
Some Oxide Ceramics as Reactor Materials
By K. D. Reeve*

Although the conventional advantages of ceramics lie in their favourable high tempera-ature properties, reactor technology has not yet made use of these properties, mainly becauseof their uncertain behaviour under irradiation. The fabrication and properties of beryllia,uranium dioxide and thoria, and of mixed oxide systems, are discussed.

INTRODUCTION bulk shielding facility (swimming pool), the LowCeramics, rind 11 carbides and oxides, ar Power Water Boiler (LOPO) and the High Powercurrently bei)ng eggsiered for use in nuclei; Water Boiler (HYPO) and as moderator (Mc-rcactors as: Creight and Sowinan 1956), in the Los AlamosMod t G hit _ _ Homogeneous Aqueous Reactor (HAR) and in1 era °1's- _mP_ e 15 9' celmmc m° ' the Oak Ridge Aircraft Reactor Experiment°"\t°'- .B.°1'-Yule 18 a Petite’ m_°<1°1”*='=°1'» (ARE) (Bettis et al. 1957). Although in themt sensmve P° °¥ida't1°n at mgh Wm‘ latter case, the moderator is cooled by liquidPeragtzesi Whlch 15 an advantage We!‘ sodium, the sodium is enclosed in stainless steelgm? 1 °- tubing and does not come into contact with the(ii) Fuel-Element Material. The use of cer- beI'.V11i9-- These 9-PP1i<>ati0n$ re based 0!! theamic fuels is projected for high temper- nuclear properties of beryllia; advantage has notattire Sgtiils f0I'fWhl0£1hH16t8.llg: fuelshgre iglirbegnogéaéie of its favourable high temper-no av ae,or oro ersysmsw re e r ries.ceramics are desirable replacements for The available data on the physical, chemicalmetals, usually because of chemical in- and mechanical properties, and on the fabri-ertness and structural stability. cation and uses of beryllia, have been reviewed(iii) Future uses may include canning material recently by White (1955)-
and control rod material’ Physico-chemiccl propertiesOxides have the advantage over carbides of Be;-yma crystamses with a slightly distortednotbeing sensitive to oxidation at elevated tem- hexagonal wurtzite st;-uctm-e (Jam-ey et a1_peretures; _c<>e1_ent eempatibllity problems ere 1956). No phase changes have been observed uptherefore _$1mD11e§1; to the melting point of 2,570°C. The theoreticalThe oxides consmered here are imnclnelly density is 3.025 gm. em.-=. Thermodynamicallybfirylll. llljnillm di0X1¢l6, 8-Dd fh01'18- $01116 beryllia is a very stable oxide, with a freed18¢=\158l0l1 18 ilwluded 011 Wh011Y ceramic d1$- energy of formation of —140,000 cal. per mole.persion type fuel element systems. at g<=g_

'

55RYL|_|A Fabrication
The techniques of crucible production by slip-Introduction casting and sintering high-red (1,700°C) beryl-Beryllia is an attractive possibility as a mod- li» are fairly well established (Norton 19472erator on nuclear grounds, and because of its Murray et al. 1954a). The latter workers des-refractory nature and chemical inertness, has cribe the Harwell procedure in which berylliaspecial advantages for high temperature sys- containing 0.8 to 2 per cent. impurities was sin-tems. The resistance to attack of dense material tered at 1,700-1,800°C after slip-casting, resultingby liquid metals at moderate temperatures is in zero porosity, translucent crucibles. Diningalso a desirable property for application in liquid this study it was observed that the purer mat-metal-cooled or liquid metal-fuelled reactors. erial sintered less readily. 'I‘he practice of hot-In 1944, a nuclear power reactor containing pressing beryllia and other refractory oxides aspebbles of beryllia and uranium dioxide in a. developed at Harwell has also been describedpebble-bed cooled by molten bismuth was pro- (Murray et al. 1954a 8: b; Murray 1954). Beryl-posed (Daniels 1957). A modied proposal for lia can be hot-pressed in graphite dies at 1,600-a high temperature, helium-cooled, beryllia- 1,800°C and 2,000lb./sq. in. to 98 per cent. theo-moderatcd power reactor to be built at Oak retical density.Ridge was accepted, and a research programme The rigid purity requirements for nuclearstarted (Daniels 1957; Howe 1956). The design reactor uses have directed attention to the fab-consisted or beryllia tubes impregnated with rication of high purity beryllia, in which nearuranium dioxide and suspended inside beryllia theoretical density is much more dimcult tomoderator bricks. The project was later aban- attain. The fabrication by cold-pressing anddoned because of insuicient experience in the sintering and by hot-pressing of a high purityfabrication of complicated ceramic bodies, and beryllia has been studied at Harwell. (Livey etin the engineering use of ceramics. Present reac- al. to be published). Small additions of calciumtor uses are restricted to low temperature appli- oxide and magnesium oxide aid densication,cations as reector (David 1957) in the U.S.A.E.C. but pureberyllia does not sinter to high density,

