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[57] ABSTRACT 

A method of protecting the cladding of a nuclear fuel 
element from internal attack and a nuclear fuel ele-
ment for use in the core of a nuclear reactor are dis-
closed. The nuclear fuel element has disposed therein 
an additive of a barium-containing material and the 
barium-containing material collects reactive gases 
through chemical reaction or adsorption at tempera-
tures ranging from room temperature up to fuel ele-
ment plenum temperatures. The additive is located in 
the plenum of the fuel element and preferably in the 
form of particles in a hollow container having a multi-
plicity of gas permeable openings in one portion of the 
container with the openings being of a size smaller 
than the size of the particles. The openings permit 
gases and liquids entering the plenum to contact the 
particles. The additive is comprised of elemental bar-
ium or a barium alloy containing one or more metals 
in addition to barium such as aluminum, zirconium, 
nickel, titanium and combinations thereof. 

6 Claims, 3 Drawing Figures 
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refractory and ceramic compositions, such as uranium 
NUCLEAR FUEL ELEMENT dioxide and others used as nuclear fuel, release measur-

able quantities of the aforementioned gases upon heat-
This is a division of application Ser. No. 253,299, ing, such as during fuel element manufacture and espe-

filed May 15, 1972. 5 cially during irradiation. Particulate refractory and 
D A r ^ r n n i I H n -rue tmwcmwmu ceramic compositions, such as uranium dioxide powder BACKGROUND OF THE INVENTION a n d Q t h e r p £ w d e r s u s e d a s n u d e a r f u e , h a v e b e g n 

This invention relates broadly to an improvement in known to release even larger quantities of the afore-
nuclear fuel elements for use in the core of nuclear mentioned gases during irradiation. These gases react 
fission reactors, and more particularly to improved 1 0 with the zirconium clad material containing the nuclear 
nuclear fuel elements having disposed therein an addi- fuel. This reaction can result in the embrittlement of 
tive of a barium-containing material positioned in the the cladding which endangers the integrity of the fuel 
plenum of the fuel element and capable of collecting element. Although water and water vapor may not 
gases through chemical reaction or adsorption. react directly to produce this result, at high tempera-

Nuclear reactors are presently being designed, con- 15 tures water vapor does react with zirconium and zirco-
structed and operated in which the nuclear fuel is con- nium alloys to produce hydrogen and this gas further 
tained in fuel elements which may have various geo- reacts locally with the zirconium and zirconium alloys 
metric shapes, such as plates, tubes, or rods. The fuel to cause embrittlement. These undesirable results are 
material is usually enclosed in a corrosion-resistant, exaggerated by the release of these residual gases 
non-reactive, heat conductive container or cladding. 2 0 within the sealed metal clad fuel element since it in-
The elements are assembled together in a lattice at creases the internal pressure within the element and 
fixed distances from each other in a coolant flow chan- thus introduces stresses in the presence of corrosive 
nel or region forming a fuel assembly, and sufficient conditions not anticipated in the original design of the 
fuel assemblies are combined to form the nuclear fis- clad tube. 
sion chain reacting assembly or reactor core capable of 2 5 In the electronics industry, various electronic compo-
a self-sustained fission reaction. The core in turn is nents have been designed to incorporate a "getter" to 
enclosed within a reactor vessel through which a cool- chemically combine with the residual traces of gas in 
ant is passed. the component. A getter is also used to maintain the 

The cladding serves two primary purposes: first, to purity of the vacuum in evacuated electronic compo-
prevent contact and chemical reactions between the 3 0 nents. This is a less expensive means of protecting the 
nuclear fuel and either the coolant, or moderator if electronic component than using vacuum drawing 
present, or both; and second, to prevent the radioactive equipment to completely evacuate an electronic corn-
fission products, some of which are gases, from being ponent. Materials commonly employed as getters in 
released from the fuel into the coolant, or moderator if electronic components are barium and barium alloys 
present, or both. Common cladding materials are stain- 3 5 such as barium-aluminum alloys. Barium and barium 
less steel alloys, aluminum and its alloys and zirconium alloys are particularly suited for this use because these 
and its alloys. The failure of the cladding, due to the materials are sufficiently stable to permit safe handling 
build-up of gas pressure or other reasons, can contami- during the assembly of the electronic component and 
nate the coolant or moderator and the associated sys- yet are sufficiently reactive to effectively tie up the 
tems with radioactive long-lived products to a degree 4 0 residual gases. Barium is the most widely used active 
which interferes with plant operation. metallic material for flash-type getters in electronic 

