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Tadashi TAKAHASHI, Tatsuo KIDO and Takeo KIKUCHI

Division of Nuclear Fuel Research, Tokai, JAERI

( Received February 6, 1975)

' Uranium mononitride was produced by decomposing the
sesquinitride in vacuum at vorious temperatures. Sintering
of the mononitride at 1800 % for 4 hours in argon was studied
for the powders prepared under different conditions. The
sintered density considerably depended on the milling time
of the powders; the highest density attained was 95 % of the
theoretical for the nitride milled for 66~72 hours. The
decomposition temperature of U,N, into UN did not so much
influence the sintered density as the milling time did.

In the sintered material open pores dominate below density

90 % of the theoretical, and closed poeres do above this value.

Some of characterizations of the sintered specimens were also

carried out.

* Present adress; Nuclear Fuel Industries Ltd. No.24 Mori

Bldg.6F., Nishi-Sinbashi 3-23-5, Minato-Ku, Tokyo.
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1. Introduction

The fabrication of uranium mononitride and uranium-plu-

' tonium mononitride have been studied by many workers. Since

a fabricaton of these materials by cold-pressing and sintering
has been often reported to be difficult to achieve a high
density, other fabricaticn works such as'hot-pressing and arc-
melting have been conducted. To obtain a higher density
pellet of nitride by the method of cold-pressing and sintering,
several conditions affecting the sinterability of it have been

1-3) and uranium sesquinitride4),

2,5)
2

studied; the effects of oxide
and the effect of milling time of powders to be sintered
in addition to the sintering temperature and the sintering
time. The effect of nitrogen pressure has been also studieds).
In the present study, an effort was particularly endevored
to the effect of milling time of UN powders and that of the
decomposition temperature of the sesquinitride U,N,, . on the
densification of sintered UN. Through the studies on the
parmeters of these effects, the characterization of the pre-
pared specimens was carried out. The sintered UN specimens
with a wide range of densities were obtained, which enabled
to study the density dependence of some properties such as

thermal conductivity of uranium mononitride.

2. Experimental

2.1. Preparation of uranium mononitride.

Formation of uranium sesquinitride by a reaction between

’

uranium hydride and nitrogen and the decomposition of the
sesquinitride into the mononitride were studied with use of a
thermo-balance.The decomposition U2N3+x to UN was also studied

in a vacuum and in a nitrogen atmosphere.

_1_‘
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Uranium nitride used in this experiment was provided in
220~250 g batches. Uranium metal block, cleaned by leaching
with nitric acid, was placed in a beryllia cruicible and heated
at 200 € in a graphite furnace in a flowing atmosphere of puri-
fied hydrogen. The reaction product was determined to be UH3.
from the weight increase of the reactant. At 350 % UH, was
decomposed into uranium metal powder and hydrogen in hydrogen
atmosphere of 1 atm.

Uranium hydride thus obtained was converted at a higher tem-
perature in nitrogen atmosphere into the higher nitride (UN1_7).
The reactianbetweentﬁ%spowder and nitrogen started at 300 %f
The nitride formed by this reaction was determined to have
MO, type b.c.c. structure from an X-ray diffraction pattern
and the value of nitrogen to uranum ratio was estimated to be
about 1.7 from the weight increase of the specimen.

The product U,N obtained by the reaction around 700 %

3+x
was decomposed into the mononitride at temperatures 1100, 1200,
1300, 1400 and 1500 % in vacuum of 3 X 10™° Torr. The results

of the decomposition of U2N in thermogravimetry are shown

3+x
in fig.l. The decomposition began in a vacuum around 900 %
and finished at 1100 9%, in nitrogen atmosphere it began at
1300 ¢ and finished at 1600 *C. The curve of weight decrease
showed the plateau at the N/U ratio of 1.5. Decomposition of
UN began around 1800% in a vacuum, whereas it did not take
place up to 2200 % in nitrogen.

Then, the powders of UN thus obtained were ball-milled
for various times; O, 24, 48, 72 and 100 hours using an alumina

pot mill filled with argon gas. The resulting powders were

examined with an electron microscope of two stage replica method.
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Figure 2 shows electron micrographs of the UN powders formed

at various decomposition temperatures and those after ball

milling. The particle size of UN powdexr was found to be

about 10 um or more before milling and 0.5~1 um after milling.
The compacts, which were pressed at 3 t/cm2 with no binder

in dies lined with tungsten carbide, were sintered at 1800 %

for 4 hours in flowing argon, as a standard case.

2.2, Characterization method of the specimens.

Various properties of sintered uranium mononitride pre-
pared by the way above described were examined. Apparent
density was measured by a displacement method using xXylene,
which was easily penetrated to open pores by vacuum impreg-
nation. The density of xylene was measured with a specific
gravity float. Bulk density was determined from a measure-
ment of the dimension of the specimen. Open and closed poro-
sities were calculated from the both desities above cited.

