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NUCLEAR FUEL, NUCLEAR FUEL ELEMENT, NUCLEAR FUEL ASSEMBLY AND A METHOD
MANUFACTURING NUCLEAR FUEL

BACKGROUND OF THE INVENTION AND PRIOR ART

The present invention refers to a nuclear fuel pellet adapted for
use in a water cooled nuclear reactor, including light water reac-
tors LWR, such as Boiling Water Reactors BWR and Pressure
Water Reactors PWR, the nuclear fuel pellet comprising an ura- |

10  nium-containing compound consisting of UN, wherein the ura-
nium content of the uranium-containing compound comprises
less than 10% by weight of the isotope **°U.

The present invention also refers to a fuel element, a fuel as-

15 sembly and a method of manufacturing a nuclear fuel adapted
for use in a water cooled nuclear reactor, including light water
reactors LWR, such as Boiling Water Reactors BWR and Pres-
sure Water Reactors PWR. |

20 In water-cooled nuclear reactors, including Light Water Reac-
tors, LWR, and Heavy Water Reactors, HWR, a nuclear fuel in-
“cluding UO, is usually used. UO, is advantageous due to the
fact that it has a high resistance to dissolution in water.

25 JP-11202072 discloses a nuclear fuel of the kind initially de-

- fined. The nuclear fuel is intended for use in a water-cooled re-

actor. The nuclear fuel comprises particles of oxides or nitrides

and is contained in a fuel pellet. The fuel is enclosed in a pro-

tecting film or cover of, for instance, aluminium oxide, graphite,

30 silicon carbide or a metal. The purpose of the protecting film is

to prevent water from penetrating the fuel pellet and reach ura-
nium nitride.

WO02007/011382 discloses a nuclear fuel of modified UN or mo-
35 dified PuN. The nuclear fuel has an additive of a further nitride,
such as at least one of zirconium nitride, thorium nitride, haf-
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nium nitride, titanium nitride, or rare earth nitrides or other acti-
nide nitrides. The nuclear fuel is not adapted for a water-cooled
reactor, but for a particular kind of reactor named Smali Sealed
Transportable Autonomous Reactor, SSTAR, which is a breeder
reactor, and thus the nuclear fuel of UN has a very high content
of the isotope ?*°U.

U‘S—4,0.59,539 discloses‘ a nuclear fue! consisting of (U,Zr)N
where ZrN is dissolved in a matrix of UN. The fuel is adapted for
a breeder reactor.

SUMMARY OF THE INVENTION

It is thus known to use a nuclear fuel based on uranium nitride
in breeder reactors, which are not water-cooled. UN has techni-
cal and economical advantages in relation to UO,. The object of
the present invention is therefore to provide a nuclear fuel
adapted for water-cooled reactors and based on UN.

This object is achieved by the nuclear fuel initially defined,
which is characterised in that the nuclear fuel comprises an ad-
ditive including at least one element, in elementary form or as a
compound form, selected from the group consisting of Zr, Mo,
Si, Al, Nb and U.

Pure UN contains approximately 40% more uranium atoms than
UQO,. A nuclear fuel based on UN will therefore result in a sig-
nificant improvement of the operating costs, and thus the cosis
of generating electricity. Furthermore, UN has a higher thermal
conductivity, which, in addition and in contrast to UO,, increases
with the temperature. The thermal conductivity is approximately
3 — 8 higher for UN than for UO, depending on the temperature.
Consequently, a nuclear fuel based on UN will not be heated to
the same extent as UO, during operation of the nuclear reactor,
which is advantageous for several reasons, for instance less
thermal expansion, less release of fission gases and less stored
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energy, the [atter advantage being important in case of a LOCA,
Loss Of Coolant Accident. |

UN is disadvantageous in comparison with UO, since UN is
more reactive with water than UO,. This is a potential limitation
for use in water-cooled reactors, e.g., an LWR, where a leak in
the fuel cladding cannot be excluded. While UO, reacts slowly
with water at LWR conditions (250°C to 350°C), the reaction

‘rate of UN is such that the gases produced expand and rupture

the cladding. Consequently, it has up to now not been possible
to use UN in water cooled reactors, where there is a risk for wa-
ter penetrating the fuel cladding and contacting the nuclear fuel,
see the article XPS and XRD studies of corrosion of uranium ni-
tride by water of S. Sunder and N. H. Miller in Journal of Alloys
and Compounds, pages 271-273 (1998). The writers conclude
that UN can not be used in water cooled reactors.