Problems have been encountered in the manufacture components, 
and in the operation of nuclear fuel elements which Bulk-contact getters are used in higher temperature 
employ certain metals and alloys as the clad material environments in limited volumes where a getter flash is 
due to the reactivity of these materials under certain 4 5 impractical. The bulk getters, to be effective, must run 
circumstances. Zirconium and its alloys, under normal hot, but are not flashed. Metals, or mixtures of metals 
circumstances, are excellent materials as a nuclear fuel used in bulk getters include thorium, titanium, cesium, 
cladding since they have low neutron absorption cross zirconium, uranium, tantalum, hafnium, niobium, lan-
sections and at temperatures below about 600° F are thanum, or mixtures of rare earth elements such as 
extremely stable and non-reactive in the presence of 5 0 misch metal. 
demineralized water or steam which are commonly In light of the foregoing, it has been found desirable 
used as reactor coolants and moderators. Within the to minimize water, water vapor and other gases reac-
confines of a sealed fuel rod, however, the hydrogen tive with the cladding within the interior of the fuel 
gas generated by the slow reaction between the clad- element throughout the time the nuclear fuel is used in 
ding and residual water may build up to levels which 5 5 the operation of nuclear power plants. One such ap-
under certain conditions can result in localized hydrid- proach has been to find materials which will chemically 
ing of the alloy with concurrent deterioration in the react rapidly and combine with or absorb water, water 
mechanical properties of the cladding. The cladding is vapor and other reactive gases to eliminate these from 
also adversely affected by such gases as oxygen, nitro- the interior of the cladding. While several getters for 
gen, carbon monoxide and carbon dioxide at reactor 60 water and water vapor have been found, such as the 
operating temperatures. zirconium-titanium getter set forth in U.S. Pat. No. 

The zirconium cladding of a nuclear fuel element is 2,926,981, it has remained desirable to develop a getter 
exposed to one or more of the gases given above during having equal or greater rapidity of reaction with mois-
irradiation in a nuclear reactor in spite of the fact that ture and gases, and having the feature of rapidly react-
these gases may not be present in the reactor coolant or 6 5 ing at temperatures encountered in nuclear fuel ele-
moderator, and further may have been excluded as far ment fabrication. 
as possible from the ambient atmosphere during manu- It has been determined that in one preferred practice 
facture of the cladding and the fuel element. Sintered a getter in particulate form should be held in a con-
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tainer which will insure retention of not only the origi- _ _ _ „ _ _ _ . 
nal particles of the alloy but also any reaction products DESCRIPTION OF THE DRAWINGS 
of the alloy which could have much smaller average FIG. 1 presents a partial sectional view of a nuclear 
particle size. It has also been determined that the con- fuel assembly containing nuclear fuel elements con-
tainer for holding the alloy in particulate form should 5 structed according to the teachings of this invention 
be easy to load, should be capable of being fabricated with one element shown in partial sectional view, 
to given dimensions within close tolerances and should FIG. 2 shows a cutaway view of the plenum or cavity 
be relatively resistant to deformation during handling. portion of a nuclear fuel element illustrating the loca-

SUMMARY OF THE INVENTION , n
 t i o n o f t h e ® e t t e r i n a 8 a s permeable container located 

inside a helical member in the plenum. 
It has been surprisingly found that a particulate form FIG. 3 shows the gas permeable container in section 

of barium or a barium alloy (hereinafter both also re- holding the getter of a barium-containing material in 
ferred to as a barium-containing material) disposed in particulate form, 
the plenum of a nuclear fuel element can protect the 
integrity of a nuclear fuel element and prevent attack 15 DESCRIPTION OF THE INVENTION 
of the cladding by effectively gettering water, water Referring now more particularly to FIG. 1, there is 
vapor and gases reactive with the cladding. This results s h o w n a partially cutaway sectional view of a nuclear 
in a new combination of a nuclear fuel element con- f u e l a s s e m b l y 1 0 . This fuel assembly consists of a tubu-
tainmg an additive of a barium-containing material l a r flow c h a n n e i n Qf generally square cross section 
reacting with water, water vapor and reactive gases at 20 w U h a l i f t i n g b a l g 1 2 e x t e n d i n g a b o v e c h a n n e l 11 and a 
temperatures ranging from room temperature up to n o s e p i e c e a t t h e iO Wer end of channel 11 (not shown 
ftiel element plenum temperatures. In a preferred em- d u e t o t h e i o w e r p o r t i o n Gf assembly 10 being omitted), 
bodiment the getter ot a barium-containing material is T h e u p e n d o f c h a n n e , 1 1 is open at 13 and the in particulate form and is held in a hollow container l o w e r e n d o f t h e n o s e p i e c e i s p r o v i d e d w i t h c o o l a n t 
having a multiplicity ot gas permeable openings in a flow o p e n i n g s . An array of fuel elements 14 is enclosed 
portion of the container which is located m the plenum i n c h a n n e l j x w i t h o n e f u e l e l e m e n t 1 4 b e i s h o w n i n 
of the nuclear fuel element. In this manner the barium t i a l s e c t i a n d t h e a r i s s rted therein by 
material is disposed in one of the coolest locations in _ c , , . , r , . , . ^ , \ 