Nitrogen content of the speqimen was chemically analyzed
by the Dumas method; the typical value was found to be about
5.42 wt%. The lattice parameter.was measured by X-ray dif-
fraction method. A small amount of uranium dioxide phase was
observed in a X~-ray diffraction pattern for each specimen.
The content of UDZ phase was determined %rom a calibration
curve of the U‘O2 concentration versus tﬁe intensity of 1 1 1
reflection.

Microstructure of the specimen was observed with an opti-

’
~

cal microscope and a free surface of the sintered specimen

with an electron microscope.
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3. Results and discussion.

3.1. Effect of milling time on density

Sintered bulk density and green density are shown in fig.3
versus milling time before sintering. Bulk density of sintered
UN specimen was found to be strongly dependent on the milling
time. Sintered bulk densities of the specimens obtained without
milling were 68~78 % of the theoretical density (%ID). The
green densities were in the range from 55 to 61 %ID, increasing
with the decomposition temperature. In the case that the powders
had beeh milled for the fifst 24 hours, the sintered and green
densities were increased. The increase of sintered density was
remarkable, arriving at 83~90 %ID. These results are relevalent
to that a particle size of the powder thermally decomposed alone
without milling was large; the sintered and green densities were
small, comparing to those which had been milled after decompo-
sition. In addition, UN ﬁowder formed by themal decomposion,
whichﬁhsagglomerated, seems to be easily milled during the
milling process, For the nitride milled for 48 hours, sintered
densities were 90~.94 %TD. For the nitride milled for 66~72
hours of the powders decomposed at 1100, 1200, and 1400 °C, the
highest of the sintered density achieved was 95 %ID .

The results that the sintered densities were strongly in-
creased with the milling time and that the highest density
about 95 %ID was achieved for the compacts after milling for
.70 hours show the similar tendency to the results obtained
by Goodyear et al.S)and McLaren et al.Z)On the other hand, with
regard to the dependence of milling time on the green density
the results are contradict to the results by Goodyear et al.S),

who observed that it was gradually decreased with milling time.

— 4 -
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3.2, Effect of the decomposition temperature on density.
Figure 4 shows*the.green and sintered bulk densities

versus decomposition temperature for various milling times.

While green density was monotonously increased with decompo-

sition temperature, sintered density was slightly decreased

~with it. This fact suggests that during the decomposition

process sintering partly have occured at a range of decompo-

sition temperature to inhibit a densification at the higher

sintering temperaturé of 1800 . The sintered bulk density

arrived at 95 %TD and 92 %TD for the specimens decomposed at
1100 aﬁd 1500 C respectively. Some workers have observed an
enhancement of densification of UN due to the existence of
U2N3 phase in the material.4) The slight decrease of the densi-

ty with the decomposition temperature might be related to this

fact other than the reason discussed above.

3.3. Effect of sinterd temperature on the density fox the
case of wet milling.

In a preliminary experiment preceding that was described
in the above sections, the effect of the sintering temperature
on the sintered density was examined for UN powder wet-milled
using the same ball—mill‘as used in the above experiments.
The powders that was not satisfactorily sintered were produced.
The density achieved was not more than 88 #%TD, when the powders
milled for 48 hours were sintered, as shown in fig.5. 1In this
figure, the effect of sintering temperature on the densifi-
cation is found not to be clear, as far as for the exmined
temperature, 1800, 1900, and 2000 %, whereas the milling time
is effective to the density, being similar to the case of the

dry milling. The results that the sintering temperature above

-5 -
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1800 "¢ affects little the density are consitent.with the ex-
perimental results conducted by Goodyear et al?z which include
the same temperature range. In addition, the density lower
than that of dry-milling has been also observed by McLaren et
a1.2)

In a ceramographic examination, the specimen sintered at
2000 °C was found to have continuous grain boundary networks

of free uranium.
3.4, Effect of sintering ?ime on the density.

The effect of the sintering time on the density was also
studied for the wet- milled compacts, for the various con-
ditions of wet-milling time and sintering temperatures. As
shown in fig.6, the sintered density was found to be little
dependent on the sintering time.

