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SUMMARY

The modelling of fuel behaviour during irradiation and the tailoring of an irradiation stable fuel
require an accurate description of the stress free volume changes due to fuel densification and fuel
swelling. The influence of fuel flow due to creep and hot pressing should be considered separately.
This paper presents detailed densification models which describe the dependence of densification on
time or burnup, temperature, density, pore size distribution, grain size, and fission rate. UO, matrix
swelling due to fission product accumulation and densification due to pore shrinkage are considered
to operate simultaneously and are linearly superposed.

Densification is in principle a two step mechanism: (1) generation of an excess vacancy concen-
tration around the pores, and (2) migration of these vacancies along the concentration gradient from
the sources to the sinks, e.g. grain boundaries. Excess vacancy generation is thermally activated as
well as fission induced, but at low temperatures the fission induced generation exceeds the thermal
generation. The vacancy migration is purely thermally activated except at very low temperatures,
where an athermal irradiation component of migration exists.

Based on these processes, four temperature regions can be identified which describe the depen-
dence of irradiation induced fuel densification on temperature. These are:

Region 1 : Totally athermal densification below =~ 450°C.

Region II : Densification depends on temperature in the region ~450°C =T = =~ 750°C, where ther-
mally activated vacancy migration is rate controlling.

Region III : Densification is independent of temperature in the region ~750°C = T = =~1 300°C,
where athermal excess vacancy generation by fission spike pore overlap mechanisms are
rate controlling.

Region IV : Totally thermally activated densification above =1 300°C.

The shrinkage rate of small pores strongly controls the initial densification rate. Coarser intragranular

pores act as ineffective vacancy sinks during this initial stage. The pore size distribution will change.

Smaller pores will shrink more rapidly than larger pores while medium size pores, which can also

act as vacancy sinks, can possibly swell.

Grain size is of minor importance in the high temperature region especially if the pore concen-
tration is low. At low temperatures and high pore concentration the fraction of excess vacancies which
read the grain boundaries decreases with increasing grain size. Therefore, in general, large grain size
material is more densification resistant.

Experimental verification of the densification models is obtained from numerous constant tem-
perature thermal sinter tests conducted between 1200°C and 1 900°C (region IV) as well as in iso-
thermal irradiation tests between 1 000°C and 1 200°C (region 11I) and around 700°C (region II). Near-
ly all important features of the densification models have been qualitatively confirmed in the com-
prehensive experimental program sponsored by EEI/EPRI/Nuclear Industry and reported by M.D.
Freshley et. al.: /rradiation-Induced Densification of UO,Pellet Fuel, J. Nucl. Mat. 62 (1976) 138~166.

Although the kinetics of thermal and in-reactor densification are different, standardized thermal
resinter tests can be established and used to predict the in-reactor densification.
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1. Introduction

This paper reviews the densification behaviour of sintered UO2 pellets
and could be applied to other fissionsble materials as well. Quantitative
description of fuel densification end swelling is required for: (1) identi-
fication of limiting properties, (2) modeling and prediction of fuel per-
formance under irradiation, and (3) "teiloring" of an optimized fuel micro-
structure. Both,densification by shrinkage of pores and matrix swelling due
to fission products operate simultaneously and are linearly superimposed.

2. Densification Mechanisms and lModels

Pure thermally activated densification was first analyzed 1961 by
Coble /™1_7, who described the final stage sintering of dense particles
(tetradecehedrons) with intergranular pores. 4 modified model which consid-
ers the realistic microstructure of ceramic bodies (extended intragranu-

lar porosity) was introduced by Assmann et.al. /[ 2_7.

Observations of irrasdistion induced pore shrinkage and annihilation
were reported in 1966 by Whapham /3 _7 and later on by Ross [/ 4_7, Bellamy
and Rich /75_7, and Turnbull snd Cornell /76, 7_7. Pure fission induced
densification was theoretically treated by Marlowe 1_8_7, Stehle and
Assmann /79 - 12_7, MacEwen and Hastings /"13_7. Marlowe's model is based
on the Coble model, where the thermally activated diffusion coefficient is
substituted by an irradiation induced diffusion coefficient. The MacEwen
and Hastings model assumes that pore shrinkage is cauged by the annihilation
of interstitials at pores. The key mechanisms in the Stehle and Assmann
model are (1) the generation of an excess vacancy concentration around the
pore by fission spike pore overlap, and (2) the thermally activated (except
for low temperatures) migration of vacancies to the grain boundaries.

