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Abstract

Probabl e mechanisms of irradiation damage in fuel and moderating
material s of interest to the H,T.G.C. Reactor p rogramme are discussed. ,
A programme is outlined for investigations into irradiation damage in H.T.G.C.
fuel s and moderators. The exp erimental methods to be used are briefly outl ined,
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1 INTRODUCTION

The H.T.G.C. Reactor research p rogramme depends to a [ arge extent on the development
of a fuel el ement which will withstand high burnup. The programme described in this paper
is aimed at the investigation of the effects of irradiation on various possible typ es of fuel
el ements with the final object of sp ecifying one or more fuel element types which woul d
app ear to satisfy the requirements of the design group. These fuels can then be'tested
further on a larger scale in the proposed gas cooled loop in HIFAR.

The present conception of the H.T.G.C. system invol ves the disp ersion of the fissile
and fertil e material s through the moderator. Systems based on beryll ium metal, beryllium
oxide and grap hite as moderators have been considered. The following are the comp osition
ranges of inierest.

(1)  Beryllium moderator -  U: Th: Be:: 1: 30: 2000--4000
{11)  Beryllia moderator —  UQ2: ThOp: BeO:: 1: 30: 2000-3000
(iii)  Graphite moderator ~ U Th: Cz: I: 30: 40006000

Various combinations of these systems are possible, For instance a UQ2: ThO32: BeQ fuel
could be canned in a beryllium or graphite case, or a U: Th: Be fuel could be used in conjunction
with a BeQ moderator. :

To reduce the number of variables which have to be considered, the preliminary irradiation
programme will concentrate on the testing of possible fuel el ement components rather than
the te sting of small scale fuel el ements, :

The various typ es of systems will now be considered in more detail together with the
irradiation p rogramme associated with each.

2. BERYEEIUM'MODERATED SYSTEMS
2.1 General

Fuel elements based on beryll ium metal are likely to consist of a dispersion of the.

intermetal 1 ic comp ounds UBej3 and ThBel3 in beryllium metal, integrally canned in beryl lium
metal .

The main advantages of this system are that fabrication techniques are fairl y well
established and the fission products should be retained in the fuel, thus enabling a clean
gas circuit to be maintained.

The disadvantage of the use of beryllium ap art from irradiation damage aspects are mainly
limitations on temp erature due to: —

(i)  High vapour pressure of beryllium at elevated temp eratures
which could cause mass transfer.

(i) ~ Compatabil ity probl ems if CO7 is used.as a cool ant.

2.2 Imradiation Damage in Beryll ium Based Fuels

Break down of the fuel under irradiation could occur by several mechanisms, the most
imp ortant of which are considered to be the fol lowing: —



2.2.1 Swelling

Uranium metal has been found to increase in vol ume under irradiation due to the
accumul ation of fission product gases in cavities which then expand. This effect can
be very serious at el evated temp eratures, and vol ume increases of over 100% have been
obsetved (7). A simil ar effect would be expected to occut in a beryll ium based fuel,
not only due to the fission p roduct gases but al so-due to hel ium and eritium p roduced
by the foll owing nucl ear reactions in beryllium: —

() Be9n, &) L146{(n Y ) L4~ Hed = H3
Threshold = 0.71 MEV

(2) Be9 (n.2n) Be8 - 2 Hed
Threshold = 1.85 MEV

Cross sections for these fast neutron reactions are not accuratel y known but exp eriments
by Richman (1) have indicated that ap proximately one atom of gas will be produced by these
reactions p er uranium fission for disp ersion comp ositions in the range under consideration.

This can be compared with 0,25 atoms of fission product gas which are produced per uranium
fission.

The gaseous fission products will escap e from the fissile particl es into the matrix
to an extent determined by the fissile particl e size (See figure 1.) It has been shown that
at the temp eratures under consideration diffusion is unimp ortant and that escap e occurs
substantially by recoil (8). Prel iminary exp etiments indicate that it may be difficult to
produce dense UBej3 p articles of diameter greater than 30-50 /& . at which size a considerable
proportion of the fission p roduct gases will escap e into the matrix.

Alder (2) has catried out some calcul ations on the swelling of beryll ium metal under

a fast neutron flux, which indicated that the effect could be serious at te mp eratures above
600°C. Similar calcul ations have been carried out.by the author for a dispersion type fuel
using improved creep data (3) and an improved treatment develop ed by Foreman (4). { See
Appendix I.) The results are shown in Figure 2 and indicate that for 100% bumup of the
original fissile investment swelling will not become appreciable (i.e., of the order of 1%)
until 650 — 7000C. However, as this is near to the proposed op erating temp erature, this
problem will need careful investigation.