c , , • . .. means of upper end plate 15 and a lower end plate (not the fuel element during reactor operation and this loca- , , f ... , .. , • - I ,, 
u . . . . . . . . ^ r i j . u ... m shown due to the lower portion being omitted). The tion substantially eliminates any reversal of the getter- 3 0 ,. , . ,. ., . f . , • .. c , • J . . . . . ? ... liquid coolant ordinarily enters through the openings in ing reaction of the barium-containing material with ,, , , , ^ 6 ,, ° . , .. -tl. the lower end of the nose piece, passes upwardly water, water vapor and reactive gases. The container , r . . . - \ 

holding the barium-containing material insures reten- f ™ n d f u e ' e l ^ m e n t s 1 4 ' a n d discharges at upper outlet 
tion of not only the original particles of the barium } 3 l n a P a r t l a l l y ^Vonzcd condition for boiling reac-
material but also any reaction products of the alloy 35 t o r s o r l n a " ""vaporized condition for pressurized 
which could have much smaller average particle size, r e a c t ° r s a t elevated temperatures, 
and the container is easy to load, can be fabricated to Referring now to FIG. 2 in addition to FIG. 1 a nu-
given dimensions and is substantially resistant to defer- clear fiiel element or rod 14 1S shown in partial sec-
mation during handling. t l o n a l V l e w constructed in accordance with the teach-

40 ings of this invention. The fuel element includes fuel 
OBJECTS OF THE INVENTION material 16, here shown as a plurality of fuel pellets of 

It is an object of this invention to provide a method of fissionable and/or fertile material positioned within a 
protecting the cladding of a nuclear fuel element from structural cladding or container 17. In some cases the 
internal attack by incorporating an additive of barium- f u e l P e l l e t s m a y b e o f various shapes; m other cases 
containing material in the nuclear fuel element. 45 different fuel forms such as particulate fuel may be 

It is another object of this invention to provide an u s e d - T h e physical form of the fuel is immaterial to this 
improved nuclear fuel element having a getter compris- invention. Various nuclear fuel materials may be used 
ing barium or a barium alloy located in a low tempera- including uranium compounds, plutonium compounds, 
ture region of a nuclear fuel element and in a physical thorium compounds, and mixtures thereof. A preferred 
form suitable for rapid reaction with water, water vapor 50 fuel is uranium dioxide or a mixture comprising ura-
and reactive gases. nium dioxide and plutonium dioxide. The container is 

Still another object of this invention is to provide an sealed at its ends by means of end plugs 18 which may 
improved method for the manufacture of metal clad include studs 19 to facilitate the mounting of the fuel 
nuclear fuel elements which, as assembled, include a rod in the assembly. A cavity or plenum 20 is provided 
getter of a barium-containing material disposed in the 55 at one end of the fuel element to permit longitudinal 
plenum of the fuel element for efficient protection of expansion of the fuel material and accumulation of 
the cladding of the fuel element. gases released from the fuel material. A helical member 

A further preferred object of this invention is to pro- 21 is positioned within space 20 and serves to maintain 
vide a nuclear fuel element with a getter of a barium- the position of the fuel during handling and transporta-
containing material in particulate form in a container 6 0 tion of the fuel elements. Cladding 17 is secured to end 
having a multiplicity of gas permeable openings in one plugs 18 by means of circumferential welds 22. Com-
portion of the container with the container being lo- mon cladding materials are stainless steel alloys, alumi-
cated in the plenum of the fuel element. num and its alloys and zirconium and its alloys. 

