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Abstract

In order to evaluate the stress level during pellet cladding mechanical interaction (PCMI), Electricité de France is
involved in a large program of investigation of the mechanical properties of both fuel pellets and claddings. In this
paper, we focus on the mechanical behavior of uranium dioxide. These pellets exhibit a yield point during strain
hardening tests and sigmoidal creep curves, that is inflection points characteristic of a non-monotonous viscoplastic
flow in the first stages of the tests. Inspired by Alexander and Haasen’s work upon single crystal silicon, we develop a
dislocation-based model that is able to describe the viscoplasticity of uranium dioxide in the range of temperature and
stress of the PCMI. After developing this model, we introduce it into the Pilvin’s polycrystalline approach. The self-
consistency of the polycrystalline approach in the case of a non-monotonous viscoplastic flow is demonstrated in an

independent article.
© 2003 Elsevier B.V. All rights reserved.

PACS: 83.60.La; 81.40.Lm; 46.35.+z

1. Introduction

Nearly 80% of electricity production in France relies
on nuclear power. Seasonal variations of the power re-
quirement, which cannot be handled by non-nuclear
production, must be translated to variations of the re-
actor power delivery. During power transitions, the
pellets of uranium dioxide encounter the zirconium alloy
cladding and triggers strain in the latter. For these
pressured light water reactors, the temperature in the
center of the pellet can reach 1600 °C whereas it is close
to 900 °C near the cladding. Thus as the melting tem-
perature is roughly 3000 K, viscoplastic flow is likely to
appear in the hot part of the pellet. The viscoplasticity
will relax a fraction of the stress in the pellet, hence in
the pellet cladding interaction zone. Therefore, the as-
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sessment of stress during pellet cladding mechanical in-
teraction (PCMI) requires the knowledge and the
modeling of the viscoplastic flow of uranium dioxide.
In normal conditions, that is when the power re-
quirement is constant, steady state laws are sufficient to
describe creep phenomena and the evolution of the di-
ameter of the pellet. In the case of a power ramp, a finite
element method study requires a complete constitutive
equation. Leclercq [1] has proposed a phenomenological
model of the viscoplastic flow based on a hardening
multiplication viscosity law, which simply describes
stress relaxation, hardening and creep (stages I and II).
In that paper, the law was identified for the case of
uranium dioxide and Leclercq proposed a model of the
effect of the variation of porosity. Note that, for the sake
of simplicity, the pellets used for the identification had a
monotonous viscoplastic flow whereas standard pellets
exhibit two inflection points at the beginning of the vi-
scoplastic flow during stain hardening tests (see Fig.
1(a)). This phenomenon, called ‘yield point’, is due to a
cascade of dislocations, typical for low dislocation
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Fig. 1. Characteristic behavior of materials exhibiting yield
points.

density materials. The corollary of the so-called yield
point is a sigma-shaped creep curve, which amounts to a
significant increase of both dislocation density and ve-
locity (see Fig. 1(b)). The sigma-shaped creep curve is
the subject of this paper.

First, we recall the main features of the surroundings
of the pellets so as to understand the structural and
material behavior of uranium dioxide. As the yield point
has been widely studied for single crystal silicon, we start
from Alexander and Haasen’s model well known for its
ability to describe non-monotonous viscoplastic flow but
whose major weaknesses are the multiplication law for
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dislocations and the internal stress expression. Thus we
develop a multiplication law that correctly describes the
material behavior. Afterwards, we extend the model into
a polycrystalline approach.

While macroscopic fits are not absolute evidence of
the behavior of a material, we have tried, as far as
possible, to couple these fits with observations of the
microstructure of uranium dioxide.

For the sake of intellectual property, the numerical
value of the stress and strains will be normalized.

2. Mechanical environment
2.1. Structural effects

During PCMI the temperature is likely to be close to
1600 °C in the center of the pellet and 900 °C at its
border. The boundary conditions of the thermal prob-
lem encounter a diabolo shape (see Fig. 2(a)). Due to the
huge temperature gradient (the radius of the pellet is
about 4 mm), the thermal stress becomes very high.
Since the uranium dioxide is brittle in the cold area, the
pellet bursts out into fragments (see Fig. 2(b)). Note that
the fragmentation is both radial and axial.

