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In t he present paper it is assumed that ab ove a limitin g value of Ùssion
Ûuency (burn -up ) a more intensive pro cess of irradiatio n induced chemical
interaction occurs . A signiÙcan t part of Ùssion gas pro duct is thus exp ected
to be chemically bounded in the matrix of U O 2 fuel. T he Ùssion gas atoms

substitutin g, for example, uranium atoms in the crystallograp hi c lattice can
form w eak facets. A t a certain saturation condition, divisio n of the grains can
occur at the w eak facets and the increase in Ùssion-gas-pro ducts release may

b e exp ected. T he fact that the pro cess of grain division for high burn- ups
( 70{ 80 M Wd /kgU ) forms an extremely Ùne structure up to a temp erature
as high as 11 00 £ C and simultaneously the observed decrease in Ùssion gas
concentration in the fuel supp orts this concept. T he analysis of Ùssion gas

concentration change due to the formation of nanostructures in U O 2 fuel at
high burn- ups in terms of total surf ace area change in a function of burn- up
and kno ck- out pro cess is presented.

PAC S numb ers: 25.85.Ec, 66.30.Lw

1. I n t rod uct io n

A micro structure of UO 2 fuel resulti ng f rom steady state i rradi ati on to high
burn- up consi sts of several typi cal zones [1]. In the centre of the f uel rod, a zone
is form ed, whi ch is characteri sed by some gra in growth. Pro ceeding to wards the
fuel surface, there fol lows a zone wi th a morpho logy very sim i lar to the ori ginal
structure. Further towards the fuel surf ace is a zone wi th a typi cal thi ckness of
100À m , where very smal l gra ins of less tha n 400 nm diam eter exi st. The
exp erimenta l data show tha t the di stri buti on of the sub-gra in sizes appear to begin
from 60 nm . So, the subdivi sion pro cess is form ed in the cold part of a fuel rod.
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Since the m echanism leading to the fabri cati on of the nanostructures in the
UO 2 fuel is not yet ful ly understo od, thi s paper focuses on a better descripti on of
the condi ti ons of the fabri cati on of the nanostructures in the UO 2 fuel .

2 . E x per i m ent a l d at a p resent ed i n t h e l i t erat ure

The onset of the gra in subdi vi sion pro cess is observed at a burn- up appro x-
im atel y from 60 MW d/ kgU to 75 MW d/ kg U [2].

For fuel crosssection averageburn- ups below ¤ 6 0 MW d/ kgU, thi s structure
is conÙned to an area about 150 to 2 0 0 ñ m wi de, tho ugh i t can extend m uch deeper
into the UO 2 pel lets at a hi gh burn- up (e.g. 1.6 m m depth at 74 MW d/ kgU
cro ss-secti onal avera ge burn- up) [3].

It has been conÙrmed by num erous m easurem ents perform ed by electron
pro be m icroanalysi s (EPMA) tha t xenon depl eti on of the m atri x occurs, due to
atherm al release of xenon from the UO 2 gra ins [1, 2, 4]. The experim enta l resul ts
indi cate tha t nearl y a ll xeno n tha t has been swept out of the ori ginal gra ins is
conta ined in the newl y form ed Ùssion gas pores [2, 5, 6].

The gra in subdivi sion is observed by tra nsmission electron m icro scopy (TEM)
usi ng smal l fuel fragments extra cted from the fuel ri m, and by taki ng scanni ng elec-
tro n microscopy (SEM) images of fractured f uel surfaces. The sub-gra in form ati on
is often parti cul arly clearl y vi sible on the inner surf aces of pores or large Ùssion
gas bubbl es [3, 7] (see Fi g. 6. of Ref. [3]).

In a histogram of the m easured sub-gra in sizes as revealed by TEM shown
in Fi g. 3. of Ref. [3] a distri buti on of sub-gra in sizes is presented whi ch app ears to
be bim odal wi th peaks at ¤ 1 6 0 nm and 300 nm .

The local xenon concentra ti ons in the UO 2 matri x measured by EPMA as a
functi on of the local burn- up is presented in Fi g. 4 of R ef. [2]. Incl uded are data
from di˜erent reactors (BW R, PW R, Belgim BR -3 reactor) f or fuel from di˜erent
vendo rs, fuel of di ˜erent design, and xenon m easurem ents from di˜erent labs.
These di ˜erences expl ain most of the scatter of the reported Xe concentra ti ons [2].

It is interesti ng to rem ark tha t even tho ugh EPMA indi cates onl y a few
retenti on of Ùssion gas in the restructure d gra ins, TEM examinati ons of ful ly
tra nsform ed m ateri al sti l l reveal a large am ount of gas wi thi n the restructure d
gra ins. Indeed, as shown in Fi g. 10 of Ref. [8], sti l l plenty of gas bubbl es are
sti l l observed wi thi n the smal l gra ins (150{ 300 nm ). These features can rem ain at
burn- ups far beyond the rim -tra nsform ati on thresho ld (e.g. > 8 0 MW d/ kg U) [8].