2.2.2 Thermal Stress Effects

It is not exp ected that thermal .stresses will resul t in fail ure of a beryl lium metal
fuel element. At the temp eratures under consideration the stresses should be relieved by
creep if they become excessive. The effects of irradiation on thermal stress will be considered
in more detail in connection with the UQ2.Th02.BeQ system (see section 3,2,1).

2.2.3 Effect of Solid Fission Products

This effect will depend on the fissil e particl e size which will determine the amount
of fission products which will escape into the matrix. It is possibl e that they could cause
embrittl ement of the matrix but even at the high bum up s anticip ated in these fuel s, the
concentration of fission products will be low and it is not exp ected that the .effect will be
serious.



2.3 Irradiation Programme

It 1s not possible to take account of all possible variabl es 1n the initial tests and hence
the samp l es have been chosen to give information on those variabl es which.are considered most
imp ortant, bearing in mind the most likel y effects of irradiation as.discussed in the preceding
section. The variabl es covered are: —

(i) Composition (i.e. heavy metal .content)
(ii) Rate of burn ap and hence thermal stress
(iii}) Fissi_l e patticle size

(iv) Temperature

(v) Effect of restraint

All samples will be irradiated 1n duplicate and accel erated damage over that expected
in a reactor will be obtained by repl acement of some thorium atoms with uranium.atoms. (N.B. This
shoul d not affect the physical and mechanical pre erties of the samp les,) and by irradiation in
a higher effective flux. “This will enable fission product damage equivalent to-100% burn up of
the original fissil e investment in an actual fuel el ement to be obtained in 3 — 4 months. :
Initially tests will be carried out in a 4V position in HIFAR where the fast flux is low (2 x 10°)
and hence hel ium productioh in.the beryl lium will be much |l ower than 1n the reactor. However,
as soon as hollow fuel el ement facil ities are available in HIFAR, some or all of the tests will
be repeated in these facil ities where the rate of hel ium p roduction shoul d.be comp arabl e with
the fission product gas p roduction.

The samples for the initial tests are outl ined in Table I. Samples 1-8.cover the
comp osition range likely to be of interest, i.e.. from about 10 volume % to 50 vol ume % of
heavy metal compounds which corresp onds to atom ratios of 11 30: 4000 to 1: 30: 1000. Samples
< and 8 have the maximum concentration of intermetal lic.comp ounds which can be incorp orated
in a.dispersion. Samples 3 and 4 have been chosen as reference samp les and samples
9.-18.all have the same.comp osition as 3 and 4. Samples 9 and 10 have a higher fissile

~ content which will give a highet butn up rate and thermal .stresses. Samples 11—14.are

designed to inve stigate the effect of temp erature. ‘Samples 15 and 16 have a coarser fissile
p articl e size than the reference samples. Samples 17, 18.are designed to test the effect
of a thick beryl lium can on restraining the swelling (if any) of the fuel core.

@

3. BERYLLIA MODERATED SYSTEMS

3.1 General

In this system the fuel and fertil e material will be dispersed as oxides through a

beryl lium oxide matrix. At present the main interest in this system is foruse as a fuel material

inside a.beryllium or im ermeabl e grap hite can. However, it may.al so be possible to develop
an impervious BeO can for use with this fuel.

3.2 Irradiation Damage in Beryl lia Based Fuel s

Considerabl e interest is being shown in ceramic fuel s at the present time due to
their excellent stabil ity under irradiation, UO?7 and UO2.ThO2 samples have been irradiated
to Lﬁ%-bi!f?r?&oef metal asomiiv{htlé hxttle or no dama§e occurring (Cf 0.,11)5% mﬁtal aﬁom.bum

up ifi-an system, - data of any significance has been obtaimed on.the
irradiation. behaviour of the U02.Th02.BeQ system. In some eatly work at Argonne (3).
samp les of UO2.BeO containing 2 and 10 wt% UO7 were irradiated at pile temp erature ( < 100°C)



for 24 and 63 day periods. Maximum burn up was 0.03% of uranium, The crushing strength
of the samples was ap proximatel y doubled. the Youngs Modul us reduced by 1% to 2% and
the density decreased by 0,5 — 1.0%. The major p art of these changes had occurred after
24 days itradiation. The most striking change was in thermal conductivity which was
reduced to 25% of the initial value after 24 days and to 20% after 63 days. Annealing

at 6750C in vacuo removed only 15% of the induced change.