2.2. Crystallography

Uranium dioxide is a partially ionic solid. Its struc-
ture is called fluorite, which is the stable phase of ura-
nium dioxide for any temperature. Crystalline uranium
dioxide is made of U** and O>~. The oxygen ions are
arrayed in a simple cubic lattice and the uranium ions
form a fcc sublattice. Note that the unoccupied inter-
stitial positions in the body centers of the small cubes do
not contain uranium ions.

The ionic structure triggers a major consequence
upon dislocations which are represented by two semi-
planes in order not to disturb the electric neutrality.
Assuming a perfectly ionic solid, Lefebvre [2] calculated
the stacking fault energy for UO, and found that since
the value is very high, glissile dissociation is very un-
likely. Since screw dislocations have no electric charge,
their motion is faster hence hereafter we only consider
the corner dislocations in our modeling (see [3]).

The primary glide system is (110){00 1}, the critical
resolved shear stress (CRSS) is nearly half that of the
system (110){110}. If this system is active, dislocation
networks are created upon two directions. Eventually
interactions with the plane {111} trigger an hexagonal
network. In the range of temperature and stress of this
study, there are five independent slip planes. The crys-
tallography of uranium dioxide is very sensitive to both
irradiation and stoichiometry control.

The influence of an excess of oxygen has been studied
since it eases the sintering of the pellet. The third digit of
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(a) Schematic representation of the
fragmentation and the diabolo effect.

Fig. 2. Fragmentation of a pellet due to the thermal gradient.

the stoichiometric ratio O/U has a very large influence
on the strain rate, at 1500 °C the strain rate of a pellet
with a stoichiometric ratio of 2.001 is 1200 times big-
ger than the strain rate of the stoichiometric pellet (see
[4). _

Irradiation, that is neutron flux F, is likely to enhance
the viscoplastic flow of uranium dioxide. Moreover there
exists an irreversible strain rate é™, which is a function
of the absorbed irradiations. Hence the anelastic strain is
written:

En ="+ 8P (14cF), (1)

where F is the number of fissions per cm? per s (see [5]).

2.3. Viscoplastic mechanisms

In the range of temperature and stress of the PCMI,
according to Ashby and Frost [6], see the clear grey
rectangle of Fig. 3(a), the strain rate is controlled by
dislocation motion. When the temperature is greater
than 7;, /2, grain boundary diffusion becomes noticeable.

Numerous authors have proposed steady state creep
laws for specific mechanisms. Let us summarize the main
ones. In the case of vacancy diffusion, the strain rate is a
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formed at 6% (Vivant-Duguay [29]).

Fig. 3. Deformation mechanism and cavities coalescence [6,29].
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linear function of the stress and depends on the grain
size:

B
s'Vp:%aexp(f%>7 (2)

where d is the grain size, Q is the activation energy of
vacancy diffusion, B is a constant and o =2 or 3 de-
pendent on whether the diffusion takes place in the bulk
or in the grain boundary (see [7,8]).

In the case of dislocation motion, the strain rate is
independent of the grain size but it is a non-linear
function of the stress:

e ()

where Q.. is the activation energy of vacancy diffusion
in the bulk. In the Weertman’s model, based on dislo-
cation annihilation n = 4.5. Nevertheless, these models
rely on descriptions which sometimes have not been
observed. Thus, they may not be satisfying.

Another weakness of these descriptions is the state-
ment of macroscopic threshold between mechanisms. In
the case of a polycrystal, it is much more realistic to
consider that in some grains the strain rate is controlled
by dislocation motion whereas elsewhere, for lower
stress level, vacancy diffusion is predominant. Ashby
and Verrall [9] have proposed a versatile model which
describes the strain rate as a weighted sum of the former
mechanisms:

. o0 Qvol

Egier = oA exp ( T RT )7 4)
. oro va

Sgiff ~Tr exXp ( - R; >a (%)
. asan Vo

Edislo = T eXp ( - %T] )7 (6)

where o; and o, are parameters to be identified on
macroscopic tests.

