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ABSTRACT

In the context of the fuel rupture (UO,), a study of gas bubbles stability is proposed. These bubbles are
created during irradiation. For that, a cohesive zone approach is used. The proposed model depends on two
parameters, the critical stress and the critical energy release rate. That latter parameter presents a material
property and could be easily measurable thanks to notched micro-cantilevers bending tests, prepared in
fresh and irradiated UO; fuel (Figure 2). Nevertheless, the critical stress is more complicated to define.
Indeed, this parameter measure the stress concentration due the presence of local defects (porosity, gas
bubbles ...), ii) the cantilever shape (embedding), or the presence of grain boundary. In addition, this
parameter is not experimentally directly accessible.

The fresh UO, samples (without grain boundary) broke, as expected, at the cantilever base, where the
stresses are the highest. However, for the samples presenting large defects or grain boundaries the crack
generated follows those latter.

Based on these experimental data and the cohesive zone approach, the main goal is to study the pressurized
intra-granular bubble stability at various zones of the fuel pellet.

INTRODUCTION

In the context of the fuel rupture, we propose to study the stability of gas bubbles, which are created
during irradiation. For that, a cohesive zone approach [1] [2] [3] [4] [5] [6] is used. The proposed model
depends on two parameters, the critical stress and the critical energy release rate. These parameters can be
identified tanks to bending tests on notched micro-cantilevers, prepared in fresh and irradiated UO, fuel
[12]. A molecular dynamic approach can be also used [7] [8] [10]. Nevertheless, the critical stress is more
complicated to define. Indeed, this parameter should describe the stress concentration due to the presence
of local defects (porosity, gas bubbles ...), the cantilever shape (embedding), and the presence or not of
grain boundary. In addition, this parameter is not experimentally accessible.

The fresh and irradiated UO, samples [12] (without grain boundary) broke, as expected, at the cantilever
base, where the stresses are the highest. However, for the samples presenting large defects or grain
boundaries the crack generated follows those latter.

Based on these experimental data and the cohesive zone approach, the main goal is to study the pressurized
bubble stability at various zones of the fuel: intra-granular zones.

MATERIALS PROPERIES

To evaluate the fracture properties, fracture stress and fracture energy (from toughness measurement), two
approaches are proposed:

e Experimental approach using bending tests at the grain scale

e Numerical approach using molecular dynamic
For experimental approach, we use bending tests as show in Figure 1:
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Figure 1. Experimental tests and simulations associated

This experimental approach is associated to numerical simulations to interpret the tests. The toughness is
measured using notched beam. However, for rupture stress, it is more difficult. Indeed, we do not know
exactly where the crack initiates. To obtain the rupture stress we choose to use dynamic molecular approach.

The atomic potential used is the CRG potential (Cooper-Rushton-Grimes) for UO2 [7]. It is composed of
three potentials: Buckingham potential [7] for gas, Morse potential [8] witch acts at short distances and
Coulomb potential witch take into account the long-distance interactions. We also use an N-bodies potential
acting at short range: EAM potential. The elastic coefficient are first calculated to test the potential. The
Table 1 show a good correspondence between the experimental measurements and those calculated in
dynamic molecular.

Table 1: Elastic Coefficient for UO2

C11 (GPa) | C1\ (GPa) | C1\ (GPa)
Exp[12]| 396 121 64
CRG[7]| 406 125 64

From these data, the critical stress and energy obtain by dynamic molecular; it is possible to evaluate the
stability of gas bubbles present in the fuel.

BUBLES POPULATIONS

In the fuel, we can observe different bubbles populations:

e Intra-granular

e Inter-granular

e Precipitation

e HBS
These bubbles have different complex forms and internal pressure. In this article, only intra-granular
bubbles are taken into account with a geometrical description based on a spherical shape.
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Figure 2. Spherical bubble (radius “a”) with its rupture plan

We consider a pressurized spherical bubble, of radius “a”, in an elastic ceramic matrix (Figure 2). The
pressure seen by the matrix will be noted: . This pressure is worth [9]:

p=P-L=p-2

a

y is the surface tension, which is equal to G./2, with G, the Griffith energy and P the gas pressure inside
the bubble.