Some samples of 12.5 wt% UO7 in BeO were irradiated by Harwell in Windscal e
in liquid sodium to 1,25% burn up of uranium atoms. All these sampl es disintegrated
during irradiation but it is thought that this was due to the fact that the specimens were
porous and infil tration of sodium occurred, causing the disintegration. (A simil ar effect
has been observed with U0,

Possible causes of irradiation damage in ceramic fuel s are discussed in the
following secticns.

3.2.1 Thermal Stress Effects

It is considered that the most I ikely cause of fajlure in ceramic fuel s is.cracking
and disintegration due to thermal stresses. _Fuel ratings in the proposed system have been
chosen to give.thermal stresses at the surface of the order of hal f of the ul timate tensil e
strength at the op erating temp erature. However these have been cal cul ated assuming the
thermal conductivity of the fuel material is the same as unirradiated beryliia. Although
the presence of discrete UO3. ThO3 p articl es should only affect the thermal conductivity
by 10~15% (6) the effect of irradiation may cause a large change as is indicated by the

results quoted above, Changes in the other properties which determine the thermal stress
are exp ected to.be small comp ared with the changes in thermal conductivity. The changes

in thermal conductivity could be due to two causes.

(i) Damage to the crystal latrice by fast neutron and fission
fragment bombardment

(i1) Distortion of the ! attice by fission products

The first of these effects may anneal out at least to a certain extent at the op erating
temperatures although the Argonne results indicate that ! ictle annealing occurs ar 675°C.
The effect will depend to a certain extent on fissil e particl e size. With a large fissile
partticle size most of the fission fragment bombardment effects and fission product
accumul ation effects wil | be 1 imited to the particles but with a fine fissil e particle
size, the beryllia matrix will be affe cted

Thermal stress effects are | ikel Y to be more serious with ceramic fuel s than
metallic fuel s because there is | jttle chance of relief of the stresses by creep. This will
only occur in the case of beryl lia at temp eratures above 9500C,

3.2.2 Effect of Sol id Fission Products

Effects due to the accumul ation of fission products and helium are not expected to
be as serious for ceramic fuel el ements as for metal lic fuels. Previous exp erience indicates
that the open.lattice of ceramics will accommodate the extra fission p roduct atoms with
little change in dimensions occurring. An exception is.the effect mentioned above on
physical properties such as thermal conductivity which are particularly structure sensitive.



3.3 Irradiation Programme

As mentioned earlier it is not possible to cover all variabl es and for the initial
tests the fol lowing variables have been considered: -

(i) Comp osition
(1i) Thermal stress and rate of burn up
(iii) Fissilep atiicle size
(iv) Temp erature

These were chosen, bearing in mind that thermal stresses ate considesed to be the
most imp ortant factor affecting the irradiation stabil ity of the fuels. As with the beryllium
metal samples accel erated damage will be obtained.by rep lacing some thorium with uranium
and damage equival ent to 100% burn up of the fissile content of reactor fuel will be obtatned
in 5 — 6 months. Initially. tests wil 1 be carried out in.a 4V position but wil 1 later be extended

to a fast neutron facility to investigate the effects of hel ium p roduction.

The samp les for the initial tests are outlined in Table 2, Samples 19-20 cover the
comp osition range likely to be of interest, i.e., atom ratios of U: Th.Be of 1: 30: 500 to
15 30: 3000, Samples 21 and 22 have been chosen as reference samples and sampl es 27-34
have the same comp osition as 21 and 22. Sampl es 27.-30 are designed to investigate the
effect of increased thermal stress. Samples 31 and 32 will be irradiated at a higher temp erature
where the stresses could be rel ived by creep. Samp les 33 and 34 will have a coarser fissile
particle size which as discussed earlier. may affect the irradiation behaviour.

4. GRAPWITE MODERATED SYSTEMS

Due to the very large size which is required in order that grap hite moderated systems
can be sel f sustaining there is not much inserest in a comp letely grap hite moderated system

for small reactots. However it is quite possible to use smal ler quantities of grap hite in
conjunction with beryl lium ot beryllium oxide. )

The main effort in this direction will be concentrated on developing fabrication
techniques for producing, by extrusion and baking. graphite cyl inders containing up to
50 wt% of heavy metals. Inthe absence of establ ished fabrication techniques, it would be
premature at this stage to detail an irradiation programme. However, as.soon as samples
are avail able they will.be srradiated in a.simil ar manner to the ceramic specimens.