By introducing an additive according to the present invention,
the reaction rate of UN with Wa’cer can be reduced to an accept-
able level. UN with the defined additive or additives will be sta-
ble also in an environment containing water. The additives to be
added to the uranium-co'ntaining compound wili react with water
to form a tight, water insoluble, protective layer over the UN
content on all surfaces, including crack surfaces.

The defined additives meet the following important criteria. They
do not react with the commonly used ciladding made of a zirco-
nium-based alloy, such as Zircaloy-2 and Zircaloy-4. They all
have a relatively low neutron absorption cross-section. The pre-
ferred and here exemplified additives all have a neutron cross-
section in the same range as Zr. Moreover, the additives are all
stable in radioactive environments. The additives can be added
in elementary form or as a compound, such as an oxide, a ni-
tride, a hydride etc. They may also be present in the finished
nuclear fuel in elementary form or as a compound, for instance
an oxide, a nitride, a hydride etc., such as ZrN, SigNy4, AlLOs3,
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ZrO,, Mo,Oy, SiO,, AIN, etc. The additives will be accumulated
at the grain boundaries, and they prevent penetration of water to

the UN on all exposed surfaces, including crack surfaces.

The additives defined have very low corrosion rates in water. Zr
in the form of ZrN has been shown in previous work to be effec-
tive in protecting PuN fuels from water at the 70 atom %
level. Additives of Mo metal to U metal have been shown to
eliminate U metal corrosion at the 5 to 19 volume % level.
Therefore, it is believed that the addition of nitride, oxide, or hy-
dride compounds of Zr, Al, Mo, Si and U to UN should protect
the majority of the UN in the fuel matrix. With regard to an addi-
tive comprising U or an uranium compound to protect UN, it is to
be noted that, for instance, if U metal is added to UN, then upon
exposure to water, the U metal will oxidize to UO; which will
protect the underlying UN.

According to an embodiment of the invention, the nitrogen con-
tent of the uranium-containing compound comprises at least
60% by weight of the isotope '°N, preferably at least 80% by
weight of the isotope '°N, and most preferably at least 90% by
weight of the isotope '°N. Nitrogen is naturally present as
99,634% '*N (stable with 7 neutrons) and 0,366% '°N (stable
with 8 neutrons). N has a high absorption cross-section. By
enriching natural nitrogen in '°N, parasitic absorption of neu-
trons by '*N can be prevented or minimised.

According to an embodiment of the invention, the additive in-
cludes at least one of ZrN, ZrH,, SizN4, Al,O5;, ZrO,, Mo,O,,
Si0O,, AIN, ZrO,, ZrHj, SiO,, U, Zr, Mo, Si, U;38Si,, ZrUAI, ZrUsSi,
ZrUH, UAIl,, UsSi, U-5Nb-5Zr, U-3Nb-1.5Zr, U-9Mo, U-6Mo, U-
1.5Mo-1.0Zr, U-10Zr, and U;SiAl.

According to an embodiment of the invention, the additive in-

cludes at least one of ZrN, ZrH,, SizN4, Al;O3, ZrO;, Mo,Oy,

Si0,, AIN, ZrO,, ZrHs, SiO,, Zr, Mo, and Si, wherein the amount
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of the additive is equal to or less than 30% by volume of the nu-
clear fuel. Consequently, in order to maintain high volumetric
uranium densities, the amount of non-uranium containihg addi-
tives should be less than 30% by volume. At this level, the
overall uranium density will be higher than for UO,, i.e. good
uranium volumetric densities will be maintained in the nuclear

fuel.

According to an embodiment of the invention, the additive in-
cludes at least one of U, U;Si,, ZrUAI, ZrUSi, ZrUH, UAL,, U,Si,
U-5Nb-5Zr, U-3Nb-1.5Zr, U-9Mo, U-6Mo, U-1.5Mo-1.0Zr, U-
10Zr, and U3SiAl, wherein the amount of the additive is equal to
or less than 80% by volume of the nuclear fuel. Consequently, in
order to maintain high volumetric uranium densities, the amount
of uranium containing additives could be up to approximately
80% by volume. At this level, the overall uranium density will be
higher than for UO,, i.e. good uranium volumetric densities will
be maintained in the nuclear fuel.

According to an embodiment of the invention, the nuclear fuel is

| provided in the form of a nuclear fuel pellet. Advantageously,

the nuclear fuel peliet may be formed through sintering of a
powder of the uranium-containing compound and said at least
one additive. |

The object is also achieved by the fuel element defined in claim
10, and by the fuel assembly defined in claim 12.