2.4. Damage evidences

Scanning electron microscopy (SEM) pictures (see
Fig. 3(b)), indicate the coalescence of vacancies near the
grain boundary which gives rise to cavities. Thus the
efficient section is reduced, that is damage occurs during
the strain-hardening test. The elastic properties are as-
sumed to be linear decreasing functions of a scalar
variable D taking into account mechanical damage ef-
fects, for instance E“ = Ey(1 —D) where E" is the
Young’s modulus and Ej is the Young’s modulus at the
beginning of the test. We do not discuss the effects of
damage on the viscoplastic strain rate, nevertheless we

Table 1
Estimation of the evolution of the Young’s modulus due to
damage [28]

Pre-strain (%) Estimation of the Young’s

modulus (GPa)

0 229
4.47 164
6.50 163
7.02 158

quote Lemaitre and Chaboche [10] and Kachanov [11]
who have proposed viscoplastic models coupled with
damage functions.

We propose a first estimation of the damage in the
case of UO, using microacoustic measurements (see
[12]). In Table 1, we give the estimated Young’s modulus
for different strain levels. At first sight, it appears that
damage cannot be disregarded and should be further
studied. Unfortunately, discriminant tests are not nu-
merous enough to do so. Three points bending test and
inverse method identification are required. Hereafter,
damage will be assumed to be an increasing linear
function of the viscoplastic strain.

3. Modeling of the non-monotonous viscoplastic flow,
dislocation based-model

Most of the pellets formerly used for the study of
uranium dioxide do not exhibit a non-monotonous
viscoplastic flow, whereas industrial pellets do. Sigma
creep curves and yield point are characteristic of this
kind of viscoplastic behavior. This feature has been
widely studied for single crystal silicon and NaCl salt. It
is common to many materials where the dislocation
density is very low and the velocity of the dislocation is
controlled by Peierls’ forces. Note that point defects can
also pin dislocations and trigger yield points.

We are aware that there is a lack of information on
the microstructure. Moreover the correct fit of our ex-
periments by macroscopic models is by no way an evi-
dence of the existence of a phenomenon. Nevertheless,
our results are excellent over a wide range of tempera-
ture and stress ([950; 1600 °C] and [15; 250 MPa] re-
spectively) and our interpretations are consistent with
the literature.

Hereafter, we start by recalling the Alexander and
Haasen’s model with its advantages and drawbacks,
highlighting its assumptions. Then we propose modifi-
cations of some features and also introduce, according
to Ashby and Verrall, a diffusion mechanism that takes
into account the grain boundary sliding assuming su-
perposition of the viscoplastic flows. Finally, we present
the limits of this approach and introduce our develop-
ment of a polycrystalline framework.
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3.1. Description of the experimental data

The equipment had been designed by the Commis-
sariat a I'Energie Atomique (CEA) and Dr Mocellin’s
team performed the mechanical tests on an Instron 1185
with a maximum load of 10 tons. The pellets are tested
in creep, stress relaxation and strain hardening test. The
load type is compression and the tests are strain-con-
trolled. In order to avoid any stoichiometry change, the
oven atmosphere is regulated with (95%Ar, 5%H?2) at
50 1/h. The average moisture level is 0.02% in volume.
Note that a very large experimental program was per-
formed by the CEA in order to model the steady state
creep of uranium dioxide. In particular, Dherbey et al.
[13] used transmission electron microscopy (TEM) and
SEM analysis to correlate microstructure to macro-
scopic mechanical behavior. The temperature is con-
trolled by several thermocouples.

We made an approximation concerning the shape of
the pellet. On Fig. 4, one can see a pellet deformed at
16%. Due to friction on the top and the bottom sides,
the pellet has a barrel shape. On Fig. 4(b), we illustrate
the consequence of the assumption of stress homoge-
neity showing that the strain is slightly over evaluated.

