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Abstract

The grain growth model presented in Part 1 is further developed and applied to the analysis of the normal grain
growth kinetics controlled by pore migration during fresh UO, thermal treatment (sintering). Additional consideration
of fuel densification (i.e. porosity reduction) allows explanation of complicated grain growth kinetics characterised by

non-integer growth exponents observed in recent tests.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

The model of the grain growth presented in Part 1
can be extended to modelling the normal grain growth
kinetics of non-irradiated porous UO, fuel, experimen-
tally studied in the annealing tests, e.g. [1-3].

In the pure systems without porosity under isother-
mal conditions the grain growth can be satisfactorily
described by parabolic kinetics:

- —
Ry, (1) = R, (0) = K(T)t, (1)

gr

where Ry (0) and Ry (¢) are the average grain radii of the
sample before annealing and after an annealing time 7 at
a temperature 7, respectively. This relationship can be
derived by direct integration of Eq. (7) in Part 1:
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Grain growth in the final stage of UO, fuel sintering is
the result of interactions between grain boundaries and
residual porosity. Pores on the grain boundaries give rise
to drag effect which impedes boundary motion. In the
majority of experimental studies [2,3] grain growth was
approximated by a more slow kinetic equation:

=N =N _

Rgr(t) - Rgr(o) =K't (3)
with the growth exponent n = 3 or 4. Recently it was re-
vealed that in many cases the grain growth kinetics must

be described by non-integer exponents, somewhat differ-
ent from 3 or 4 [1].

2. Phenomenological consideration

For explanation of the measured kinetics described
by Eq. (2) with integer exponents, a series of models
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Fig. 1. Pore migration with boundaries and resulting pore
growth during normal grain growth (from [4]).

has been proposed, most of them based on consideration
of Kingery and Francois [4]. They assumed that, as
grains are removed in the growth process, pores migrat-
ing with the boundaries are brought together, and pore
growth occurs together with grain growth, see Fig. 1.
After, say, twofold increase of the mean grain size, an
amount of grains N,, decreases by one order of magni-
tude (Ng O(F;), and practically all pores are located
at grain corners, so amount of pores N, becomes
proportional to the amount of grains, Ny, o< Ng;.

Kingery and Francois additionally assumed that in
the later stages of sintering grain growth is relatively fas-
ter than fuel densification, so that the pore fraction re-
mains essentially constant. Under such an assumption,
the mean pore radius R, oc N;'* and thus is propor-
tional to the mean grain radius:

R,  Re. )

On this basis, to account for drag effect of the pores,
they proposed to introduce an additional factor
R R, in the r.hus of Eq. (2), leading to Eq. (3) with
n =3 after integration.

Later Nichols [5] derived a more appropriate equa-
tion for the drag force, Eq. (13) in Part 1, which was ap-
plied by Brook [6,7] to consideration of normal grain
growth kinetics controlled by pore migration. Using this
equation for the later stages of sintering when corner
pore mobility controls boundary movement, Brook ob-
tained an equation:

Ry B,
dt 7 Rgn,’

()

where n,, is the surface concentration of pores on the
boundary, and pore mobility:

B, x 1_?;”, (6)

is determined by migration mechanism, i.e. n = 3 for the
mechanisms of lattice diffusion and gas phase transport
at P = const., and n = 4 for the surface diffusion mech-
anism. He also noticed that for the considered situation
where pores are located at grain corners, their separa-
tion is proportional to Ry, so the surface concentration

of pores on the boundary is inversely proportional to

-2
R,

ny X F;. (7)

Substitution of Egs. (6) and (7) in Eq. (5) results in:

ngr —l-n

Qi xRy, s (8)
or, after its integration:
R, (1) — R, (0) = K't. 9)

Therefore, namely the pore migration mechanisms by
lattice diffusion and gas phase transport at P = const.
provide grain growth Kkinetics with n =3, whereas
n =4 is afforded by the surface diffusion mechanism.

Nevertheless, Bourgeois et al. [1] recently noticed that
to describe grain growth in their recent tests, the slope
In(R, (1) — 17;(0)) as a function of Inf might be quite dif-
ferent from 1, whether with n =3 or n =4, and also
from one temperature to another. Therefore, in order
to describe grain growth in these cases, a non-integer
exponent n must be used.

In order to explain such a behaviour, one should take
into account that Eq. (9) was derived under simplifying
assumption that the pore fraction remains essentially
constant during grain growth, N pﬁi = const. However,
this assumption was not confirmed in the new tests [1].
Indeed, in these tests changes in density of fuel pellets
during heat treatment were monitored simultaneously
with the grain growth measurements, which demon-
strated a plain correlation between grain growth and
fuel densification, Figs. 2(a) and 3(a).

