of results indicated that the analytical techniques used were
biased to particular species of uranium nitride. Some digestion procedures using
Kjeldahl techniques gave good values for fused UO, containing UN, but were erratic
on UN2 levels in UOQ. In contrast, the vacuum extraction technique at 1000°C gave
good results for UN, (UéN3), but low results for UN in UOp. These results seem
reasonable since generally reported values show UN is stable in vacuum to about
1700°C.

Vacuum extraction techniques, of course, remain quite useful for measurements
of U0, sorbed gases that are released at the generally used 1000°C operating
temperature. But for fused U'O2 that contains UN or other high temperature
stable compounds, a new high vacuum, high temperature technique is needed.

We have modified high temperature vacuum fusion equipment to permit operating
temperatures to 2000°C. Present equipment uses & graphite crucible and graphite
heat shield. For UO,, this graphite reacts at 2000°C with the oxygen in the U0,
compound t0 yleld copious amounts of CO. This reaction may be useful as an
analytical technique for the determination of oxygen-to —uranium atomic ratios in
UO2° Use of a tungsten crucible and tungsten powder for & heat shield in our
vacuum fusion equipment appears to be a promising analytical technique for high

temperature compounds such as UN in U02‘
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Removal of Impurities

An important adjunct to these studies showed that high nitrogen levels in
fused UO2 can be reduced to acceptable levels by heat treating U02 bulk materilals
at 1750°C in moist hydrogen.

Fused an samples originally containing UN and UN2 were examined after heat
treating at 1750°C for 12 hours in moist (1000 Ppm H20) hydrogen. Metallographic
examination and nitrogen analysis by the néw digestion technique showed depletiog
of about 80% of the nitrogen content (Table II). Uranium nitrides (UN, Upli=, UN2)
can thus be substantially removed by this process.

Conclusions

| Generally used digestion techniques for Kjeldahl analysis, and vacuum
extraction techniques for analysis of all uranium nitride species present in
fused U0y, were inadequate. A satisfactory technique was, however, developed and
successfully used.

From our studies on the ease of formation of uranium nitrides in fused UO,,
the writers conclude that uranium nitride formations may also occur in UO2 powders
and pellets that are sintered in cracked ammonia. Use of pure hydrogen rather
than cracked ammonia in UOp sintering processes is recommended .
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TABIE I. Analysis of Nitrogen as Uranium Nitrides in Fused UO2

Nitrogen (ppm)

Sample 1 2 30 4 Theoretical
UN (in UOp) 690 890 1310 250 1340
UN, (in U0y)2 540 1450 1220 690 1250

Digestion Methods (Kjeldahl Technigques)

1. Hydrochloric Acid
2. Perchloric Acid and Hydrogen Peroxide
3. 1:1 HCY with additions of (copper) selenate and hydrofluosilicic acid.

b. Vacuum Extraction at 1000°C with mass spectrometric analysis of gases.

i

Some UpNz possible in sample

b New Digestion Technique
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TABLE II. Removal of Nitrogen as Uranium Nitrides in Fused Uo,

Sample . _Before.

UN (in UOy) 1310

UNp (in UO,) 1220

2 New Digestion Technique

Nitrogen (ppm)

After (H, Treatment)

Kjeldahl2 Vacuum Extrection 1000°C
265 260
230 388
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Specification:

Application_made in United States of America on

Cumiplete Specificution Published August 17, 1960.

Method of producing dense uranium oxide bodies.
COMPLETE SPECIFICATION

We, UNITED STATES ATOoMIC ENERGY CoM-
MISSION, 1901 Constitution Avenue, Wash.
ington, District of Columbia, United States
of America, an agency of the United States

3 Government established by the Atomic
Encrgy Act of 1946 (Public Law $85) and
the Atomic Encrgy Act of 1954 (Public Law
703), do hereby declare the invention for
which we pray that a patent may be granted
to us and the mecthod by which it is to be
performed. 1o be particularly described in
and by the following statement;:

This invention relates to the production of
densc uranium oxide bodies that are particu.
larly suitable for use as fuel elements in
atomic reactors or furnaces.

In the operation of such reactors consider-
able heat is generated from the fuel elements
and is customarily dissipated by water cool-
ing. At the clevated temperature involved,
however, water vapor or stcam has a strong
tendency to corrode and disintegrate such
fuel clements which must thercfore be de-
signed to withstand these effects. Inasmuch
as porous bodies are more easily penetrated,
and hence more subject to such deteriorating
influences, high density, and consequently
low porosity, is highly desirable from this
standpoint.  Accordingly, the minimum ac-
tual density of uranium oxide clements, as
compared to the theoretical density of the
material, should be about 90°/., and a density
ratio of 959, or higher is commonly
specified.