irrespective of surface activity of the original
* A 1; u Atomi En Oommissio n i-en P°wde1'- . .msb§'sn‘L'}e§?. memiserigeyeeeivee mreis ii§°i3se. The stews of beryllw production technelosy
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in the U.S.A.. France and the U.S.S.R.. was sintering behaviour of the purest product issummarised in papers presented to the 1955 not fully understood. Addition of 1 per cent.Geneva Conference (Kaufman and Kjellgren; magnesia before calcination (to 800°) followedCaillat and Pointud; Meyerson respectively, by sintering to 1,450“ resulted in better than1956). 90 per cent. theoretical density for all four
- powders. The high shrinkage on sintering ofisIc21g:egg'q;’1;').p:;%%r:£%r%§s§gL§1h;:1ggRg' compacts pressed from very ne surface activedies at 1_60o_2,.300. at pressures of 200_5oo1b_/sq_ powders places a serious size limitation on pro-

,

in., producing articles of near theoretical den- ductwn °f dense b°d‘°s by tms metmd"sity. Alternately, beryllia is fused, crushed, In the course of a study on the sinteringground and classied, before cold-pressing, slip- PPODGIEIBS Of ne ma-gllesla DOWGBTS. Pfellmlnryeaeging or eXtrusiQn_ Densities eehieved en sin- results on the densication of surface activetering this material range from 2.0 to 2.6 gm, beryllia powders at temperatures as low as 800“C
cm.-° (67-87 per cent. theoretical). were obtained (Livey e_t. al. 1957). Beryllia pow-

In me. a of we S§§.£°£?%%%~”§..§“l§;‘2?£i°‘2.°§a‘1°€§“%.§li‘§;than 0.04 per cent. impurities is used for bri- die under a ressure of 10 tons/sq in Althoughquette production by hot-pressing. Beryllium the com actpwas. cracked the dénsity was 90hydroxide is precipitated and calcined under er centp theoretical and’ the method is pm_very accurately controlled conditions, then hot- gsi ' ’
pressed in graphite dies at temperatures up to ng'
1,900°C, and pressures of 2,000-2,500lb./sq. in. -|-|,e"M| pmpenies