Furthermore, the object is achieved by the method initially de-
fined, comprising the steps of: '
providing an uranium-containing compound consisting of UN,

wherein the uranium content of the uranium-containing com-
pound comprises less than 10% by weight of the isotope *°U,

adding to the uranium-containing compound an additive consist-
ing of, or substantially consisting of, at least one element, in
elementary form or as a compound, selected from the group
consisting of Zr, Mo, Si, Al, Nb and U.
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According to an embodiment, the method further comprises the
steps of: providing a powder of the uranium-containing com-
pound, providing a powder of the additive, mixing the uranium-
containing compound and the additive to a powder mixture, and
sintering the mixture at sintering pressure and a sintering tem-
perature to a nuclear fuel pellet. Advantageously, the sintering
temperature may be at least 1800°C, at least 2000 °C, prefera-
bly at least 2100 °C, most preferably at least 2200 °C.

BRIEF DESCRIPTION OF THE DRAWINGS

The present inVentIon is now to be explained more closely by
means of a description of various embodiments and examples,
and with reference to the drawing attached hereto.

Fig. 1 discloses schematically a side view partly in section
of a fuel assembly for a BWR.

Fig. 2 discloses schematically a side view of a fuel assem-
bly for a PWR. |

Fig. 3 discloses longitudinal sectional view of a fuel element

of the fuel assembly in Fig 1 or 2.

DETAILED DESCRIPTION OF VARIOUS EMBODIMENTS AND
EXAMPLES OF THE INVENTION

Fig. 1 shows a fuel assembly 1 for use in water cooled light wa-
ter reactors, LWR, and more precisely a Boiling Water Reactor,
BWR. The fuel assembly 1 comprises known parts including bot-
tom member 2, a top member 3 and a plurality of fuel elements
in the form of elongated fuel rods 4 extending between the bot-
tom member 2 and the top member 3. The fuel rods 4 are main-
tained in their positions by means of a plurality of spacers 5,
one of which is shown in Fig. 1. Furthermore, the fuel assembly
comprises a flow channel 6, or fuel box, surrounding and enclos-

-ing the fuel rods 4.
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Fig. 2 shows a fuel assembly 1 for use in water cooled light wa-
ter reactors, LWR, and more precisely a Pressure Water Reac-
tor, PWR. The fuel assembly 1 comprises known parts including
bottom member 2, a top member 3 and a plurality of fuel ele-
ments in the form of elongated fuel rods 4 extending between
the bottom member 2 and the top member 3. The fuel rods 4 are
maintained in their positions by means of a plurality of spacers
5. '

Fig. 3 shows a single fuel element designed as a fuel rod 4 of
the kind used in the fuel assemblies 1 of Figs 1 and 2. The fuel
rod 4 comprises a nuclear fuel in the form of a plurality of fuel

pellets 10 and a cladding in the from of a cladding tube 11, a

bottom plug 12 and a top plug 13. The fuel pellets 10 are ar-
ranged in a pile provided in the cladding tube 11. The cladding
tube 11 thus encloses the fuel pellets 10 and a gas. A spring 14
is arranged in an upper plenum 15 and presses the fuel pellets
towards the bottom plug 12.

The nuclear fuel of the fuel elements described above comprises
an uranium-containing compound consisting of UN. The uranium
content of the uranium-containing compound comprises at least
the isotopes #*U and 2*°U. The uranium content is enriched with
respect to 2°°U in relation to the natural composition of uranium,
but the uranium content is less than 10,9, 8, 7, 6 or 5% by
weight of the isotope 2%°U. |

The nuclear fuel comprises, in addition to uranium and nitrogen,
an additive. The purpose of the additive is primarily to reduce
the reaction rate of UN with water. The additive consists of, or
substantially consists of, at least one element, in elementary
form or as a compound, selected from the group consisting of
Zr, Mo, Si, Al, Nb and U. The element(s) or compound(s) form-
ing the additive is homogeneously distributed in the fuel ele-
ment.
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Natural nitrogen is composed of 99,634% "*N (stable with 7 neu-
trons) and 0,366% '°N (stable with 8 neutrons). "°N has a sig-
nificantly lower neutron absorption cross section than "N, which

‘has a relatively high absorption cross-section. In order to mini-

mise or reduce parasitic absorption of neutrons, the nitrogen
content of the uranium-containing compound is therefore en-
riched with respect to *°N. The nitrogen content of the uranium-
containing compound.may thus comprise at least 60, at least 70,
at least 80, at least 90, at least 95 or at least 98% by weight of
the isotope "°N.