A further factor in the design of atomic
fucl clements is capacity to retain fission
pases gencrated within the fuel elements
during operation of the reactor. There is
cvidence to indicate that the capacity of a
40 fucl clement to retain such gases increases

with its density, and extremely dense bodies

are desiruble for this reason as well,
Herctofore uranium oxide fuel clements
- have heen molded in pellet form and such
4 pellcis densificd by sintering in a hydrogen

{Price 33.6d.)

10

13
20
25
30

- 38

RN NPy

Youio o

atmosphere ut a temperature of about 1750°
C. for a period of time up to 10 hours. This
consumes a considerable amount of hydro.
gen, a relatively expensive material, Further-
more, the attainment of such temperatures
generally requires special furnaces con-
structed with molybdenum or tungsten heat-
ing elements. Such furnaces are expensive to
construct, and limited as to firing capacity.
Also, they must be operated in a special non-
reactive atmosphere such as hydrogen, heli-
um, or argon to protect the heating elements.
As a result the hydrogen firing operation,
while quite effective for the purpose, is ex-
tremely expensive,

It is then a primary purpose of the present
invention to mcet the need for a more econo-
mical mecthod of sintering uranium oxide
bodics to a high density. It is a further pur-
pose to provide such a sintering method
capable of being carricd out at lower tem.
peratures, for example about 1300°C,, at-
tainable in a conventional type furnace, such
as a muffle furnace with silicon carbide type
resistance heating elements. Another purpose

314,980
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“

is to minimize the use of hydrogen and sub- o

stitute a less expensive sintering atmosphere,

These ends may be achieved by practising
our present invention which consists in a
method of producing a dense uranium oxide

”»

body which comprises sintering in a steam .

atmosphere a body of uranium oxide grains
having an oxygen-uranium atomic ratio not
over 2.04, said grains having a particle size
of less than ! micron average diamcter,
Preferably said ratio is less than 2.02 and
the sintering temperature s
1400°C,

Uranjum oxide, in its rcduced state, or
lowest state of oxidation, theoretically con-
tains oxygen and uranium atoms in a ratio
of 2 to 1, as indicated bv the formula UO,.
Tt readily takes up additional oxygen how-
cver, and commercially available material
usually has a somewhat higher ratio,

1300°—
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Before such commercial material is mold-
ed and fired into fuel elements or other
bodies, it is granulated (o impant proper
wolding properties. In this o ration (he
uranium oxide is mixed with iquids, bin.
ders, and lubricants to form a wetted mass
suitable for conversion into granules having
a range of particle sizes purticularly suitable
for molding a uniform body.

If the uranium oxide contains coarse
grains or large aggregates, it is necessary to
break these up so that the ultimate grains
are smaller than one micron average dia-
meter. It is customary to ballmil] the urani-
um oxide to achieve this desired size reduc-
tion and/or deagglomeration; however, other
physical or chemical methods which achieve
the same result are equally suitable.

We have now found that, during the cus-
tomary ballmilling operation, the ratio of
Oxygen 10 uranium atoms (hereafter referred
to as O/U ratio) in¢reases to a value of 2.10
to 2.20 depending on the length of time in-
volved.  We have further found that this
change in the O/U ratio substantially inter-
feres with sintering of this material in steam
in accordance with the present invention,
thus defeating the purposes of the invention,

€ manaer in which the extra Oxygen atoms
are held is not definitely known. However
powder X.ray diffraction analyses indicate
that no new crystal structure  is involved,
but rather that a type of chemisorption oc-
curs with the oxygen being held along crys-
tallite boundaries and apparently producing
fractures in, and consequent reduction in size
of, the crystallites,

In any event, it is essential for present
purposes that excess oxygen be removed so
that the uranium oxide, prior to steam sin.
tering, has an O/U ratio of 2.04 or less.
While material with a ratio up to 2.04 can
be sintered to a relatively dense body, opti.
mum densities require a ratio under 202
and such lower ratio is preferred.