.i‘;:::.:s2:;..:h1e.z.22..?g ;.2.%.*::. . e.a;e= wecm.-’ have been produced by this method. m Fts ex‘i_’e.;n$. efrm? st °°th.re5éS§'n°.°' .8In the U.S.S.R., a pure grade (less than 0.03 §f““ °°“ “ g h‘§°1f"th°rm ‘ls §n§f1“fi‘§it‘sper cent. impurities) is fabricated by one of Re °;‘°§pte°nainyt. ng f tg 3‘ 1° nd ° t. 18"three methods. Tamping of a pre-calcined mat- ece‘. ht? rm 9‘ ‘° snfl 9:3‘? at“ uctgnyerial (1,200-1,soo~c> in graphite dies and sin- 3“ “E Y P°‘§’§5 Sam!’ gs ; flg .6 fans 5tering at 1,800° produces articles of density beg?“ gnci’ °2. e me i° °r a.n°:J;d 6:13 3'
211-22 gm’ cméJ' Hoihpressingziélo gtéalfmte dies t:ti03n u';‘hi(s egcgnizss rhea; epiilfrited out ebl-Ia 1,800°C an a pressure of -3 Ob./sq. in. ' . .produces bodies of density up to 2.75 gm. cm.-°. yqgay 219%) “;_h1::d°°n;1I:ia‘n1}.g “SgtHot-pressing under vacuum at 1,850-1,900° and hm °f th° ‘p es git. ségch g ressed30-3001b./sq. in. produces bodies of density 2.9 "Y 11“ ‘L d ° ’P°’°Sé lei: .t °a'% Segm. cm.-3, which are exceptionally pure and sump es 3‘ 3' lg er con u; “'1 y n e C ca 'strong, although this is obviously an uneconomic The thermal sheek index (_L) Wes determinedproduction method. E"In general, near theoretical density in highly as a’ f“n°ti°n °f t°mP°mP"r° f°r h°tTpr°55°dpure beryllia can be produced readily only by beryllia of 2 per cent. porosity and for slip-cast-
hot-pressing, although for certain applications Fmtered beryl!“ °f 13 pi“ cent‘ p°r°S1ty' Theaddition of oxides which assist sintering after mdef fen °ff Sharply with °°¥“P°ra"“1'° .up tocold-forming may be allowable. As hot-pressing 1-9°° ' but was always aPp’°X"“a‘e‘Y “’."°° F8is not at present an economical process for mgh. f°r the h°t'presSed as for the smteredlarge scale production, considerable effort is now sPe°1mens'
being directed to methods of attainment of Two recent determinations of thermal con-comparable densities by cold-forming and sin- ductivity are summarised in Table 1. Thoseteringtechniques without resort to additives. obtained at MIT (Kingery et al. 1954) were onQuirk ct al. (1957) have studied the effect of slip-cast and sintered beryllia of density 2.7-calcination temperature of four grades of beryl- 2.86g. cm.-*, and those at NBS (Ditmars andlia on the density attainable on hydrostatically Ginnings, 1957) on similarly prepared material ofpressing at 100,000lb./sq. in. and sintering in density of 2.6 g. cm.—’. Both sets are uncorrectedhydrogen at 1,450“. Calcination at 800° resulted for porosity.in better than 95 per cent. density for beryllia
containing 0.15, 0.25 and 1.0 per cent. impurities, TABLE 1--‘THERMAL CONDUCTIVITY OFalthough the purest sample (0.03 per cent. im- BERYLLIApurities) could be sintered only to 75 per cent. 5

density._ Higher calcination temperatures, pa.r- Tticularly above 1,200», reduced attainable den- <°G> kwal-Sec--‘ °C—‘ cm-’ cm->sities in each case. The basis of this method MIT NBSof achieving high density after cold-pressing ____ __._and sintering at such low temperature is in the 100 .50 .33highly surface-active nature of the low-temper- . 300 _4() 37ature calcined material. Specic surface areas 300 _30 _20for 800°C calcined material were 30-80 m’/g.; 499 31 _15for 1,200° calcination, only_2-20. m=(g._ Variations .599 V . -~ » _15 _13with calcination temper:§.tiir'e'of"the lattice para- .560 _11 _11meter, which passes through a minimum at 709 _03 ,0971,000“, suggested that strain due to impurities 750 _o7 _o9zmight be important. The reason for the poor
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The lack of agreement between these results tion of porosity; dense hot-pressed material pro-
may be due to differences in density, in starting bably creeps negligibly below 1,200°C, although
material and method of fabrication, and in view more detailed work is needed.
of the marked difference in the rates of change The vapour pressure of beryllia is given as
of conductivity with temperature, probably in 35 X 10_imm_ at 2000= and 2_4 X 1o_amm_ at
part due t° inherent inaccllracies Of one or 2,140" (Brittan and Siblaitt 1947). A more im-
b°th meth°d5- " portant limitation on the use of beryllia at

Mechanical and high temperature properties gggesaggpigleieoles tggpggggtgenagégg
The bend strength of hot-pressed beryllia at 1,3002 (Livey and Murray 1956). Weight losses

room temperature is usually in the range 20.000 of 0.5-on per cent. after 22 hours at 1,40'o=o in
50 39»9901b-/5q- 31- (White 1955), P1'°l/ided that an atmosphere containing water vapour at 90
excessive grain growth has not occurred. Loss mm mercury pressure were quoted by Brittan
of strength due to large grain growth in beryllia and Sibbm; (1947)_
Bind Other ¢e1‘a'mi<-=5 is it W611-known lf>hen°1'I1- Permeability to gases is an important property
enon. Bend strengths of up to 40.000lb-/sq- in- for possible reactor application. Low density
were noted fer the dense beryllia prepared from products have considerable open porosity, and
active powder. for average crystal size in the hence, are quite permeable. Open porosity has
sintered material of less than 20 microns (Quirk been Observed to persist to quite 10w 501-,a;1 pg;-0-
et al. 1957). The strength was observed to fall Sities (Murray et a1_ 1954)_ However, it is 1-e-
o sharply with increase in crystal size. ebeins ported that 96 per cent. density beryllia appears
01113’ 5091b-/Stl 111- at 200 mi61‘0T1$- The imD°1‘- to be “impermeable” in iin. thicknesses at room