The foregoing and other objects of this invention will The fuel element is designed to provide an excellent 
become apparent to a person skilled in the art from 6 5 thermal contact between the fuel cladding and the fuel 
reading the following specification and the appended material, a minimum of parasitic neutron absorption 
claims with reference to the accompanying drawings and resistance to bowing and vibration which is occa-
described immediately hereinafter. sionally caused by flow of the coolant at high velocity. 
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Referring to FIGS. 2 and 3, there is positioned in the minimizes the chance of exposing the reaction products 
plenum 20 inside helical member 21 (preferably a to higher temperatures tending to release the reactive 
stainless steel helical member 21), a hollow container gases combined to form the reaction product. The 
23, preferably a metallic container such as a stainless container 23 is easy to load, can be fabricated within 
steel container, having a multiplicity of gas permeable 5 very close dimensional tolerances, and has excellent 
openings in one portion of the container, preferably dimensional stability due to the strength of the metal 
one end or cap 25 of the container, permitting gases forming the cylindrical wall portion. Further the 
and liquids entering the plenum 20 to enter the con- strength of the metal forming the cylindrical wall por-
tainer 23. In container 23 is disposed an additive of a tion minimizes deformation of the container during 
getter 24 comprised of barium or barium alloys con- 1 0 handling and assembly of the fuel element. In another 
taining one Or more metal alloying components in addi- embodiment of the container, one or more openings 
tion to barium such as aluminum, zirconium, nickel, can be made in one portion of the cylindrical wall por-
titanium and combinations of the foregoing. The getter tion 28 to give gases access to the getter. This embodi-
is preferably in particulate form, to maximize the sur- ment may retain the screen end cap 25 or have a solid 
face area per unit weight of the getter available to react 15 end cap replace the screen end cap 25. 
with the gases and liquids entering container 23. The getter used in the nuclear fuel element of this 

Generally the alloying components will constitute up invention and its properties will now be described in 
to 15 weight percent of the alloy with the balance being detail. 
barium. However certain advantageous alloys above 15 It has been discovered that a material suitable for 
weight percent are also contemplated in this invention. 20 controlling moisture and other reactive gases by chemi-
Qne such preferred alloy is about 50 weight percent cally combining with such gaseous materials, namely a 
aluminum with the balance being barium; another such getter, should have a combination of properties. One 
alloy is about 10 weight percent nickel, about 40 desirable property is the minimization of any free hy-
weight percent aluminum with the balance being bar- drogen after the chemical reaction of the getter with 
ium; and still another such alloy is about 15 to about 20 2 5 water, as the minimization of free hydrogen prevents 
weight percent zirconium with the balance being bar- any possible hydride failures of cladding for nuclear 
ium. fuel elements. Thus the getter should react approxi-

While FIGS. 2 and 3 present a preferred embodiment mately stoichiometrically with the water and water 
of the' getter of this invention, additional physical forms vapor (both herein called water) and in such a Way that 
of the getter can be utilized in plenum 20 including foil, 3 0 there is a negligible net source of hydrogen from the 
sheet, films, wire, rod, bar and combinations of the reaction. The getter should also rapidly react with the 
foregoing. These other physical forms may be placed in water at the temperature prevailing in the system in 
the plenum, preferably inside the helical member 20 which the getter is utilized. The getter should generally 
and preferably in a container such as stainless steel have a low neutron cross section and be inexpensive to 
container 23. 3 5 fabricate. The getter should also have the property of 

The container 23 in FIGS. 2 and 3 is preferably in the reacting with hydrogen, other reactive gases such as 
form of a right circular cylinder although any other carbon monoxide, carbon dioxide, oxygen, nitrogen, 
configuration for the container is suitable. One end or and hydrogen-containing compounds such as hydrocar-
cap 26 and the cylindrical wall portion 28 are solid bons. 
metal, preferably a stainless steel, and the other end or 40 Barium and the barium alloys disclosed herein have 
cap 25 is preferably a screen material and preferably the foregoing properties and can be readily purchased 
stainless steel screen of about 400 to about 32 mesh. or fabricated in a form of small particles having a Tyler 
The container is assembled by welding, brazing or oth- Screen mesh size in the range of about No. 1 to No. 8, 
erwise sealing the solid end and the screen end into the giving a high surface area for reaction with any reactive 
hollow cylindrical wall portion 28. The ends or caps 25 45 gases present in the fuel element. Barium alloys con-
and 26 are preferably concave or recessed into the taining one or more metals in addition to barium such 
cylinder as shown in FIG. 3 to facilitate welding. An as aluminum, zirconium, nickel, titanium and combina-
effective amount of the getter is charged into the con- tions thereof can be readily obtained commercially and 
tainer with one end open, preferably the screen end when available in the foregoing size range provide a 
open, and an end closure is then effected typically by 50 high surface area reactive with any reactive gases pre-
spot welding. Preferably about 5 ± 1 grams of getter are sent in the fuel element. 
used in a fuel rod containing about 5 kilograms of sin- The impurity content of the barium-containing mate-
tered nuclear fuel material (or generally about one rials is not critical to the development of the foregoing 
gram of getter per kilogram of fuel material). Larger getter properties and substantial amounts of impurities 
quantities of getter are used in powder fuel rods and in 5 5 can be included in the fabricated barium-containing 
fiiel rods suspected of containing large amounts of materials as long as the surface of the barium-contain-
deleterious gases. ing materials has barium effectively exposed for reac-