5. EXPERIMENTAL METHODS

5.1 Irradiation App aratus

The equip ment 1s based on a principle which has been used successfully by the
author in the U.K. and al so by vatious workers in America, Briefly, the fissile sample
is separated from a water cool ed jacket by an annulus of suirabl e thermal conductivity.
Dep ending on the heat output of the sample, the type and thickness of the thermal .barrier
is chosen so that , during reactor op eration, the fissil e heat is sufficient to raise the
temp erature of the sp ecimen to the desired level.

The ceramic specimens wil | be contained in a grap hite case which will be sup ported
inside a water cooled stainl ess steel can by 2 ceramic support. The annular space between
the graphite case and the stainless steel can will be filled with hel jum and the width of the

gap will be chosen in each case so that the sample will be irtadiated at the desired temp erature.



The beryl lium metal specimens will be immersed in liquid sodium inside an
inner stainl ess steel can which will be sep arated from the water cool ed outer can by
a helium gas gap of suitable thickness. The immersion of metal lic fissil e sp ecimens
in sodium is standard practice in the U.K. and U.S.A. and has several advantages, namely: -

(1) Accurate temp erature measurement can be made by immersing a
thermocouple in the sodium, without introducing a thermocoup l e
pocket in the actual sample.

(11) Density changes of the sample can be accommodated by
the sodium without affecting the width of the gas gap and hence
the temp erature of the samp | e,

(1ii) More highly rated samp les can be irradiated, hence shortening
the irradiation time.

Sixteen (16) sampl es will be irradiated at one tine in a 4V facility in HIFAR,
The samples will be positioned in the hol e so that control rod movement should not
affect the flux on the samp les and hence the op erating temp erature should be fairly
constant. The ceramic samples will be irradiated jn duplicate and one of each type
will have a thermo—couple pocket in the centre of the sp ecimen. The beryl livm metal

samp les will al so be irradiated in duplicate and temp erature measurement will be made
on all the samples.

Cobalt thermal flux monitors will be incotp orated in each sp ecimen.

5.2 Pre-—Irradiation Examination

Pre—irradiation examination of all samples will include:
(i) Accurate dimensional measurements

(ii) Density and p orosity determinations

(iii) Visual examination and p hotography

Physical property measurements (strength, thermal conductivity, ete.,) will, of course

1
be made on samples prepared under identical conditions,

5.3 Post Iradiation Examination

Post itradiation examination of the samples will cover the fol lowing: —

(1) The stainl ess steel can will be pierced in vacuo and gas samples
taken. These samples will be analysed by Analytical Services by
mass spectrograp hic methods. '

(1) The sample will be removed from the can and examined macroscop ical ly,
(iii) Dimensional, -density and porosity measuremens s will then be made,
(iv) Thermal conductivity measurements will be made on selected samples.

(v) Selected samples will be polished and examined under the microscope.

(vi) Selected samples will be subjected to compression or bend tests,



(vii) Calculated burn ups will be checked by anal ysis of the cobalt
monitots and by fission product anal ysis of some samples using
Y spectroscopy.

(viit) An attempt will be made in the case of the ceramic sp ecimens at
least to investigate the distribution of solid fission products,
particul arl y caesium and strontium, through the grap hite case and
stainless steel can,

(ix) Anneal ing exp eriments will be undertaken to investigate fission
product escap e and density changes and possibl y changes in othet
physical prop erties.

(x) Stored energy measurements will be made on some sampl es,

(xi) Selected samples will be made availabl e to Chemical Processing
Group for processing studies.

Due to probable limitations in space and avail abil ity of apparatus, it may be possible
only to carry out some of these investigations immediatel y on comp I etion of the irradiation.
Samp les will, however, be stored and further tests carried out as ap paratus and sp ace becomes
available.