The additive may thus comprise or consist of one or several of
the above mentioned elements in elementary form or as a com-
pound. The compounds may for instance be oxides, nitrides, hy-
drides etc. Examples of suitable additives includes at least one
of ZrN, ZrH;, SizNy, A!_.Z.Og, Zr0O;, Mo,O,, SiOy, AIN, ZrO,, ZrHs,
Si0,, U, Zr, Mo, Si, UsSi,, ZrUAI, ZrUSi, ZrUH, UAI,, U3Si, U-
5Nb-5Zr, U-3Nb-1.5Zr, U-8Mo, U-6Mo, U-1.5Mo-1.0Zr, U-10Zr,
and U3SiAl.

It is to be noted that the additive may comprise or consist of a
single one of any of these elements or compounds. The additive
may also comprise or consist of any combination of two or more
of any of these elements or compounds.

A first group of these additives include at least one of the ele-
ments Zr, Mo and Si, and/or at least one of the compounds ZrN,
ZrH,, SizNg, AlO3, ZrO,, Mo, Oy, SiO,, AIN, ZrO,, ZrH; and SiO;.

In this first group the elements or compounds do not contain
uranium or any other fissionable element, which limits the

amount of the additive for maintaining a high volumetric uranium

density in the nuclear fuel. Consequently, the amount of the ad-
ditive for the first group should be equal to or less than 30% by
volume of the nuclear fuel. Advantageously, the amount of the
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additive for this group may be equal to or less than 25, 20, 15,
or 10 % by volume of the nuclear fuel. The amount of the addi-
tive for this group is e'qual to or more than 2, 5, 7 or 10 % by
volume of the nuclear fuel. The additives of the first group will
react with water to form a tight, water insoluble, protective layer
over the UN content.

‘The amount of the additive, or more precisely the percentage by

weight of the additive, may be smaller for the additive in ele-
mentary form than for the additive in the form of a compound.

A second group of the additives include the element U and/or at
least one of the compounds U;Si,, ZrUAI, ZrUSi, ZrUH, UAI,,
UsSi, U-3Nb-5Zr, U-3Nb-1.5Zr, U-9Mo, U-6Mo, U-1.5Mo-1.0Zr,
U-10Zr, and U;SiAl.

The additives of this second group includes uranium, which
means that the amount of the additive may be higher than for
the first group for maintaining a high volumetric uranium density
in the nuclear fuel. Consequently, the amount of the additive for
the second group should be equal to or less than 80% by vol-
ume of the nuclear fuel. Advantageously, the amount of the ad-
ditive for the second group may be equal to or less than 70, 60,
50, 40, 30, 20 or 10% by volume of the nuclear fuel. The amount
of the additive for this group is equal to or more than 2, 5, 7 or
10% by volume of the nuclear fuel. The ‘uranium-containing
compounds of the second group will react with water to form a
tight, water insoluble, protective layer over the UN content. An
additive comprising the element U will, upon exposure to water,
oxidize to UO,, which will protect the underlying UN.

As mentioned above the nuclear fuel may be realised as a sin-
tered solid body, such as said nuclear fuel pellet 10. The fuel
pellet 10 may have a cylindrical shape, preferably a circular cy-
lindrical shape, and may be annular. |
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The nuclear fuel may be manufactured through a suitable
method comprising the fotlowing steps of:

Uranium, for instance in the form of a powder, enriched with re-
spect to 2°°U is provided.

Nitrogen, for instance in the form of a powder, enriched with re-
spect to '°N is provided.

Uranium and nitrogen are mixed to form a homogenous uranium-
containing compound consisting of UN. The reaction may con-
sist of, but is not l[imited to, direct nitridation of metallic uranium,
or carbo-thermic nitridation of uranium oxide.

An additive, for instance in the form of a powder, consisting of,
or substantially consisting of, at least one element, in elemen-
tary form or as a compound, selected from the grou-p consisting
of Zr, Mo, Si, Al, Nb and U is added to the uranium-containing
compound.

The uranium-containing compound and the additive are mixed to
form a homogeneous mixture, for instance in the from of a pow-
der. As an alternative embodiment, the additive may be intro-
duced in such a way that it covers and protects individual ura-
nium-containing powder grains.