it 1191166 Of 9-Y°idi11$ excessive grain 8l‘0Wth, Which temperature, and that Degussa slip-cast beryl-
occurs during hish temperature sinterine. but lia is “gas-tight” at 1,o00~c (Brittan and Sib-
iS not essential to is thus established. No quantitative data‘ has been pub-
tering temperatures should be kept as low as 115hed_ =

possible.
The Russian ‘work (Meyerson 1956) refers to Re‘is'°"‘° *° |iq"id "'°*°|*

éxcep'tiona11y st;-(mg be;-y11ia produced by ,Beryllia is reported to be attacked by liquid
vacuum hot-pressing, although no gures are sodium-potassium at 500°-600°C unless the speci-
quoted. There is little doubt, however, that men is V95-TY denseand highly “vitri_ed.’-' (Kel-
there is much scope for improvement in the nlan et_al. I10 reliable _g1l1‘eS

strength of beryllia by controlling the fabrica- are 3-V9-llablei Pure h°t'P1'°$5°d b°1'Y1h9'_15 Pm?
mm pl-°ces5_ bably unattacked by oxygen-free sodium or

It is generally agreed that the mechanical s°gwim'€1?ta1sis1u?g at tgese te‘§pera't“r9s' Oxy‘
properties of beryllia assume lower values with ge n .e qm me may e 3‘ malor cause
rise in temperature. Figures summarised by °f beryma‘ attack‘
White (1955) indicate an appreciable fall in |"adio°n behaviour
bend strength, compressive strength and elastic i -modulus from mom temperature to 1000_,C Present results on the behaviour of BeO

although unpublished Harwell results_(Scott) on §§1dfs'1,~i];1r?,%iat§;r; %:nn::i;€?£€§°'toIr;;'ii§ti?:
h°t'preSSed material mdlcatg no loss m strength serious decreases in compressive strength a 40at 1,000°C. Baroody et al. (1951) report that t 1 - th rmal d t- -t ’d
plastic ow occurs in beryllia’ at 13000.0‘ Table 1?:I1 ‘:3 'ce?jie1>I<1pan:ion (l3ci?lIi1ng1t:ogn1g§6%? Pig:
2' shows reported creep rates for beryllia of 30- limmar British results (Bacon and Wilson
?5 pg °‘£"i9F;3§°Sity under 3' stress °f 95110‘/sq‘ 1955) showed that irradiation to 7 x 10*" nvt
m‘ ( in° _ ' caused lattice expansions of 0.088 per cent.‘

the pc-axis and 0.033 per cent. in the a-axis.
TABLE 2-“CREE? OF BERYI-‘LIA This change could be annealed out to the extent

of 20 per cent. after eight hours at 500°, and
Temperature C1'°ePRat° 95 per cent. at l,100°C. Very much more work

' °C ' Per cent-111'-X19‘ is needed, particularly at neutron energies and
' 1095 3 1 irradiation temperatures where helium produc-

115O " 7:0 tiondue to_,(n, a) and (n, 2n) reactions may be
1205 145 of importance. -

1260 ‘ 100 ‘ Summary i

‘ The present situation on the possibilities of
Brittan and Sibbitt (1947) give some results the use of‘ beryllia as moderator in high tem-

on the high temperature behaviour of hot- perature reactor systems can be summarised as
pressed beryllia. At Battelle, a bend strength of follows-':— V A

15,000lb./sq.in. was measured at 1,370°C, and no (i) Beryllia is an emcient moderator from
deformation was observed at 1,630" for several -the reactor physics point of view.
hours under a load of 1701b./sq. in. “Norton” (ii) It is compatible with coolant gases to
hot-pressed beryllia showed only a slight tensile high teinperatures, provided water vapour
strength decrease up to 1,460". Slight expansions is excluded. -

on reheating were noted. The high temperature (iii) There are no phase changes up to 2,5'l0°C.
behavioiu of beryllia is undoubtedly sensitive to There is probably little loss of strength
method of fabrication and extent and distrlbi1- up tor1,000°C or higher.
HIGH TEMPERATURE AND CERAMICS PAGE 163