3.5. Sintering behavior of the compact obtained with use of a
laboratory planetary ball-mill.

An alternative powder treatment was attempted using a
laboratory planetary ball-mill. As shown in fig.7, é few
hours of milling (dry) introduced a great increase of the sin-~
tefed density after firing at 1600 % in vacuum. For the sin-
tering at 1700 and 1800 % in argon flow the highest density
93 %ID was obtaind for the compact sintered at 1800 % following
the powder milling for 4 hours. Whereas a correlation between
the density and the preparation conditions is not clear and.the
values of the sintered densities are slightly less by a few per
cents, comparing to the case of roll type milling described

in the above sections.

d



e e

this result is consistent with the data of uranium dioxide

JAERI—M 6014

3.6. Shrinkagé and weilght chaﬁge of the sintered pellet.

‘Shrinkage of diameter and length of the sintered peliet
produced with the dry pot-milled powders was measured. As
shown in fig.8, the shrinkage of the sintered specimen was
large, as the milling time was increased and as the decom-
position temperature was decreased. These behaviors are corre-
sponding to the density change after the sintering. The rate
of the shrinkage of diameter was found to be larger than that
of length.

Weight change of UN compact during'sintering was studied,
which is shown in fig.9. The lowest value of weight loss was
0.2 wt% for the nitride decomposed at 1300 % without milling.
The highest value was 0.65 wt% for pellets of a decomposition
temperature 1100 % and a milling time 66 hours. Weight loss
was monotonouély increased with the milling time,; except for

the specimen decomposed at 1100 .

3.7. Abundance of open and closédrﬁafes.'

In fig.10, volume fraction of open pores which was deter-
mined from the measurement of apparent density is plotted by
a full curve; A dashed line simply means a relation between
total porosity and density. The difference between the dashed
1line and the full curve provides a volume fraction of closed
pores. These curves indicate that there became closed pores
abundant above the density about 90 %TD, comparing with the
open pores. The distribution of the closed and open pores in
6)
The characteristics of this abundance of open and closed pores

is essentially relevalent to the behavior such . s the porosity
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dependence of thermal conductivity of the UN specimins, as

described briefly in the later section.

3.8. Microstructure of the sintered specimen.

Microstructure of the sintered uranium mononitride was
observed; the typical ones of it are shown in fig.1ll. The
micrograph of fig.ll(a) was obtained using a specimen etched
with 30 lactic-10 nitric-2 hydrofluoric acids and that of
fig.11(b) etched with H2P04(conc.) at 125 . From these
observations1ﬂuemeaéured values of the grain size of sintered
material are shown in fig.12 versus milling time of powders.
The specimen sintered for 4 hours at 1800 0 in argon flow had
an average grainsize of 6 to 15 um, increasing with the
increase of milling time. .Dependence of grain size on decom-
position temperature was not remarkable. Obseravation of
grain size was difficult for the sintered UN obtained without
milling, because of its 1éss sinterability.

Free surface of the sintered UN was observed with the
replica electron microscope. Figures 13 (a), (b) show electron
micrographs of the specimen sintered after the milling for 100
hours. Apit with fine steps of cubic symmetry was observed, |
whiéh suggests a relatively regular crystallite growth took

place during sintering. !
i

3.9. Lattice parameter of UN and W0, phases within the specimen.

The X-ray diffraction pattern of a surface of a specimen

sintered in argon flow indicatéd the existence of U32 and

U phases. These phases were often reported to be observed

2N3+x
in sintered UN and to be sometimes related to the improvement

1-4)
of the sintering of UN. The present results mean a possibility

.;_8-—-‘
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that there were these phases on the surface of UN body.

Lattice parameter and U02

specimens are shown in fig.14; the lattice parameters are in

content in some of the sintered

[+)
the range from 4.8891+0.003 A to 4.8903+0.0003 A, and U0,
contents were within a range 0.5 to 1.5 wt%, increasing with

the density.

3.10. Hardness of the sintered UN.

Micro Vicars hardness of the sintered UN before and after
polishing was measured, which is summarized in table 1. Hard-
ness of a polished specimen of 91.5 %ID was 500~506 kg/mm2 at
the center position of a pellet and 516 kg/mm2 at the side.
Tﬁe surfaces of the specimens of 95.2 and 95.4 %ID had somewhat
higher hardness values of 525~552 kg/mm2 than those of the |
polished specimen. These different values of hardness is pre-
sumed to be owing to the densify of the UN specimen and or the

existence of Uozphasecnlthe surface.
3.11. Thermal diffusivity of UN of various densities.

Using the specimens of various densities, thermal dif-
fusivity was measured in a temperature range from 300 to 1500 i H
by a laser flash method. In the results of thermal diffusivity
as well as themal conductivity derived from the diffusivity,
po;osity dependence of thermal diffusivity and conductivity was

found to have a break point around a porosity value of 0.1.

)
~

This behavior is shown in fig.15 and fig.16. More details of

7)

the results and the discussons have been published elsewhere.



JAERI-—-M 6014

4. Conclusions

1. Uranium mononitride powders were produced by decompo-
sition of the sesquinitride in vacuum at different temperatures

and by ball-milling for various times 0~100 hours.

2. Sintering of uranium mononitride was studied at 1800 %
for 4 hours in flowing argon, using the UN powders prepared

through various conditions.