In order to specify the tests for identification, espe-
cially the strain rate, we use a previous study performed
by Diard with the FEM code Zébulon at the Centre des
Matériaux, Evry. This modeling describes one sixteenth
of the pellet and the cladding, which undergo a power
ramp like a temperature load. There is an increase of the
pellet diameter, then the pellet imposes its strain to the
cladding. After a significant increase of the stress, stress
relaxation occurs due to viscoplastic flow. The constit-

(a) Uranium dioxide pellet
deformed at 16%
(Vivant-Duguay [29]).

utive equation used for the pellet is a multiplicative-
viscosity hardening, see Leclercq [1] with a specific
model for the cladding (see [14]). The maximum stress is
about 250 MPa and é,,, ~ 10~° s~'. Hence the chosen
strain rate for our tests.

3.2. Description of the model

3.2.1. Description of the Alexander and Haasen's model

This model includes a single dislocation density [15].
This strong assumption must be explained. It was shown
by etch pit at the early stage of the viscoplastic flow that
most of the dislocations belong to the primary slip plane
and that the dipoles or multipoles are invisible. Conse-
quently, the measured dislocation density is closer to the
density of mobile dislocations than the total density of
dislocations.

Let us now recall the constitutive equations:

\" AH,
U=Uo(?0> exp(fR—TO), (7)

P =3+ oo, (8)
" = max(0;1 — 1;), 9)
p = Kpvt", (10)

where v, b, AH, p, T*, i, M, are respectively the velocity
of dislocations, the magnitude of the Burgers’ vector, the
free enthalpy, the density of dislocations, the effective
stress, the internal stress and the stiffness of the test

(b) Assumption of stress
homogeneity.

Fig. 4. Barrel shape after compression tests [29].
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machine (equivalent to an apparent shear modulus).
Taking into account the machine and the explored range
of temperature, the value of M, largely differs from g,
the shear modulus (M, ~ u/10 from our identifications
which is consistent with the remarks of Rabier and
George [16]). In the literature, one finds 1 <m < 2.

The expression for the effective stress is:

ub
TliZTt(l—v) VP (1)
where one recognizes the signature of corner disloca-
tions.

Note that the dislocation density still grows if 7 <0,
i.e. ¢ < &P, as it depends on the effective stress t*. Moulin
et al. [17] called this phenomenon ‘overshoot’. It means
that after the threshold 7 > 1;, the dislocations become
mobile and triggers a significant growth of the visco-
plastic strain rate, which in the case of yield point is even
larger than é. In this model the representative elementary
volume is a set of grains of the same orientation, that is
one considers a polycrystal of a single slip system. The
only crystallographic information lays in the Burgers’
vector.

One major advantage of this model is its ability to
predict and to estimate the stress at the upper yield point
and lower yield point, respectively tyyp and 7 yp. Eq. (9)
can be written the following:

T=1"+A4/p, (12)

inverting Eq. (7), (12) becomes, with B(T) = exp[—AH,/
RT):

. B 1/m
|
ro<prOB(T)> +Ay/p. (13)

The yield point is a local extremum of the stress curve
versus strain:

. 0
Typ is such that (—T) =0. (14)
o/,

Let us first focus on 7 yp. Haasen ' writes

— 1 )(:)T,iar,_i_@r.
T=1(y,p =575
and assumes (0t/0p),yp = 0. Hence, the density of dis-
locations at this specific point is

! One states that 01,y = 0. Note that Omri et al. [18]
disagree with this and show that p,, ,, varies as a function of the
temperature so that the effective stress 1} v is closer of 7 yp than
of its prediction using the AH model (t}yp = toyp/(m +2),
where 1 <m <2).