The mixture may also be sintered by means of a suitable sinter-
ing process at sintering pressure and a sintering temperature to
a sintered solid body, for instance a cylindrical nuclear fuel pel-
let. The sintering temperature is at least 1800°C, at least 2000
°C, preferably at least 2100 °C, most preferably at least 2200
°C.

The invention is not limited to the embodiments and examples
describe above, but may be varied and modified within the
scope of the following claims.
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Claims

1. A nuclear fuel adapted for use in a water cooled nuclear
reactor, including light water reactors LWR, such as Boiling Wa-
ter Reactors BWR and Pressure Water Reactors PWR,

the nuciear fuel comprising an uranium-containing compound
consisting of UN, wherein the uranium content of the uranium-
containing compound comprises less than 10% by weight of the

isotope 2*°U,

characterised in that the nuclear fuel comprises an additive con-
sisting of, or substantially consisting of, at least one element, in
elementary form or as a compound, selected from the group
consisting of Zr, Mo, Si, Al, Nb and U.

2. A nuclear fuel according to claim 1, wherein the nitrogen
content of the uranium-containing compound comprises at least
60% by weight of the isotope "°N.

3. A nuclear fuel according to claim 1, wherein the nitrogen
content of the uranium-containing compound comprises at least
70% by weight of the isotope "°N.

4. A nuclear fuel according to claim 1, wherein the nitrogen
content of the uranium-containing compound comprises at least
80% by weight of the isotope "°N.

5. A nuclear fuel according to any one of claims 1 to 4,
wherein the additive includes at least one of ZrN, ZrH,, SizNy,
Al;Q3, ZrO,, Mo,Oy, SiO,, AIN, ZrO,, ZrH;, Si0,, U, Zr, Mo, Si,
UsSiy, ZrUAL, ZrUSi, ZrUH, UAl,, U3Si, U-5Nb-5Zr, U-3Nb-1.5Z7r,
U-9Mo, U-6Mo, U-1.5Mo-1.0Zr, U-10Zr, and U;SiAl.

6. A nuclear fuel according to clairh 5, wherein the additive
includes at least one of ZrN, ZrHs, SizN4, Al,O3, ZrO,, Mo,Oy,
Si0,, AIN, ZrQ,, ZrHs, SiO,, Zr, Mo, and Si, and wherein the
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amount of the additive is equal to or less than 30% by volume of
the nuclear fuel.

7. A nuclear fuel according to claim 5, wherein the additive
includes at least one of U, U,Si,, ZrUAI, ZrUSi, ZrUH, UAl;,
U,;Si, U-5Nb-5Zr, U-3Nb-1.5Zr, U-9Mo, U-6Mo, U-1.5Mo-1.0Zr,
U-10Zr, and U;SiAl, and wherein the amount of the additive is
equal to or less than 80% by volume of the nuclear fuel.

8. A nuclear fuel according te any one of the preceding
claims, wherein the nuclear fuel is provided in the form of a nu-
clear fuel pellet (10).

9. A nuclear fuel according to claim 8, wherein the nuclear
fuel pellet is formed through sintering of a powder of the ura-

nium-containing compound and said at least one additive,

10. A fuel element comprising a cladding and a nuclear fuel
according to any one of claims 1 to 9.

11. A fuel element according to claim 10, wherein the fuel ele-
ment is designed as an elongated fuel rod (4).

12. A fuel a.ssembly (1) comprising a plurality of fuel elements
according to any one of claims 10 and 11.

13. A method of manufacturing a nuclear fuel according to any
one of claims 1 to 9, the method comprising the step of:
providing an uranium-containing compound consisting of UN,
wherein the uranium content of the uranium-containing com-
pound comprises less than 10% by weight of the isotope 2*°U,
adding to the uranium-containing compound an additive consist-
ing of, or substantially consisting of, at least one element, in
elementary form or as a compound, selected from the group
consisting of Zr, Mo, Si, Al, Nb and U.
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14. A method according to claim 13, comprising the steps of:
providing a powder of the uranium-containing compound,
providing a powder of the additive,

mixing the uranium-containing compound and the additive to a
powder mixture, and

sintering the mixture at sintering pressure and a sintering tem-
perature to a nuclear fuel peilet. '

15. A method according to claim 14, wherein the sintering
temperature is at least 1800°C, at least 2000 °C, preferably at
least 2100 °C, most preferably at least 2200 °C.
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