A general (thermally activated and fission induced) densification mod-
el was developed by Stehle and Assmann /~21_7. The relationships for densi-
fication, already published in /79 - 11_7 can be derived from this general
model as shown below in section 4.

3 Genersl Densification Model for Large Pores

We distinguish between large pores (Z 0.1 ,um diemeter) snd small pores
(s 0.1/um diemeter) because of a different mode of fission spike pore over-
lap. Large pores keep their identity and their continuous shrinkage can be
described by a differential equation for the pore radius. Small pores which
lie in the path of & fission fragment can spontaneously go into solution.
The majority of vacancies created by this event, however, coalesce to & new
pore,

For large pores, radius r, it is assumed that at the surface an equi-
librium vacancy concentration is maintained which results from the equilib-
rium between: (1) thermally activated and fission induced vacancy genera-
tion, and (2) vacancy migration along the concentration gradient to the sink
with radius R (see fig. 1). The calculation results in the following differ-
ential equation for the pore shrinkage rate / 21_7:
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Dsh is the thermsl vacancy diffusion coefficient in the U sublattice, Dirr

is the irradiation induced vacancy diffusion coefficient, D = DﬁhCT is the
U diffusion coefficient, ¥ is the surface tension, Q is the vacancy volume,
d is the spacing between the nearest neighbours in the U sublattice, } is
the length of the fission fragment path, F is the volumetric fission rate,
a)(CS - CT) is the vacancy volume which is created by one encounter of a
fission fragment with a pore, CS is a saturation concentration, and CT is
the thermal vacancy concentration. The factor p, with p 2 1, takes into ac-—
count that the vacancies generated by fission fragments are injected into a
certain depth of the UO2 matrix. p jumps are necessary for recombination
with the pore. The number of encounters per second for a sphericel pore is
given by —-3——-1F /" 15_7. In accordance with fig. 2 we assume that a small
volume of U02, » 18 sputtered from one side of the pore to the other du-
ring each pore penetration by a fission fragment. The seme volume of UO
might be heavily disordered if a fission fragment passes the viecinity of
the pore. In this case the stress field around the fission fragment path
4_14_7 relaxes, thus generating there an excess vacancy concentration.

Fig. 3 shows the dependence of the pore shrinkage rate on temperature,
calculated according to eq. (1). The following relationships and parsmeters
have been used:

D; = 0.125 exp (=53 000/RT) cn®s™' /716_75  DITT - 107w end~ /714 7,
D =0.09 exp (~106000/RT) cm’s™' /™10 _7;
R = rg + r, where rg is the grain radius; rg = 3.10'4 cm;
T = 1072 em;
p =107
Y = 6.107° J en”3 A =6 . 107" cn;
Q = 4.1 . 10™°3 cmz; F =2 . 1013 riss em™ I~
k = 1.38 . 10723 g g~ ® =5.10"9 cn?
d = 3.868 . 1078 cm; Cg = 0.002

Since vacancy generation and migration are consecutive steps pore
shrinkage is determined by the slower process. Based on this,four tempera-
ture regions, dependingon the fission rate, canbe identified (see fig. 4):

Region I : Totally athermal densification below = 450 °C

Region IT : Densification depends on temperature in the region

450 °C S TS = 750 °C, where thermally activated vacancy
migration is rate controlling.

Region IIT: Densification is independent of temperature in the region
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= 750 ¢ = T E %1300 °C, where athermal excess vacancy
generation by fission spike pore overlap is rate controll-
ing.

Region IV : Totelly thermally activated densification above = 1300 ¢
(so-called final stage sintering).

4 Detailed Dengification Models for Large Pores
Eq. (1) can be abbreviated by:

it "D+ E+ A ()

The pore structure of UO2 is described by homogeneously distributed pores.
Ni pores per cm3 wi;? the initial radius Toi result in an initiel porosity
fraction POi = Ni —5-r2r Detailed densification. models are obtained for spe-
cific relations between A, B, C, D and E by integration of the resultant
simplified differential equations.