(iv) In common with most other ceramics, 1956; Murray and Livey 1966). Both are typicalberyllia is brittle, which is an imdesii-able ceramics, and can be fabricated by the usualengineering property. ceramic techniques.(v) The thermal shock resistance, although URANIUM DIOXIDEhigh compared with most other ceramics,
I

may stm not he adequate for parts sub- This oxidises read_ily_on heating_in air to giveject to a high heat ux, or to high rates successively non-stoichiometric oxides U0, + xof heating and coo1ing_ and U,O, (with destructive increase in volume);
»

(vi) Reactor design with points (iv) and (v) U3_O8 <ie<>0mD0$eS ebeve 1i2°0°C to U02, 0011-in mind can minimise these unfavourable taming 9» slight excess of oxygen. U305 forma-pmpel-ties_
tl011t!1g:Sii Y): avgidied, and_dco;iiisequient1y I510,(vii) Fabrication of dense material is at pi-e- 112118 Dre ee e 1’0!_11 OX1 a 011 \11'1I1B' esent carried out by hot-pressiiig, an ex- ilgfgglg Pgféeesl $6211 also lge, exet-‘Pt at tem-pensive method for large-scae produc- 95 *1 e I , ° -tion. It may be possible in the future to Stoichiometric U0, is difcult to sinter touse 001d-fefming and Smtermg meth0dS- high density in argon, but non-stoichiometric(viii) F8-brieetien Of eemiilleeted $h91P<-‘S in oxide sinters much more readily. 'I'he favourablelarge Sizes is dielllil sintering properties of British non-stoichiometric(ix) The behaviour under irradiation is not oxide (UO,.,,,) are thought to be due partly tofully eS1i9~b1i5hed- In Partieuleh the D0S- the ne particle size and high specic surfaceSible $e1‘i°‘1S decreases in thermal °°!1dl1¢- of the material, and partly to the oxygen excesstivity would lower thermal Shook resis— (Williams 1957). Conditions of preparation oft8-110e- U0, powder to achieve optimum sintering pro-' 't' . t to‘ hi t iURANIUM Monet AN» wot-A §§§“‘°f.o§f§w$2i§%mZ?T%§“‘ns§Z?r2i timiétf|n|-m|||¢ti¢||

pressl to riiegisity, but tfhiiz latter is gitid 1» t - t siu a e or e o -pressing o_ arge sizes,The three ~°x es 0 mos m- er-est as me! or cause reduction to U0, occurs m the outer lay-éiiféiemiiitotf %€3=‘t‘,“”.r}..§iLZi%2a”§.‘§§€.‘f.L‘i.‘i‘ assent to the meme ee essentialtion is available on plutonium dioxide (see Smtermg rages ?'re sfgsgp’ and crackmg °°°"“showever Drummond and Welch 1957). (Murray an L“’°Y -The uses of uranium dioxide as fuel element N‘?n'$t°i°hi°m°t1‘i° Pxide is kn°wn 9° be 9'9‘
material may he described as font-,ws;_ preciably more volatile at elevated tempera-(i) Use in high pressure water systems_ based tures. l_=tesults discussed recently by Williams-

- (1957) indicate that stoichiometric oxide, al-
on the excellent corrosion resistance of to fabricate beani dioxid .