The preferred use of the getter container 23 dis- tion. In practice it has been discovered that oxygen 
closed herein results in additional advantages. The contents up to several thousand parts per million in the 
container 23 insures retention of the particulate getter 6 0 barium-containing materials are tolerable. Nitrogen 
and any reaction products resulting from reaction of contents up to about 750 parts per million are tolerable 
the getter with reactive gases in the fuel element. In this in utilization of the barium-containing materials. The 
manner particulate material from the plenum will not other impurities found in the barium-containing mate-
be capable of entering the portion of the fuel element rials used in this invention which do not hinder their 
occupied by the nuclear fuel and the getter reaction 65 use as getters in nuclear fuel rods include hydrogen and 
products will be retained in the plenum, the lower tem- carbon. Metallic impurities found in the barium-con-
perature portion of the fuel element. This keeps the taining materials which do not hinder use of the bari-
getter reaction products at lower temperatures and um-containing materials as getters are hafnium in 
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amounts up to about 1000 parts per million or more, 
iron in amounts up to about 1000 parts per million or 
more and chromium in amounts up to about 1000 parts 
per million or more. The fact that the impurity content 
of the barium-containing materials is not critical to 
their utilization as moisture getters enables fabrication 
of the barium-containing materials from corresponding 
low-grade metallic components. Since the barium-con-
taining materials are utilized in the plenum of the fuel 

8 
react with hydrogen-containing compounds such as 
hydrocarbons and with other gases such as nitrogen, 
carbon dioxide, carbon monoxide and oxygen. The 
barium-containing materials have a low neutron cross 
section required for use in nuclear applications when 
the impurities having high neutron cross section are 
minimized. 

As will be apparent to those skilled in the art, various 
modifications and changes may be made in the inven-

elements, small amounts of impurities of high neutron 10 t i o n d e s C r ibed herein. It is accordingly the intention 
absorption cross section offer negligible interference. 

The barium-containing materials used in this inven-
tion have the property of reacting with water for long 
periods of time at a rapid rate of reaction over a tem-
perature range of about room temperature (typically 
about 70° F) up to fuel element plenum temperature 
(typically 650° ± 100° F) without becoming passive. 
During reaction with water, the barium-containing 
materials leave substantially no free hydrogen so clad-

15 

that the invention be construed in the broadest manner 
within the spirit and scope as set forth in the accompa-
nying claims. 

What is claimed is: 
1. A method of protecting the cladding of a nuclear 

fuel element from internal attack comprising the step 
of incorporating in the fuel element an effective 
amount of an additive selected from the group consist-

ding used in association with the getters of this inven- 20 ing of barium and barium alloys. 
tion would be exposed to substantially no hydrogen 
thereby eliminating formation of metallic hydrides 
which ultimately lead to weakening or failure of the 
cladding. This minimum release of hydrogen during the 
reaction of the barium-containing materials with water 25 
indicates a substantially stoichiometric reaction of the 
barium-containing materials with water. Studies indi-
cate that the barium-containing materials used in this 

2. A method according to claim 1 in which the clad-
ding is a zirconium alloy. 

3. A method according to claim 1 in which the addi-
tive is comprised of barium. 

4. A method according to claim 1 in which the addi-
tive is a barium alloy. 

5. A method according to claim 1 in which the addi-
tive is disposed in the plenum of the fuel element. 

6. A method according to claim 1 in Which the addi-invention readily react with hydrogen over a tempera-
ture range of room temperature to reactor operating 3 0 tive is in particulate form and is held in a gas permeable 
temperatures so that these materials are efficient hy- container, 
drogen getters. The barium-containing materials also 
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