3 . An al ys is of t he exp er im ent al dat a

Accordi ng to the experim enta l data presented above, the nanostructure be-
gins to form at the local burn- up thresho ld of 60 MW d/ kgU, when the local
tem perature is su£ cientl y low.
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At present i t is not kno wn what thi s tem perature l im i t is [2].
The experim ental data showi ng tha t the re-crysta l l ised gra in region is adj a-

cent to the sub-divi ded gra in region [9] enabl esus to inf er tha t the re-crysta ll izati on
tem perature f or the gra ins at a hi gh burn- up above 60 MW d/ kg U assigns the tem -
perature below whi ch the polyg onizati on can occur.

In order to obta in more preci se inf orm ati on about the tem perature lim i t be-
low whi ch the polygonizati on pro cessoccurs we have concentra ted on the thresho ld
tem perature of the UO 2 gra in growth.

Fig. 1. Limitin g grain size in a function of fuel temp erature for the un- irradia ted and

the irradia ted fuel (exp erimental data taken from [10]).

Accordi ng to the experim enta l data presented by Bagger et al . [10] much
smal ler values for the l imiti ng gra in size must be assumed at hi gher burn- up tha n
in the Ai nscough gra in growth m odel [11]. Fi gure 1 presents the com parison of
l im iti ng gra in size in a functi on of tem perature for the uni rra diated fuel and the
i rra diated fuel (40 MW d/ kg U). The exp erim ental results show tha t whi le decreas-
ing the tem perature the l imi ti ng gra in size for burn- up of 40 MW d/ kgU decreases
asym pto ti cally to 5 ñ m and practi cally reaches the value at the tem perature of
about 1 0 0 0 £ C.

Based on these assumpti ons we have been able to m odi fy the constant of
l im iti ng grain size D m

D m = 2 : 2 3 3 exp
exp B

8 4 0 0

exp m (1)
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where B i s the burn- up in MW d/ tU, T i s the fuel tem perature [K] in the Ai nscough
di ˜erenti al equati on of gra in growth whi ch describes the gra in growth ki neti cs.

Assum ing tha t the Vi ta nza curve [12] describes the change of uranium di ox-
ide re-crysta l l izati on tem perature it wa s inf erred tha t the gra in growth rate de-
pends on the burn- up in the way given by the best Ùt of the grain size change wi th
the curve [13].

From Eq. (1) it fol lows tha t the higher the ini ti al gra in size is, the higher is
the thresho ld tem perature of re-crysta l l izati on of the gra in.

The process of stro ng bindi ng of the Ùssion gas fragments wi th the i rradi ati on
defects is described in the l itera ture as a process of chemical intera cti on wi th
UO 2 [14]. It is further assumed tha t the vi cini ty of the Ùssion fragm ent tra jectory
is the region of intensi ve i rradi ati on- induced chemical intera cti on of the Ùssion gas
pro ducts wi th UO 2 [14].

It seems to be natura l tha t the chemical ly bounded Ùssion gas atom s sub-
sti tuti ng, for exam pl e, an ura nium atom in the crysta l lographi c latti ce can f orm
weak facets. At certa in satura ti on condi ti ons subdi vi sion of the gra ins can occur
and the increase in Ùssion gas pro ducts release m ay be expected. So i t can be
stated tha t ei ther re-crysta l l izati on or subdivi sion have to occur in the satura ti on
ci rcum stances.

Co nsidering the form atio n of the weak facets in crysta l lographi c latti ce of
the gra in due to substi tuti on of the ura nium ato m by the Ùssion gas ato m, we have
to keep in m ind tha t the gra in consi sts of a large numb er of ato ms. Some of the
gas ato m s can becom e noble gas ato ms again and thus to be no longer chemical ly
bounded wi th the UO 2 fuel , electri cal neutra l ity is restored and in consequence
thei r chemical inertness is restored. By becom ing nobl e gas ato m again, Ùssion gas
pro ducts create weak sites in the urani um dioxi de m atri x.

The higher is the concentra ti on of gas ato ms im mobi li sed in the urani um
di oxi de m atri x, the more \ weak" crysta l lographi c sites are created. W hen the
thresho ld gas ato m concentra ti on is exceeded, the weak sites can form new grain
bounda ries. W eassume tha t the weak sites are form ed pref erenti al ly in thei r neigh-
bourho od and in consequence the weak facets in the crysta l lographi c latti ce lead
to the form atio n of new bounda ries and the pro cess of grain subdi vi sion begins.