2 2m/(m+2) ')}Tm 2/(m+2)
= Uim — NGE
PrLyp (Am) [Uobexp(—%):| ( )

RT

Then, he introduces this result in Eq. (13) and obtains:

. AH,
TLyp X Vl/(wz) exXp (m) (16)

Note that this stress expression is independent of the
initial dislocation density and of the kinetics of dislo-
cation multiplication. At the upper yield point, Haasen
settles that (0t/0p)yyp # 0 and obtains an expression
analogous to Eq. (16): >

31/n AH,
‘EUYPO(LGXP<7O). (17)
Puyp nRT

We identify the parameters of the model by creep, re-
laxation and strain hardening tests performed on ura-
nium dioxide for temperature between 950 and 1600 °C
and stress included in [15; 250 MPa]. Our simulations
indicate that the dislocation density at the UYP can be
approximated by p,. Moulin et al. [17] note the value of
n is a little bit lower than m + 2. n appears in Eq. (17).

These simulations are gathered on the graphs shown
on Fig. 5 where we have compared the estimated value
of the yield point with the measurement of these specific
stresses on our tests. There is a good agreement between
the model and the measurements.

Nevertheless, the value of m (x9.3) differs from the
one found in the literature for silicon (1 <m < 2). This
means that UO,; is much less viscous than silicon at high
temperature. If one sets a model like oyyp o /%, o is
close to 17, which means according to Guérin [19] that
the behavior of uranium dioxide tends to be more plastic
than viscous.

3.2.2. Limits of the AH model

The AH model gives predictions of the stress at the
yield point in good agreement with experimental data.
The yield point stands for the dependency of the dislo-
cation velocity on the effective stress and the multipli-
cation law. Nevertheless, the AH model exhibits several
limitations:

(1) The multiplication law is very simple since it does
not take into account annihilation.

(2) We have justified the assumption of a single disloca-
tion variable p at the early stages of plastic deforma-
tion. As we wish to identify the viscoplastic behavior
of UO; up to &P = 6.5% it is necessary to use a more
accurate description.

2 Lower yield point (LYP).
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Fig. 5. Temperature dependence of the yield point stress for several strain rates.

(3) It has been shown with numerical identification that
the expression of the internal stress is inaccurate.

(4) At high temperature and low stress level, according
to the deformation mechanism map of Chapron
et al. [5], the diffusion mechanism can become sig-
nificant.

3.2.3. Description of our alternative model

To solve limitation 1, we have used the model given
by Estrin and Mecking [20] where we disregard the term
related to point defect versus dislocations interactions:

o= (kiv/p = k(™. T)p) 7. (18)

The constant k; takes into account the hardening due to
dislocation interactions and k, is the annihilation term
of the model. Note that this phenomenon is thermally
activated, see equation column 1 line 4 in Table 2.

To solve limitation 2, we refer once again to Kubin
and Estrin, who developed a multiplication model using
a system of two coupled differential equations: one for
the mobile dislocation density p,,, one for the forest
dislocation density p;:

dpr
devr

= MT (kl\/ﬁ; - kzpf + ]{3/)1.‘1)7 k,' = 0, Vi. (20)

Compared to Eq. (18), there is an additional coupling
term taking into account the immobilization of some
mobile dislocations k3. Concerning forest dislocations
they can be unpinned and become mobile (k). Mt is the
Taylor’s factor. According to Estrin, the viscoplastic
strain rate is given by:

" = Gpaa (2 ) 70 @
0o
where
x=Fm y_Pr
Prmo Pro
AHy * (1 — )P
g":exp[f 0 * ( Rqu(f/f) } and pog

is the initial density of mobile dislocations. Hence the
previous equation can be written:

dpm Pr AP g "
dor Mr| —ki/pr — kapy, + k4a ) (19) &r = {p, /T (22)
Table 2
Differing equations of the AH-like models
AH model (1 i.v.) AH model (2 i.v.) AH model (2 i.v.) + gbs
aifv: (e1y/p—c2(&,T)p) L& = g(—eVY — X + ey d) W= g(—eVY — X +ad)
7P = pbo &= (VY — Y +e3X) ih = (VY —aY + o)

c2(8,T) = ¢y % exp <— 7AI}O*(17ﬂgr(é)‘/f‘)p)

& =10 My =3.06 8 = Cpu(%2)”

-vp o—0;\"

‘gd = ‘:pm( I I)

VP w'a AHy
&F =fexp (= 57)
P ator _ AHp
Egbs = "3 CXP -5

AP _ VP | VP avp
&P =g + Egps T &L
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This equation is an Orowan’s law (y = bp,,v) with:

S -5

This similarity strongly emphasizes the fact that it is a
dislocation-based model.