4.1 Region I and II

If at low temperatures and moderately low temperatures E> A, E>» D,
¢ »3B, end if R »r, eq. (1) is simplified to the differential equation

a - 1
= (0¥ 4 pIFT) (Og - Cp) % - (%)

By integration and summation over all pore classes we obtain for demnsifica-
tions

-A—V=—ZP.{’1-(’I—L)Z},with—t—=’lfort§t .,
v 1 ol t . £t . ol
o (o ol
)
1 2
toi = Toi

th irr
(DV + Dy ) (Cs - CT)

The thermally activated vacancy diffusion coefficient is
DR = 2 d? . 5. 10" exp (- 53 000/RT) cn?s™" according to Dienst /716_7.
The irradistion induced vacancy diffusion coefficient can be expressed by
[T 7z

pirr _ _8 D(M) . TFQ

v A 7

where DéM) is the vacancy diffusion coefficient in the molten UO2
(’10"4 cma/s), T=2 . 10~ 5 is the time during which a volume of
Qg = 107 > cm3 around the fission fragment path is molten. With

(%)
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Fa2. ’IO,]5 fiss/cmBS Dirr is in the order of magnitude of 10'17 cm2/s.
This value is equal to Dvh at about 450 ¢. CS was determined from experi-
mental results to be 0.002. CT can be neclegted, because CS >> Cnpe

If at moderately high temperatures A >>E, A ¥ D, C>>B, and if R »r,
eq. (1) is simplified to

dr AFw
w -5 G- Cp)- (6

Integration of eq. (6) and summation yields:

AV t 3 . t -~
—=-§Poi{4-(4-¥—) },w1tht—=’lfort=t°i,

vo ol oi

3 ”

Yo1 = AP® (Cg - ) "ol

4.3 Region IV

If (for R »T) at high temperatures B >>C, D>>E, D" > D‘j;rr, or if
F = 0, eq. (1) is reduced to the well known relationship

dr 1
dt b

ol
~
[02]
~

By integration of eq. (8) &and summation we obtain:

A b
av . -Zpoi tl’ with —— % 1 for % = toys and to L
i oi

P SO 5,
v, oy 60yD(x) ‘oi* (9

D(x) is introduced instead of D, since the diffusion coefficient depends
strongly on the stoichiometry of U02+x. Eq. (9) does not contain the grain
size because of the assumption R >>r and describes the thermael densification
kinetics as well as its dependence on temperature and stoichiometry com-
pletely.

S. Densification Model for Small Pores

In the model of Stehle and Assmann /~12_7 it is assumed (see fig. 5)
that inside a grain, radius rg, a population of very fine pores (radius rp,
density Z_) and of coerser pores (radius r,, density Zc) is present. Aver-
aging the porosity, p, over the grain, the following differential equation
is obtained /712_7:




c 3/1%

H

dp 3D c 1 3
—- ::! { HETE 4T, — / or’ dr} (10)
g g o
where C is the vacancy concentration.

At moderately high temperatures (corresponding to region III), where
fission induced vacancy generation is rate controlling, the solution of egqg.
(10) yields for the relative volume change:

(B w3l (1 - o7 1T FAY, (1)

o
where 7= n*(rp, Zp, Tor Zgs rg), and Q_ is the fission spike volume-

If only very fine pores are present within the grains, eq. (11) can be
obtained by a shorter treatment reported in /79_7. A pore is dispersed by a
single encounter with a fission fragment. The vacancies that are formed con-
tribute a fraction 7 to the densification, i.e. after the action of n fis-
sion fragments, the densification is (1 - (1 - 7 )n)Po.

6. Numerical Eveluation of In-Reactor and Thermal Densification

We give an example of the numerical evaluation for the regions III and
IV because the in-reactor behaviour of LWR fuel pellets is meinly determined
by region IIT densification; on the other hand region IV densification is
used to predict in-reactor densification by thermal resinter testing. For
region III and for large pores integration of eq. (6) yields (fig. 6):

r =1, - 0.5 . 107" BU Ljum 7 - (12)

In region IIT smaell pores cause a relative volume decrease according to the
numerical evaluated eq. (11):

AT . pf {1 - exp (= 5.4 . 1073 BU)} (13)
o
For region IV integration of eq. (8) which is valid for all pore sizes,
yields (fig. 7):

V, = 4.189 0 -a .t é7um3_7. (14)

In the egs. (12) to (14) the parameters r,, BU, PE and t must be expressed
in units of/um, MWd/t(U), volume fraction,end hours, respectively.
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The figures in egs. (12) to (14) have been calculated with the physical
parameters already given in section 3. The thermal densificetion parameter
"g" ig dependent on temperature (see table 1) and stoichiometry. The figures
reported in table 1 are valid for a 0/U ratio of 2.01. According to Matzke
/~17_7 the diffusion coefficient D(x) depends on the squere of x in U0, .
Therefore "a" canbe adjusted by the factor (x/0. 01)