Reduction is convenientl
by a hydrogen firing step prior to steam sin-
tering. . We have found that satisfactory re-
sults can be obtained by firing uranium ox.
ide bodies in a hydrogen atmosphere for a
period of about two hours at about 1200°C.
Just prior to the steam sintering step. At

accomplished

Temperature in *°C. Time in hrs.  Density
12 ] 10

higher temperatures sintering is initiated to
such an extent that the resulting crystallites
do not respond in the desired manner to the
steam sintering process,

The bodics may also be brought to a tem.
perature of about 1200°C. in a hydrogen
atmosphere, but this is unnecessary and un-
cconomical since equally good results can be
obtained with other types of firing atmos-
pheres in this initial heating period. While a
steam atmosphere may be used in this initial
heating, it is general y desirable to employ
a neutral or reducing atmosphere such as
nitrogen or cracked ammonia, providing
such materials are readily available,

In a typical firing operation, shaped bodies
are introduced into a cold furnace and a flow
of gas, such as nitrogen, or steam, started in
the furnace or firing muffie and maintained
while the temperature is raised to about
1200°C. The furnace is held at that tem.
perature for two hours with a flow of hydro-
gen replacing nitrogen. At the end of this
time the hydrogen atmosphere is replaced
with a stcam atmosphere and the temper-
ature raised to about 1300°C. and maintained
at this temperature for about four hours.

While it is generally more convenient to
perform the reduction just prior to steam
sintering and then sinter in situ, this is not
essential.  Thus the reduction may cven be
performed prior to granulating and pressing
or at any intermediate stage, providing the
material is maintained at the desired low
O/U ratio up to the time of steam sintering,

Surprisingly enough we have found that
the O/U ratio increases during the course
of such steam firieg to about 2.19. In view
of this circumstance it seems rather anomal-
ous to reduce the ratio in the ballmilled
material prior to steam sintering. However,
repeated experiments have confirmed that
such reduction is a prerequisite to effective
steam sintering.

The actual sintering temperature required

for a particular purpose will- depend on the
material density desired and will also vary
with time of sintering. The following table
indicates densities obtained with graduated
sintering times and temperatures, and will
scrve as a guide in practising the Invention,

in gmfcc Density In %
.39 94.8
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The data in the last column represent the
poreentage ratios of the actual densities in
the preceding column to a theoretical density
of 10.96 gm/cc.

3 Below 1200°C. sintering occurs so slowly,
i at 4l as to be negligible. Even the 8 hour
time at 1200°C. is generally too long to be
practical. On the other hand it is difficult to
attain temperatures over 1400°C. without

10 special firing furnaces involving hcating ele-
ments sensitive to  oxidation,  For these
rcusons it is generally preferable to employ a
s.niering temperature of 1300-1400°C.

We have further found that the nature of

15 the sintercd material is dependent on the
post-sintering or cooling treatment, If the
sintered body is cooled in a sieam atmos-
phere, X-ray diffraction tests indicate that
the resulting mixed crystal structure is com-

20 poscd of two cubic phase crystals, UO, and
UO...., in the ratio of approximately 1:3.
However, if the steam atmosphere is re-
placed at the completion of sintering and
the sintered material cooled in a reducing at-

25 mosphere such as hydrogen, a single cubic
phase crystal structure having the diffraction
pattern of UO, and having an O/U ratio of
2.03 or less is obtained.

WHAT WE CLAIM 1S:—

30 1. A method of producing a dense urani-
um oxide body which comprises sintering in
a steam atmosphere a body of uranium oxide
grains having an oxygen-uranium atomic
ratio not over 2.04, said grains having a par-

38 ticle size of less than 1 micron average
diameter.

2. The method sct forth in claim 1 in
which the oxygen-uranfum atomic ratio is
less than 2.02,

40 3. The method set forth in claim 1 in

which the sintering temperature is 1300—
1400°C,

4. The method set forth in claim 1 in
which the body is fired at a temperature of
1200°C. for a period of about two hours in
a hydrogen atmosphere to reduce the ratio
of oxygen and uranium atoms to a value not
greater than 2.04 prior to steam sintering,

5. The method set forth in claim 1 in
which the uranium oxide from which the
body is produced Is initially subjected to a
size reduction operation in which the oxy-
gen-uranium ratio is increased and, prior to
the sintering step, the ratio is reduced to a
value not exceeding 2.04,

6. The method sct forth in claim 1 in
which the sintered product is cooled in a
steam atmosphere,

7. The method set forth in claim 1 in
which the sintered product is cooled in a hy-
drogen atmosphere.

8. The method of sintering a molded
body of uranium oxide which comprises
bringing the body to a temperature of at
least 1200°C. with an oxygen-uranium ratio,
on an atomic basis of not.over 2.04, and in-
troducing and maintaining a steam atmos-
phere over the body while it is held at the
sintering temperature,
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