' . . '(ii) arse aimrepluegent for uranium meta] ferable for reactor use because volatihty andme; in gas_co°1ed reactors, allowing the structural changes at high temperatures aretemperature to be raised above that of m1mm15°d-the it-3 phase change (660°C). Inertness THOR“towards possible metallic canning mat-erials compared with uranium is also an 'I'h°1‘1119- $h°W5djg° u11;°€1o'sti<:€e1:_1°t':°tm1gil gggsitl;advantage here. genera S’ mete e 5(in) Use in cermet djspg1-5iQn-i;ype me] e1e- than non-stoichiometnc uranium dioxide. How-ments (Howe 1956; Weber and Hirsch eVe1‘»_ Starting from very nely groimd, pure1956); the uranium dioxide may he simmy thoria (99.9 per cent.), zero-porosity translucenta convenient form in which to disperse elfuelblee have been Qfepred at °H9IWe11 bythe uranium (e_g_, A1-U0.’ Geneva re- sltip-lcttlsgégg and sintering at 1,825 C (Murrayactor) or temperature conditions may be e 8 - -such that only the oxide is compatible striking improvements in sintering behaviourwith suitable matrix metals. have been obtained by addition of 5 w/o calcium(iv) Possible use in ceramic dispersion type oxide before sintering at 1,700°C. 'I'he density at-{gel elements for high temperature reae- tainable was improved from as per cent. to mic:rs.
cent. of the theoretical by this means (Jo onUses of thoria may be described as follows»:- and Curtis 1954). Eort has recently been(1) Use of thoria in suspension (aqueous. directed to obtaining this eect by the use ofliquid metal), as powder, or in massive other additives which on nuclear grounds mayform as a convenient and inert form of be less undesirable. Calcium uoride, strontiumthorium for breeding by the Th-U233 oxide, and vanadium pentoxide have similar,cycle.
but smaller eects, than calcium oxide. Addi-(ii) Use as “inbuilt” breeder in U0,-Th0, tion of beryllia is only very slightly benecial;1'l1ele1emeni;S- uranium dioxide retards sintering (Curtis and(iii) Possible use in a ceramic dispersion type Johnson 1957; Arenberg et al. 1957).fuel element, with ssile and fertile mat- Some properties of uranium dioxide and thoriaefie-1 beiih disllersed in the matrix. are presented in Table 3, with correspondingproperties of beryllia included for comparison.F¢|"'"|’l°:m
Figluesnquoted on fabriggltied nliatrtal 1:130rep-The tec o ogy o uranium 'oxi e an oria resenta ‘ve ones _nr ma a 0 a eas perhas been reviewed recently (Johnson and Curtis cent. theoretical density.
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TABLE 3.—PR.OPE'R-TIES OF B80, U0, and Th0, (a, b, 0).

BeO U0, Th0,

Crystal structure Wurtzite Fluorite Fluorite
(hexagonal) (cubic) (cubic)

X-ray density (g.cm-') 3.025 10.95 10.15

Melting point (°C) 2570 2800 3200

Colour - White Brown-red White

Thermal conductivity (cal.sec-1
cln_2cn-1 oC_1

20°C 0.5-0.6 0.02 0.02

1000°C 0.05 0.008 0.007

Modulus of elasticity (lb./sq. in.) 20°C 50 x 10° 25 x 10° 21 x 10'

Coeicient of thermal expansion (“C-1)
0-1000°C 9.3 x 10-° 10 x 10-“ 9 x 10-°

Bend strength 20'C (lb./sq. in.) 20,000 16,000 12,000

(a) White, 1955; (b) Johnson, et al. 1957; (c) Livey, 1957.

Discussion CERAMIC DISPERSIONS

One of the most serious disadvantages of hhodudion
uranium dioxide as a ssile material, which is _'

necessarily subject to high heat uxes, is its 1'°?'°'°°1' 1'eq_u11'°m_ent5 are 5“°h that 3' °e1'9"

low thermal conductivity and hence sensitivity mm °x1@° fuel 15 deslmble» there are tW° m9'1°1'

to thermally induced stresses. The advantages 9-1961'"-‘-mV°$3—

Of dispel‘-91°11 in 9» 111811 condlwiviliy material (i) Use of U0, fuel, natural or slightly en-
(metallic or beryllial. Prtiul-1'1? f°1' highly riched, with its attendant disadvantage of
rated fuel elements, are thus apparent. How- 10w thermal eeuduetivity ens pregame

ever, massive uranium dioxide as fuel is being ereelnng during use er

imensly 111V6§t»iE9$¢d i_I1 C9-I19-d-, U-S-A and (ii) use of a dispersion type fuel, in which en-
the U.K., and it seems likely that the low ther- shed UQ2 is dispersed in 9, eeremje met-
mal conductivity will not prove as big a dis- rue

advantage as might be supposed‘ The matrix should have a higher thermal con-

Thoria, as fertile material, may not be subject dllctivity th-_I1 1-1}‘8»!1i11m dixide, 8_h0111¢‘1 be 69-D-

te sueh severe ther-me,1 stresses es ssne uremum able of fabrication to low porosity, should be

dioxide but the low thermal conductivity may be 1'68-Snlbly Stable unfier 11611?-1:011 i1’ri}di9$10!1. and

a disadvantage here also. Chemical processing 5h°“_1d _n°t 1'9"“ W1t_h ummllm d1°X1d° 111146!‘

of sintered thoria is diicult, and it may be fabrlwtlon 01' Operating c<md1ti<>ns-

em,-entegeeus {rem this pemt er View te use Some possible systems will now be considered.