7. Exverimental Results
7.1 Thermal Densification (Resion IV)

An example of a confirmation of the densification kinetics correspond-
ing to eq. 14 is shown in table 2. A fuel type with 95 % of theoretical den-
sity was heat treated in an atmosphere of 99.99 % Helium. The calculated pore
size distribution fitted to the experimentel results by try and error is
given in table 3. The experimental results indicate that in the temperature
range between 1700 and 1900 °C, for a 0/U ratio of 2.01, and for meximum re-
sinter times of about 100 h, only pores with radii smaller then 0.7/um con-
tribute to densification.

A more direct verification of the pore radius dependence of thermsl
densification is given in a result of Freshley et al. /717_7. The fuel type
4 with 92.5 % TD decreased in density by 4.18 % at & resinter test for
1500 h at 1300 %G. The meen pore radius was 0.165/um before and 0.12/um aft-
er the resinter test.

The temperature dependence of the thermal densification was confirmed
by determining the self-diffusién coefficient and comparing it with the 1lit-
erature (fig. 8).

7.2 In-Reactor Densification (Regions II and III)

The net volume chenge of UO2 is determined by superposition of the two
rate competing processes: densification and swelling. Under usual LWR condi-
tions the metrix swelling rate is 1.1 Vol.% per 10.000 MWd/t(U). If pores
with radii r € 2,um are mainly present the curve of the net volume change as

a function of burnup will go through a minimum. No minimum will be observed,
if only coarse pores with radii r > 2 um are present.

In fig. 9 the relative UO2 column length change of an experimental un-
stable fuel is shown. The irradiation has been performed in the HBWR (Halden
Boiling Water Reactor), Norway (IFA-418, rod 3 /~19_7). The continuous stack
shortening versus burnup is compered with the model (Region III). The data
points could be fitted by the equation inserted in fig. 9. There are only
four terms: the first one represents the matrix swelling, the second one de-
geribes the disappearance of 2.55 % of submicroscopic porosity snd the last
two terms represent the shrinkage of two classes of coarser pores. 1.25 %
and 4.00 % of pellet volume, with pore diameters of O.S/um and 4/um, regpec-—
tively. These findings closely agree with the real fuel structure.

Two remarks should be made in connection with this:

(1) Since the pellets have dish-shaped endfaces the length change of the
fuel column is governed by the densification «~ swelling behaviour of an annu-
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lar pellet volume. Fig. 8 indicates that in this volume region III densifi-
cation was dominant. (2) Though the modeling seems to need a summetion over
many pore classes it is obvious that a subdivision into a few pore classes

is sufficient for practical purposes.

The strong temperature dependence of densification at lower temperature
levels, where vacancy migration is rate controlling (region II), has been
demonstrated by an isothermal irradiation experiment in the Germen FR-2
(Forschungs-Reaktor-2) /720_7. On a fuel type with 90 % TD it was shown that
the densification rate increases by a factor of about 1.5 when the tempera-
ture is increased (from 670 %¢ to 710 °C) and the fission rate is decreased
(from 8.3-’IO/]E’toll-.’?-’lO,]3 fiss cm_B-s_q). More extended results sbout tempe-
rature and fission rate dependence are reported by Freshley et.al. in 4_18_Z
Fig. 10 shows the pronounced influence of both parameters. Numerous results
on fuel types as well as the evaluation of the radial distribution of poros-
ity in irradiated fuel pellet confirm the strong dependence of the densifi-
cation rate on temperature as predicted by the model.

The most important fuel property which determine densification is the
pore size distribution. According to Freshley et al. /™ 18_7 it can be seen
in fig. 11 that initially the volume fraction of the submicron pores de-
creases and the volume fraction in the range between 1 and 10/um increases.
Subsequently, as irradiation continues, the volume fraction in all pore
sizes below 10 ,um decreases. This behaviour is predicted, in principle, by
the Stehle and Assmann model 1'12_7, which assumes that part of the vacan-
cies generated by the stomization of the small pores is captured at first by
the large pores.