It is straightforward to recalculate this correlation in
terms of porosity reduction versus grain size growth at
various test temperatures, as presented in Figs. 2(b)—(d)
and 3(b)—(d) for batches with different porosities, T0
and TI12, respectively. Analysis of experimental
points shows that relative porosity of fuel pellets,
Vpores/ Vo = Np(0)R, (1) /N, (0)R; (0), can be fairly corre-
lated with the mean grain size, Ry (¢)/Re(0), by a power
dependence:

VporES/VO = (Rgr(t)/ﬁgr(o))_a (10)

with parameter a ~ 0.2-0.3 slightly dependent on tem-
perature and somewhat different for two batches TO
and T12, as seen from Figs. 2 and 3.

Under the main assumption N, o< Ny o< F; one can
see from Eq. (10):

3 35 m-a
Vioores/ Vo X NpR o< R /Ry X Ry, . (11)

In this case the above presented relationship between
mean radii of pores and grains, Eq. (4), is violated and
takes the form:

Ry (1) /Rp(0) = (Rer(1) /R (0)'™". (12)
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Fig. 2. (a) Variation of grain size as a function of relative density during annealing of batch T0, measured in [1]. (b) Variation of fuel
POTOsity Vpores as a function of grain size L, recalculated from (a) and fitted by analytical curve, for batch T0 at 2023 K. (c) Variation of
fuel porosity Vpores as a function of grain size L, recalculated from (a) and fitted by analytical curve, for batch TO at 1973 K. (d)
Variation of fuel porosity Vyores as a function of grain size L, recalculated from (a) and fitted by analytical curve, for batch TO at

1923 K.

Substituting Egs. (12) and (7) in Eq. (5) one can get, in-
stead of Eq. (8):

ARy —i-n(i-ay3)
dt x Rgr ’ (13)
or, after integration of Eq. (13):
—n(l—a/3) —=n(l—a/3)
R, () = Ry (0) = K(T)t. (14)

This means that for the surface diffusion mechanism of
pores (i.e. n = 4) the power exponent attains non-integer
value ~3.6-3.7, whereas for lattice and/or gas phase dif-
fusion (i.e. n = 3) it becomes ~2.7-2.8.

In order to calculate the new exponent a from the
theory, one should consider self-consistently two pro-
cesses of corner pores coalescence due to grain growth
and pore size reduction due to vacancies evaporation

in the course of thermal annealing (or irradiation in-
duced densification). Consideration of this problem is
presented in Section 3.

3. Microscopic consideration

The grain growth model is considerably simplified by
an assumption of spherical grains. However, an accurate
treatment of extra-granular porosity requires more
adequate grain shape specification. In a more realistic
approach the shape of UO, grains is considered as trun-
cated octahedron or tetrakaidecahedron (TDK) [8]. The
TDK has 14 faces, six of which are square and eight hex-
agonal, 36 edges and 24 corners. When packed together
an array of TDKs can fill all available space in a solid
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Fig. 3. (a) Variation of grain size as a function of relative density during annealing of batch T12, measured in [1]. (b) Variation of fuel
porosity Viores as a function of grain size L, recalculated from (a) and fitted by analytical curve, for batch T12 at 2023 K. (c) Variation
of fuel porosity Vpores as a function of grain size L, recalculated from (a) and fitted by analytical curve, for batch T12 at 1973 K. (d)
Variation of fuel porosity Vores as a function of grain size L, recalculated from (a) and fitted by analytical curve, for batch T12 at

1923 K.

and thus represents an appropriate basic building block.
The meeting point of each grain face is shared by two
grains, each grain edge by three grains and each grain
corner by four grains. Grain corner bubbles are con-
structed by intersection of four spherical surfaces and
in shape are close to the spherical ones. For the simplic-
ity, in the MFPR code these corner bubbles are assumed
to have a spherical form.

Shrinkage of an isolated pore owing to vacancies
evaporation during thermal annealing can be calculated
by application of the Speight and Beere’s approach [9]
(for the grain face cavities) to the case of the corner
pore, which is located at intersection of 6 grain faces
(4 hexagonal and 2 square):

3.67nQDgw 2y,

v,
- pkT R,

o (15)

where Dgy, is the grain boundary self-diffusion coefficient
of uranium atoms, §=In(R./R,) —0.25(1 — R}/R?) x
3- Rg/Ré) is the dimensionless factor, 2w is the effec-
tive thickness of the grain boundary (~1nm),
(nR%)™" = n, determines the radius of the pore sinking
zone R., which can be estimated taking into account that
24 corners are distributed over the grain surface with the

area of ~ 4nR;,, i.c.

n, ~ 6/1R; and R.~ Rgr/\/g7 (16)
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where 7, is the surface concentration of corner pores on
the boundary.