Gas bubbles stability analysis

The balance equation is:

0opy 1 _ : —
—+ (07 —0g9) =0 with ggg = 04 Q)
E o . . .
We put x = £ =>1and u= TR the compatibility equations and elastic behavior law:
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The stresses and strains fields written:
o _ 1p
Oy = ——3 & = T ouxd
X and e (4)
6 @ 2x3 o ¢ 4u x3

From equation (3) and (4), the stored elastic energy can be deduced:
1
Eq= |, E(ar.er + 0g.€9 + 0. £,)dV (5)
Then:
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na® 1
Eei = EJOZ (1 - ;) (6)
Furthermore, the energy required to create a crack with surface S is:

Ef = G.S = nG.a?(x? — 1) (7)
There is crack initiation if the two criteria, energy and stress are verified.
This leads to verify that:

{Eel (x) = nG.a?(x? —1) @®
0p(X)(= 0,(x)) = 0,
We obtain the two following equations:
3 1 1 3
%goz (1 —;) > nG.a?(x? —1) and ~§ (%) = 2% >0, )
This can be expressed as:
2uGe (x3(x+1
p= [PE(EED) o > 207 (10)

We put: K., = ’45—55 and K., = 20,.

The two parameters, K., and K.,, are associated respectively with the energy criterion and the stress
criterion. These two constants have the dimension of a stress, that is to say joules per unit of volume (J/m?).
The crack initiation condition is that the two criteria are verified at x=1:
=K, and p = K,
From this two equations a stability criteria can be deduced. The bubble is stable if:
P < Kenmin or o < Kcomin

Kenmin and K.omin are the minimal values deduced from material properties
In order to better understand crack propagation, the criterion can be evaluated according to available
material properties, for x>1. To do this, two functions associated with the two criteria must be introduced.

e The function g(x) = K.,x3. This function, linked to stress criterion, is strictly increasing

with g(1) = K,,. This function g, which have a simple behavior, is used as reference.

. , 3(x+1 . . . . .
e The functionf (x) = K, % . This function, linked to energy criterion, can be written as :

f@) = Kenx |7 f = Kenjé (11)

x(x+1)

For x much greater than one, we have: f(x) = K, X, so a linear evolution (asymptotic behavior). We
define:

% = (ﬁ—ig)z (12)

Three cases must be considered:
In the first case: K = %

gx) = Kcox3 and g(1) = K, %: K¢
f(x)>0,g(x) >0 and f(1) =g(1)
We put:
(x+1)

fO)=g)=f2(x) =g*(x) © K& = = K&ox®

x?+x+1)
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and

Hx) =x5+x*+x3—K(x+1)
H'(x) =5x*+4x3 +3x2 - K
H"(x) = 20x3 +12x* + 6x > 0

The function H' is increasingand H'(1) =12—K >0
The function H is then strictly increasing with H(1) = 0. We find:

2
f)=9Q1) = Ken\/;: Keo

K=1,5, Ke=2,45 GPa, Kc=2 GPa

Figure 2: Energy density evolution with the ratio x/a in the case where K =1.5
The Figure 2 shows that the stress and energy criteria are verify simultaneously at x=1. This lead to the start

of the crack (or much localized damage). In this case, there is rupture without propagation of the crack.
This is a very particular solution, which does not really make physical sense.

In the second case: K > %

2
f() = Ken §> Keo = 9(1)

g(x) = Kcox3 et g(l) =Ko < Ken 5

x3(x+1)
(x2+x+1)

2
et f(l) = Ken §> Keo

There are two points of intersection between the two curves if: Ix > 1/g(x) = f(x). Therefore, we
have:

f(x) = Ken

HxX)=x+x*+x3—K(x+1)=0 and H(1) =3-2K <0
H'(x) =5x*+4x3+3x?> - K
H'(x) = 20x3 + 12x%2 + 6x > 0
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The H' function is therefore increasing and we have:
H'(1)=12—-K and H(1) =3-2K <0
Two cases can existed:
e K >12 =>H'(1) <0 = His a decreasing and then increasing function
e 15<K <12 =>H'(x) > 0 = H is an increasing function
H is increasing when x tend to infinity with H(1) = 3 — 2K < 0, therefore exists a point such as :
H(x)=0:
(x+1)
c(x24+x+1) x
K. x?
x3 + (x+1)
In this case, we have a continuous, decreasing and positive function (:—3) and an increasing and positive

3

2
function (1 + ﬁ). So there is one intersection point between the two curves as showed Figure 3.