cold-consolidated powder, which could be pro- . . .d h .

cessed more readily. However, heat production u'°'"‘"" 5"?" °'* °"°
during breeding, combined with low thermal The fabrication of D1‘°P°WP8 B011!-X IV fuel
sennuetivity, may resu1t in high eentre tem. elements from this material has been described

peretures end sintering_ The edventeges of previously. (Handwerk and Noland, 1957). This
avoiding sintering in thoria for future chemical is 110$ 8- i?}‘l1B_ d1$Pe!‘$i°l1 tyne SYSWW, b6¢8-I158

prneessing ere shown in the time required fer uranium dioxide and thoria form a complete

nitrie/hydrouoric eeid dissolution sf tner-in ee,1- series of solid solutions (Lambertson,_et. al. 1953).

eined to various tgmperatujes (Curtis end Jqhn- The equilibrium state of inanium dioxide-thoria
son, 1957), given in Table 4, bodies is thus a uniform solid solution, which

forms readily during fabrication. There is no
improvement in thermal conductivity over
uranium dioxide; moreover‘; these mixtures do
not sinter as readily as ei her thoria or non-

TABLE 4' DISSOLUTION OF THORJA stoichiometric uranium dioxide.

ca1cma'ti°I(1.g§mperamre [.su(11?gfrg)“me _However, the system has some advantages,
viz. .-

(i) U0,-Th0, can be fabricated by the air-
700 1% sintering of U,O,,-Th0, mixtures; air-

L309 33 sintering is not possible with U02.

1.630 5% (ii) The Th0, is present as an "in-built” breed-
ing material.
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(iii) U0,-Th0, bodies are stable in air; excess at approximately 2,200°C and almost the sameoxygen can be accommodated interstitially beryllia composition as for the beryllia-uraniumin the solid solution uorite lattice. For dioxide eutectic, viz., 60-70 mol.% BeO (Dukelski,less than 50 w/0 U0, in the solid solution, 1906), and because uranium dioxide and thoriano additional phases have been observed form a complete series of solid solutions, it wason oxidation (Anderson, et al. 1954). expected that the ternary system would behave asB ". h . a pseudobinary system. This has been con-°'Y _'°'* °"'° rmed. The maximum allowable temperatureThis System has the advantage Of 9- hlgh 0011- for use of beryllia-uraniurn dioxide-thoria wouldductivit matrix mat ial- lid 1 ti 'Y er , I10 $0 $011 9118 01‘ be somewhat less than 2,150“, because it has<>0mlI>0\1nd$' are known. and thus 8 d1SDef$10I1 Of been observed that at 2150" a liquid hase isuranium d1.0X1de in a beryllla matrlx Should be beginning to penetrate the beryllia matrix. Thisstable if liquid phase formation is avoided A is obviousl ‘mass bi - d- -- y n'a e in a ispersion-type fueleutectic In thls system has been Observed at element. Fabrication of such dispersions in2150" (Lang, et al 1956) A 11 o 11, - - (1111 D ese W111 beryllia to near theoretical density is easier to
3321:: ii..i2*;:.it:h;i azsiizitasrziixiiz webodies at somewhat less than 2,150°. Qihs, oxides as maniaExtensive work was carried out on beryl1ia-
uranium dioxide dispersions at Battelle, Oak Qthel‘ P°S$1b1e matnx °x1deS areimagneslarRidge and Argonne as part of the Daniels Pile alumina, silica, and zirconia. Thermal con-Project (Howe, 1956). Brittan and sibbm-, (1947), ductivities are inferior to beryllia; possible ad-dsscribs the fabrication of 2 W/O and 10 W/O vantages are superior resistance of the matrixdispersions of uranium dioxide in bei.y1iia_ to neutron irradiation, and superior retention of
These were made by hot-pressing a mixture of S$i°n_ P1'°dl_1et €e$e$- AP Present 11°17 en°‘-}ghne beryiiia and U308 powders at liaoooo, and data 1S ava1lable_on which to base a_ choice.
95 per cent. theoretical density could be achieved s°me date °n S51°n_P1‘°d"et 1'etent1°¥1 In Wag‘this way. The U30, breaks down to uranium di_ nesia-uranium dioxide and alum1na-sil1ca-
oxide which is present in the compact as a ne U1‘?-n_i"m di°Xide b°di_e5 haYe been diseuseefi bymicron-size dispersion. The thermal conduc- W1-u1?<m$ §195f7)- D15Pe1‘$1°1_1S °f 100 m1°1'°ntivity, melting-point and bend-strength were “re-mum d1°X1de 111 meignesle °f 75 Per cent-reported to be the same as for hot_pi-essed theoretical density released only 20 per cent. ofbei.yiiia_ the xenon produced at 800°C. However, as mag-Thess bodies were unstable in air, and nesia and uranium dioxide have some mutual
crumbled to powder at 700° due to U30, forma- $°11d ~‘-"°1'{1b111t.Y, this 15 11°‘; an Ideal d1$Pe1'$§°!1tion. Above 1,000°C volatilisation of oxidised system Smee 5°1ut1°n may °°e‘-11' s1°w1Y durmgspecimens 0CCl11‘1‘6d. Impregnation of porous high temperature use._ Xenon release from aberyllia with U03 and subsequent decomposition 19° {n1e1‘°11 uremum °x1de d1$Pe?51°1'1 m an _1¥n'is aiso desci.ibed_ pervious alumina body cpntaimng some silica