As can be seen from Fi g. 4 in Ref. [2] the thresho ld Xe concentra ti on, when
the subdivi ssion pro cess begins, l ies in the range from 0.65 wt % to 1 wt% whi ch
corresponds to a burn- up of 50{ 80 MW d/ kgU. The thresho ld Xe concentra ti on
is deÙned as the concentra ti on begins to devi ate f rom the generated Xe concen-
tra ti on. Conti nuing the i rra diati on, a decrease in Xe concentra ti on is observed
unti l i t appro aches equi l ibri um at a burn- up of about 120 MW d/ kgU. Thi s is an
indi rect evi dence tha t the pro cess of polyg onizati on conti nuous unti l the equi l ib-
ri um between the generated and released Xe is reached. In consequence, i f we
trea t f or sim pl icit y each grain separatel y then for a certa in gra in the polyg o-
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ni zati on pro cess begins at 50 MW d/ kgU and for another gra in the pro cess may
begin at 120 MW d/ kgU.

If we consider all the gra ins in the enti re pellet, i t can be exp ected tha t a
certa in amount of gra ins begin to becom e subdi vi ded at di ˜erent burn- ups in the
range of 50 to 80 MW d/ kg U. And thi s we assume as the thresho ld burn- up for
the pel let.

Thi s argui ng is supp orted by the exp erimenta l observati on tha t the tra nsfor-
m ati on of the ori ginal gra in structure is a hetero geneous process [2]. At the depth
of 1.6 to 1.65 m m from the fuel surf ace, gra in sub divi sion occurred onl y apparentl y
at very f ew pref erenti al sites [3].

Simul ta neously wi th the pro cess of polygoni zati on, the increase in local
porosity [8] and the decrease in local density [15] in a functi on of burn- up oc-
curs, whi ch leads to the increase in to ta l surf ace area.

Keepi ng in m ind tha t the Ùssion gas release from the UO 2 gra ins duri ng the
polygoni zati on is atherm al [1, 2, 4] we infer tha t the kno ck-out release pro cess is
a signiÙcant one. So the same pro cesses ta ke place in the tra nsform ed fuel as in
the ori ginal fuel , wi th the di ˜erence tha t the to ta l surface area is so bi g tha t the
who le f uel element can be trea ted as a one a˜ected by the kno ck-out pro cess. The
gas ato ms wi l l not be accum ulated in the bul k of the fuel but thei r concentra ti on
wi l l reach a certa in satura ti on level since the Ùssion gas release rate wi l l be equal
to the producti on rate accordi ng to the defect tra p model [16{ 19].

For the steady state and for a step functi on of the Ùssion rate, the soluti on
of the adequate equati ons of the defect tra p model [16{ 19], gives the fol lowi ng
expressions for the concentra ti on ( M r ) of gas ato m s im mobi li sed in the latti ce and
the concentra ti on of bubbl es ( N t r ) :

M r =
Ù

˜ 1

h±
1

˜ 2

g g g

˜ ( g + g )

(2)

where 1 1 2 3 | constants, 2 1 2 3 .
T o calcul ate the concentra ti on of reta ined Xe for the stable state when the

equi l ibri um between the generated and released Xe is appro ached, the fol lowi ng
appro pri ate values for the constants were used: 1

1 9 cm3 1 8 s 1 ,

1 2
1 5 cm 3

3
1 7 cm 3 . Som e comm ents on the constant

parameters estim ati on were presented previ ousl y [16, 17]. The xenon Ùssion yi eld
is appro xi mated by 0.268.

W ith thi s values of constants, usi ng Eq. (2), we calcula ted tha t the xenon
concentra ti on is 2 0 atom s/ cm 3 whi ch corresp onds to about 0.5 wt% of
Xe concentra ti on. Thi s theoreti cal result is very close to the exp erimenta l resul t
of 0.25 wt% given by La ssmann et al . [2 ].



212 M. Szuta, I. Bocar

4. Co n cl usion s

W e are convi nced tha t the gra in growth and the grain sub divi sion cannot be
considered separatel y.

Since the re-crysta l l izati on tem perature of the f uel determ ines at the same
ti m e the tem perature of polygoni zati on, i t is deduced tha t either re-crysta ll izati on
or gra in subdivi sion have to occur in the burn- up satura ti on circum stances. The
gra in growth excludes the polygoni zati on and vi ce versa.

The temperature below whi ch the nanostructure can be form ed depends on
the ini ti al gra in size. The hi gher is the ini ti al gra in size, the higher is the thresho ld
tem perature of re-crysta l l izati on and polygonizati on.

Ab ove the l im iti ng value of Ùssion Ûuency a signiÙcant part of Ùssion gas
pro ducts are chemically bounded in the UO 2 matri x. At certa in satura ti on con-
di ti ons the chemical ly bounded Ùssion gas atom s substi tuti ng, for exampl e, the
ura nium ato m s can restore thei r cl osed \ shell electronic" structure due to \ the
electri cal spike" created by Ùssion f ragm ents and in consequence can form weak
facets where the subdi vi sion can ta ke pl ace.

The pro cess of gra in growth and the pro cess of gra in subdivi sion are the
pro cesses of purg ing the conta m inated latti ce to som e extent.

The calcul ated and the exp erimenta l resul ts of Ùssion gas concentra ti on in
the fuel after polygoni zati on are very close, whi ch certa inl y o˜ers support for the
concept and the interpreta ti on presented in thi s paper.
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