6. PROGRAMME ON MODERATING MATERIALS

In addition to the programme on fuel materials, an extensive investigation is planned
into the effects of irradiation on the prop erties of beryl lium and beryl lium oxide, Samples
will be irradiated cold and at control led el evated temp eratures in a high fast flux in a hol low
fuel element. Post ircadiation measurements will include the following: —

1. Macroscopic and microscopic examination

2, Dimensional and density checks

3 Tensil e and bend tests

4, Stored energy

5. Electrical resistivity and thermal conductivity

6.  X-ray diffraction

7.  Determination of hel tum and tritium contents
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TABLE 1 —~ BERYLLIUM METAL DISPERSIONS

M Atom Ratio Weight % Volume % Dimensions | Heat Imadiation Thermal |Metal Atom
Samp le No. Density Qutp.ut | Temp erature { Stress % Burn up
U|Th: Be U | Th ;Be | U,Th,Bejs ‘Dia. [Height | Warts oC p.sl. afrer 0.9x107 Secs
1
3 1284000 |1.63 | 15.0]83.3 11.15 2.1 1 2 170 600 2,300 0.025
2
3
4 3 12813000 ;2.05 | 19.0|79.0 16.3 2.25 1 2 225 600 3,100 0.033
5
P 3 | 28(2000 |2.79|25.7|71.4 24 2.45 1 2 350 600 4,800 0.05
7
3 1 28{1000 |4.35 [40.1]55.6 46 3.02 0.75 1 1.5 255 600 4,800 0.1
8
9
6 | 25[3000 [4.11 | 16.9|79.0 16.3 2,26 1 2 440 600 8,200 0.066
10
11
3 | 283000 (2.051 19.0|79.0 16.3 2,26 1 2 225 500 3,100 0.033
13
14 3 | 28(3000 {2.05[19.01{79.0 16.3 2,26 1 2 225 700 3,100 0.033
i5
P 3 | 28| 3000 | 2.05|19.0|79.0 16.3 2,26 1 2 225 600 3,100 0.033
1
17
6 | 253000 |4.11] 16.9|79.0 16.3 2.26 0.75 175 215 600 3,350 0.066
18




. ¥e
10 09191 0001 cse z I 81°¢ ¥y 6°¢g €11 [<SL°T | 000C AN )
133
X . A
8%0°0 006y 008 €81 ¢ I 81°¢ Y 6cg |1°€T |z60 | 000C |6 | T
1¢
. 0%
<10 091 %1 008 cee A 1 8l°¢ ¥y 6cg |11 | sLz | 000T (ST 49
6L
8T
1°0 00L°6 008 ¢ot ¢ 1l 81¢ ¥y 6°$8 | 2°T1 | £8°1 000z LT | ¥
' LT
‘ 9
8170 0ee’s 008 144 7 (sLol 10 L6 $°09 | 0°LE | 65T 00¢ 67 | €
<z
: ¥
€60°0 00276 008 0g¢ ¢ 1| 6¥¢ ¥'8 po¢L | 06z | 19'T | 000F |0C | €
74
. . 7t
8%0°0 006 ¥ 008 <81 ¢ 1 or°¢ ¥y §¢8i 1°¢1| T60| 000T | 6T} T
12
e
. 0z
¢eoo 00L°¢ 008 or1 ¢ I| 80¢ 0'g 1706 76| 6970 000¢ 67| T .
1
s295,0T X ¢'1 39y Do sy ISR} #IQ Zour'n o024 jZodl| fon ag lyiln
>dp umg % ssa35 | amyeradway, | ndmQ Arsua(g {-0)y 2 1dweg
woly eIl TewIayq ] UOTIBETPEII] 1ESH | sSTOTSUAWIJ 9% WD JOA % I3 oney wowy

SNOISHAdSIA VITIAYAG — 1 ATVl

|ml




—10-

APPENDIX

Swel ling of Beryl lium Motal Fuel s

Foreman has cal cul ated the rate of swelling of gas bubbles in an incompressible medium
and obtained the fol lowing formul a: —

¢ 3 ) 1 3 ntl
= n ‘n— < & n
T (KGTD) k3

where x =fractional increase in volume in time t,

n,K  Zcreep constants defined by the quasi viscous creep law for uniaxial stress: -
n .
E =18 where E = rate of el ongation
K
T = stress
C = constant rel ated to the rate of production of gas pressure in the cavities.

In deriving this formula the fol lowing assump tions were made: —

(i} Material is incomp ressibl e and deforms according to the
quasi-viscous creep law,

1

(ii} For small values of x such that XM <<1 the interaction of neighbouring
cavities can be neglected.

(iii) All the gas produced in the material diffuses to cavities and
remains therein,

By plotting creep data for beryl lium on a log—log plot values for n and K can easily
be obtained. The rate of gas production was cal cul ated assuming the figure for hel jum production
given earlier and substitution was made in the formul a to find the swel ling after 100% burn up of
the original fissile investment jn three years. The curve is plotted in figure II,
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