8. Correlations Between Thermal and In-Reactor Densification

In the IFA-418 rod 3 irradiation test described in section 7.2 the max-
imum relative volume decrease is about 5.25 %, whereas the thermal densifi-
cation for the conditions 1600 °C/24 h and 1700 °C/24 h was 2.72 % and
3.32 %, respectively (x = 0.01 in U02+x). This shows that both simple tests
cannot be used to predict the actual in-reactor densification exactly. Al-
though the kinetics of thermel and in-reactor densification are different,
standardized thermal resinter test can be established on the basis of the
densification modeling. It cen be seen from section 6.1 that one major con-
dition for a standard resinter test is the strong control of UO2 stoichiome-
try by the Oxygen partial pressure of the sinter atmosphere.

As shown in section 7.1, in /72_7, end in fig. 6 resintering in an in-
ert gas atmosphere at an 0/U ratio of 2.071 at temperatures between 1600 °C
and 1800 °C for times between 0.5 and 100 hrs can be used to determine the
amount of fine sized porosity (ro = 0.7/um). This fraction of the initial
porosity contributes partially (ro = O.ﬂ/um) to early-in-life densification
according to eq. (13) or leads to a pronounced densification according to
eq. (7). Pores with radii 0.7/um s :r-ons 5/um are suitable to compensate ma-
trix swelling. As can be seen in fig.9, 4 % of pores with a radius of 2.0/um
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shrink with a rate which is close to the matrix swelling rate of U02. The
amount of pores with radii up to 2.0 ,um can only be found by thermal densi-
ficaetion tests at high 0/U ratios. For example, 8ll pores with r, = 2.0/um
disappear after 17.5 hrs at 1800 %G if the 0/U ratio is malntained at
2.20 by proper measures.

9. Conclusions

~ In the current modeling studies the key mechanisms of densification are
assumed to be the generation of excess vacancies around the pores and the
ennihilation of these vacancles at the grain boundaries.

= Densification shows a characteristic dependency on temperature, since both
vacancy formation end vacancy migration can be predominantly thermally ac-—
tivated or fission induced depending on temperature (regions I to IV).

= The initial pore size distribution is the most important parameter which
determines the densification rate. Large pores casuse a relative volume de-

crease according to AV/Vo - - Z Poi { 1= (1 = t/toi)n} , where n = 3/2
in regions I and II, n = 3 in région III, and n = 1 in region IV. The den-
sification kinetics of small pores are given by (AV/VO)r = - Pof 1 - exp
(- at) . The interdependence of small and large pores can also be
treated, in principle.

- Qualitative and partially quantitative confirmation of the general model
for thermal and in-reactor densification is given in numerous experimental
results. Isothermal irradiation tests are the best tool to check the pre-
dicted temperature dependence. For a direct determination of pore shrink-
age kinetics quantimet asnalysis should be focussed on pores with radii
smaller than 2 ,um.

- Thermal resinter tests cannot be used to measure the actual in-reactor den-
sifica%ion precisely, but allow the pore size distribution to be calcu-
lated which in turn determines the in-reactor densification under given
conditions. Thermal densification strongly depends on the stoichiometry of
U02+x and therefore the Oxygen partial pressure of the resintering atmos-
phere must be carefully controlled.
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Table I Thermal densification parameter "a" for U02_o,l
Temperature Parameter "a"
o 3
C /un /h
1500 6.92  107°
1600 3.27 1074
1700 1.32 1072
1800 4,61 1072
1900 144 1072

Table II Comparison of measured and calculated thermal densi-
fication of a fuel type with an initiel pore size dis-
tribution according to table III

1700 °c 1800 °c 1900 °¢

hours meas calc. meas. calc. meas calc.

0.5 0.04 0 07 0.22 0.22 0.43 0 46
2.0 0.17 0 24 0.52 0.56 0.89 0 91
7.5 0.56 0 57 0.96 0.99 1.43 1 52
32.0 1.09 1 04 1.65 1.55 1.85 1 87
104.0 1.52 1 54 1.73 1.88 2.19 2 19

Table ITII Calculated initisl pore size distribution of the fuel
type used for the measurement reported in table II

Pore Radius Pore Volume
Toi Fraction
/um Pol

%
0.08 0.11
0.13 0.28
0.20 0.42
0.32 0.60
0.48 0.32
0.71 0.46

2 1.50 2.81
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Fig. 1 Vacancy diffusion model for densification
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Fig. 2 Fission spike pore overlap model (large pores)
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Fig. 10 Density changes of UO2 as a function of burnup for
different temperatures and fission rates
(according to Freshley et al. /718_7)
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Fig. 11 Effect of irradiation on the volume distribution of
porosity in an unstable UO2 fuel type
(according to Freshley et al. /~ 18_7)