Preliminary results on the behaviour of b9!1Q W65 negllglble at 800 C. However, uranium
beryllia-uranium dioxide bodies under irradia- d1°X1de Wes mund t° be Present 111 S°1“t1°n Intion have been reported (Billington, 1956). After the glassy bond, which is net desirable in e diS- Vone in 2 x 10“ uranium atoms had ssioned the Persmn type fuel-
thermal c0ndl-1etivii>y Of 2 W/0 and 10 W/0 Silica and zirconia both suer from phaseUranium di0Xide in be1'.V11ie- had dI‘0PPed by E changes, and there is little to recommend themfaeller Of SiX Wii-110111? Signs Of $9-t11I'eJ’-i0n- The at present, although fused silica is reported tolinear dimensions increased by one per cent. and be stable under irradiation (Simon, 1957).the compressive strength and elastic modulus
decreased by 30 per cent. However, severe daii£i- R£FER£Nc£$
age from ssion product recoil atoms to e
beryllia matrix would be expected in these ne ,,§4§’§§,§§S°N- J‘ S" et “L (1954)_J' Chem‘ S°°"(less than 2 microns) dispersions of UO,. ARENBERG, c_ A" at ai_ (195-7)_A_msi._ qs,am_Recoil atom escape and also the volume per Soc. Bu1l., 36:302.
cent. damage to the matrix in such systems BACON, G. E., and WILSON, s. A. (1955)-Actagenerally can be decreased by increasing the °'!'Ye‘=-- 31344-particle size of the dispersion to 50-100 microns. BAR°°DY- E~ M-- et e1- (1951)"'AECD 3436-(Weber and Hirsch, 1956)_ Methods of pi.°_ BETTIS, E. S., et alia (1957)—-Nuclear Science and. . . . . En ., 21804.ducing uranium dioxide grams of such sizes have BgiLLiNG-I-ON D s (1956)—Proc Internationalbeen Summarised bY Johnson, et 3113 (195'7)- Conference on 'the‘Pee.'cetul Uses of iatomic Ener ,EV'1:P/744, 421.
Beryllic-uranium dioxide BRITTAN, R. 0., and SIBBITT, W. L. (1947)-The additional advantages of this dispersion M4752‘are, CAILLAT, R., and POINTUD, R. (1956)—Proc.International Cont. on the Peacetul Uses of Atomic(i) thoria is present as an “inbuilt breeder" Energy, 9:P/345, 600.and cunns, c. E., and JOHNSON, J. R. (1957)-J.(ii) bodies made from this material are stable Ame1”- °e"1m- See» 4°=63-to oxidation DANIELS, F. (1957)—Amer. Ceram. soe. Bull., as:

(Reeve and Williams, 1958). Because a eutectic DAVID’ L‘ ‘"‘95'”"M°'°1 I“““““" °°‘51°'. . . . . ., ... , D. . 1 5 .has been observed in the beryllia-thoria system R,§f,’_‘T,’¥f$Es;,Z_ ‘§¢d§§a5§3;§;1_-§_NINGs C ( 9 7)_J
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