K=10, Ke=6,32 GPa, Kc=2 GPa

densité d'énergie J/m3
o

Figure 3: & > 1.5: Stable propagation (at the start)

On the figure 2 above, the stress criterion is reached first (blue curve). The pressure in the bubble must
continue to increase until it reaches the energy criterion (orange curve). At this moment, the rupture appears
and propagates (red arrow). In this case, we obtain “stable” crack propagation.

e Inthe third case: K < % :

f =K3\E<Kc=g(1),i.e: x <3

Hx)=x+x*+x3—K(x+1)=0
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K=0,1, Ke=3,16 GPa, Kc=10 GPa
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Figure 4: K <1.5: Dynamic propagation

In the figure 4, the energy criterion is first verified. The pressure in the bubble continue to increase (blue
arrow) until it reaches the stress criterion, which implies a sudden rupture of the bubble (red arrow).
In summarize, function of ¥, which is defined as the square of the ration between the energy criteria (K,;,)

2
o K, o .
and stress criteria (K,,): & = (—K"") , there are principally two rupture mechanisms:
co

e For K <3/2: The energy criterion is first verified at the surface of the bubble. The pressure must
therefore continue to increase to reach the stress criterion. Meanwhile, the energy in the bubble
continues to grow. The crack appears to release the important stored energy. The propagation of
the crack is, in this case, unstable.

o Pour K >3/2: The constraint criterion is checked first. The pressure in the bubble must continue
to increase to reach the energy criterion. Once reached, a crack appears, dissipating the stored
energy. The crack therefore tends to stop quickly. In this case, the propagation is described as
stable.

In summary, depending on the value of ¥, which is defined as the square of the ratio between the energy

. . Ken\? . .
criterion (K,,;,) and the stress criterion (K,,): K = (ﬁ) , there are mainly two break mechanisms:
co

For & <3/2: The energy criterion is first checked at the surface of the bubble. The pressure must therefore
continue to increase to reach the stress criterion. Meanwhile, the energy in the bubble continues to grow.
The crack appears to release the important stored energy. The propagation of the crack is, in this case,
unstable.

For I >3/2: The stress criterion is first checked. The pressure in the bubble must continue to increase to
reach the energy criterion. Once this criterion reached, a crack appears, dissipating the stored energy. The
crack therefore tends to stop quickly. In this case, the propagation is stable.

In our case, according to Table 5, we have K<1.5, the unstable regime is activated if the rupture criteria are
reached. This is generally not the case for nano-metric bubbles.
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STABILITY STUDY OF INTRAGRANULAR BUBBLES

The data are provided by Margaret [13]. This code gives the evolution of gaseous fission products with gaz
concentration, number and size of bubbles in the fuel (formation, and pressure evolution) during irradiation
in the reactor and the storage. The bubbles are stables if :

£ <1 or

Kenmin Kcomin

<1

Depending of the results given §2, the parameters K,, and K., can be framed (Tableau 1) by minimum
and maximum values.

Kcomin (GPa) Kcomax (GPa) Kenmin (GPa) Kenmax (GPa)

14 20 6.73 48.4

Tableau 1 : Ko and Ken for each intra-granular phases

The stability criterion can now be checked using the results issus of Margaret code. We find the
results presented in Figure 5 below:

Stability criteria: Intragranular bubble

0,8
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0,4 0000000000000000°

0,2
0000000000000

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5
-0,2

Criteria : Kcomin

-0,4
000000

-0,6 > ...

-0,8
Pelet radius(mm)

Figure 5: verification of criteria for intra-granular bubbles

CONCLUSION
The inter-granular bubbles population has been studies. We showed this population stays stable during

storage of the fuel. The others populations (intergranulaires and HBS) have not been studies. In fact, to
studies these last bubbles populations, we need more data on grain boundary properties.
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