3. The sintered density was much dependent on the milling
time of powders; the milling was conducted for O, 24, 48, 72

and 100 hours. The highest density achieved was 95 %ID.

4. The decomposition temperature of U,N, to UN did little

affect the sintered density, comparing with the milling time.

5. The effect of sintering temperature and time on the
sintered density was not clear in the temperature range from

1800 to 2000 %C.

6. The abundance of open pores was: dominant below the
density 90 %ID, whereas that of closed pores was dominant

above this density.

Acknowledgement
The authors are grateful to Mr.K Shiozawa for his helpful

work of the electron microscopy of the sprcimens.

—-10—-



1)
2)
3)
4)

5)

6)

7)

8)

JAERI-M 60114

References

Anselin, F., CEA-2103 (1966).

McLaren and Atkinson, P.W.M., J. Nucl. Mater., 17 (1965) 142.
Siebmanns, W., KFK-1706 (1972). ‘
Molinari, J., CEA-R-2103 (1962).

Goodyear ,M.U., Smith,R.A., Pardue,W.M. and Kizer,D.E.,
BMI-1809 (1967) A-1. |

Belle,J., Uranium dioxide: Properties and nuclear appli-
cations, USAEC (1961) p.333.

Kikuchi,T., Takahashi,T. and Nasu,S., J. Nucl. Mater., 45
(1972/1973) 284.

Tennery,V.J., Godfrey,T.G. and Potter,R.A., J. Am. Ceram. Soc.

54 (1971)327.



JAERI—M 6014

Figure captions

Fig. 1. Weight changeof uranium nitride with temperature.
Fig. 2. Replica electron micrographs of surfaces of UN powders.

Fig. 3. The effect of dry milling time on the sintered bulk
density and green density of UN. Sintering: 1800 °¢, 4h, Ar.

Fig. 4. The effect of temperature of decomposition on the

sintered bulk density and green density of UN.

Fig. 5. The effect of sintering temperature on bulk density

for the case of wet milling.
Fig. 6. The effect of sintering time on bulk density.

Fig. 7. The effect of sintering temperature on bulk density.

Milling machine: planetary ball mill{dry), sintering time:4h.

Fig. 8. The effect of dry milling on the shrinkage of diameter
and length. '

Fig. 9. Relation between weight loss and milling time.
Fig. 10. Relation between sintered bulk density and porosities.

Fig. 11. Microstructure of a sintered UN at 1800 % to 94.7 %
of theoretical density. 64h milling. x600. (a) 30 Lactic-
10 Nitric-2 Hydrofluoric Etch. (b) H,PO (conc.) 125 °C Etch.

Fig. 12. Relation between grain size and milling time. 1800 %,

4h, argon flow.

Fig. 13. Electron micrograph of free surface of sintered UN:
100h milling, decomppsed at 1500 %, density, 91 %ID.

Fig. 14. Relation between lattice parameter and UO2 content in

sintered UN pellets.

Fig. 15. Temperature dependence of thermal diffusivity of

uranium mononitrides of various densities.

Fig. 16. Porosity dependence of themal diffusivity of uranium
mononitride for various temperatures. The slope of diffusivity
versus porosity curve is larger for the larger porosity than for

the smaller porosity range.

-12—"



Table 1. Micro- Vickers Hardness.

JAERI-M 6014

Lapping Before polishing After polishing
position Center Center Side
Milling Elme (dry), 66 90 100
Decomposition

temperature, X 1100 1500
Bulk density,

% TD 95.2 95.4 91.5
Average of micro- 532 552 500 516
Vickers hardness, 540 525 506

2
kg/mm

_'13__
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Fig. 2 Reptica electron micrographs of surfaces of UN powder
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Fig.3 The effect of dry milling time on the sintered bulk density

and green density of UN. sintering: 1800°C 4h in Ar.
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Flg 5 The effect of sinfering temperature on buik
density for the case of wet milling.
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Fig. 6 The effect of sintering time on bulk density.
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Fig. 7 The effect of sintering temperature on bulk density,
Milling machine : planetary ball mill (dry),
Sintering time: 4h
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1.0

- Temperature of decomposition .
e 1100°C
08k A 1200°C _
-——-0-—= 1300°C o
— - =0—-— 1400°C o

! — = 1500°C .

Loss during Sintering . Wo

Weight

| A | | | |
0 | 20 40 60 80 100

Dry Milling Time , h

o | l L

Fig. 9 Relation between weight loss and milling time.
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Fig. 10 Relation between sintered bulk density
and porosity.
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Fig. 14 Relation between lattice parameter and UO:
content in sintered UN pellets.
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Fig. 16  Porosity dependence of thermal diffusity of
uranium mononitride for various temperatures .
The slope of diffusivity verious porosity curve
is larger for larger porosity than for smoller

porosity range.