Therefore, decrease of an isolated pore radius can be
evaluated as
OR, ~ 5.5QDgw v, o

—_— = — 1
ot pkT R, R, (a7

where

_ 5.5QDgwy

o (18)

Neglecting pores shrinkage, one can obtain (following

Kingery and Francois [4]) that variation of total poros-
ity in the course of pores coalescence is zero, % =0.

However, taking pores shrinkage into consideration, Eq.
(15), one will obtain that in this case

A7) o7,
— N, P 19
dt Por (19)
where
d(N,V,) dv, - dn,
——— Y =N,—+V,— 20
dt TR T (20)
and
NpocNgrch;. (21)
Here azp denotes variation of the pore mean volume ow-

ing solely to pores shrinkage, Eq. (15), whereas d%

denotes total variation of the pore mean volume

owing to pores simultaneous shrinkage and coalescence.
Substituting Egs. (15), (20) and (21) in Eq. (19), one

obtains

drR, R, dR,

dt R, dt _3_§3'

(22)

In the case when the corner pore mobility controls grain
boundary movement, the relationship for the mean
grain radius growth controlled by pore mobility, Eq.
(14) in Part 1, takes the form:
_ . —2
Ry 8 TeoC By )y Ten BomRer (23)
dt 81 Ry mp Ry 6

where Eq. (16) was used for ny,.

As shown in Part 1, for the considered case of large
pores with R, > 1 um the surface diffusion mechanism
controls the pore migration kinetics, therefore, in accor-
dance with Eq. (52) in Part 1, B, ~ 322 Substituting
this value in Eq. (23), finally one obtains?

ARy TavS Dow@ Ry (24)

or
dRy Ry

= p—= 25
QPR (25)

where
“/gbCy DwQ
Q=
40 kT
The system of Egs. (22) and (24):
dR, R, dRy o
dt Ry dr 3R

(26)

dRy

o Y

=]
o

)

L

=
<

has the solution:
R, Ry " (27)

and

—4(1—a/30p)

H4(1—a/3¢) o
RO () R (0) = Kt. (28)

er
The total porosity reduction can be calculated as

— —3 R
Vpores = Np¥p o N, o (%’)
of Eq. (27):

and after substitution

Voors = NoPp o RS'" =R/, (29)

where a = a/¢.
Substituting Egs. (18) and (26) in Eq. (29), one can
evaluate:
B 220 Dy,
“=0% g

(30)

where ¢ =~ 1-2, parameter § depends on the fuel porosity
(see designations after Eq. (15)) and for the fuel density
96-98% varies in the range 0.2-0.3.

4. Comparison with the experiment

Owing to a large uncertainty in determination of the
diffusion coeflicients (especially Ds [1]), it is difficult to
evaluate the exponent a directly from Eq. (30). In this
situation it seems more reasonable to demonstrate that
dependencies of this exponent on temperature and sam-
ple porosity follow correct trend with respect to test
observations.

First of all, substituting the evaluated exponent
a~0.2-0.3 (see Figs. 2 and 3) in Eq. (30), one can
estimate the ratio Dy/ Dy, ~ (2—5) x 10%, in a reasonable
agreement with experimental data, see Section 3.3 in
Part 1.

Applying Eq. (30) to two batches TO and T12 with
different mean (during the test) densities ~96.5%
(f~0.25) and ~97.5% (f ~0.32), respectively, one
obtains a(T0)/a(T12) ~0.78, in a reasonable agree-
ment with measurements at all three test tempera-
tures: at 1923 K, a(T0)/a(T12)~0.81, at 1973 K,
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a(T0)/a(T12)~0.73 and at 2023K,  a(T0)/
a(T12) =~ 0.87, as can be seen from Figs. 2 and 3.

Eq. (30) also qualitatively correctly predicts the tem-
perature dependence of the exponent a. Indeed, using
experimentally measured activation energies for the
diffusion coefficients Dy, o exp(—35250/7) [10] and
Dy ox exp(—450000/RT) = exp(—54125/T) [11], one can
estimate the ratio @(1973 K)/a(2023 K) ~ 1.62. Taking
into account the uncertainty of the diffusion coefficients
evaluation, this prediction is in a fair agreement with
measurements either for batch TO (x1.24), or for batch
T12 (=1.33), as can be seen from Figs. 2 and 3.

5. Conclusions

The new model for the grain growth is further devel-
oped for consideration of unirradiated porous UO,
pellets.

Being applied to analysis of the normal grain growth
kinetics during fresh UO, thermal treatment (sintering)
with additional consideration of observed fuel densifica-
tion (i.e. porosity reduction), the model predicts for the
first time that the grain growth kinetics controlled by
pore migration can be characterised by non-integer
growth exponents, in accordance with recent observa-
tions of Bourgeois et al. [1].

The model qualitatively correctly describes the main
trends in dependence of the growth exponents on tem-
perature and fuel porosity measured in the tests [1].
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