The introduction of X and Y allows to write the
system as:

dx Y
M:q(—clﬁ—q)(—i-q)—(), (24)
dy

Qe (Clﬁ_C2Y+ C3X>, (25)

with ¢ = pg/Pimo-

Keeping in mind that the concept of effective stress is
the crux of the Alexander and Haasen model (AH
model), we modify the AH model introducing the dis-
tinction between mobile and forest dislocations in the
multiplication law (Egs. (24) and (25)) and the concept
of effective stress in the viscoplastic strain rate of
Eq. (22) [21]:

g = Cpm(”’ ‘“)m. (26)

Oj

Regarding limitation 3, we refer to Moulin et al. [17],
who introduced a corrective factor o on the internal
stress to improve the fit with experimental data (see Eq.
(28)) where d is the average grain size. As the mean free
path is maximized by the grain size, like Kim et al. [22],
we introduce a corrective factor Kyp in the expression of
the internal stress. This dependency amounts to a Hall-
Petch type law.

Finally, for limitation 4, according to Ashby and
Verrall [9], we add a viscoplastic strain rate related to
vacancy diffusion at the grain boundary.

Afterwards, we write and identify three models. The
first one consists in a AH model with a multiplication law
including a term related to annihilation (AH model 1
internal variable). The second one includes the Kubin
and Estrin’s differential system and the viscoplastic strain
rate from Eq. (26). The third one includes all the features
of the latter plus a term related to grain boundary sliding.

Hereafter we recall the common Egs. (27)-(30) of
these models. In Table 2, one finds the equations that
differ. The parameters of the models were identified over
the range of temperature [950; 1600 °C] and in the range
of stress of [15; 250 MPa]. The 9 mechanical tests are pre-
sented on Fig. 6 and in Table 5. The value of the para-
meters are given in Table 4. Fig. 6(a)—(e) are strain
hardening tests with stress relaxation steps and Fig. 6(f)
is a creep test. In order to assess the stress relaxation ki-
netics, we decided to draw the stress versus time. On Fig.
7, one can see the comparison between the experiments
and the simulation of the tests with the identified models:

° =max(0; 7 — 7;), (27)

oub Kup

Ti

b= vo<£)meXp ( cuhat _R’;q(f(é)/“) ) (29)

C =exp ( _ AH, * (lR_qu(T/Ti)p ) (30)

3.3. Discussion

The analysis of Figs. 6 and 7 indicates that at low
temperatures and high stress, the AH-like model with a
single dislocation density variable includes the necessary
features to describe the viscoplastic behavior of uranium
dioxide. But, as the temperature increases, the use of two
dislocation densities becomes necessary. Finally, at high
temperature and low stress, the relaxation kinetics, i.e.
the viscoplastic flow is better described by a vacancy
diffusion model. These results agree perfectly with the
limits of the original AH model and with the extensions
we have proposed.

Note that the present work is also consistent with the
former studies on viscoplastic mechanisms of uranium
dioxide at high temperature, which use one dislocation-
based mechanism and the Coble’s diffusion based
mechanism, for instance Chapron et al. [5]. The yield
point is only observed in the early stages of strain
hardening tests, which means that a well-chosen pre-
strain can avoid this phenomenon for the subsequent
loads [16]. Finally, the comparison of the model with the
experimental data is in good agreement with the studies
on single crystal silicon, on which Alexander and Haa-
sen developed their model. The features of this model
allow the description of both the yield point and the
sigma creep curves (see Figs. 1(b) and 6(f)). This dis-
cussion confirms that the concept of these models are in
good agreement with the mechanical behavior we ob-
served.

Note that there is no experimental evidence of grain
boundary sliding, the good fit of a model not being a
proof of physical meaning but rather an indication, es-
pecially when the number of adjustable parameters is
large. However, we have managed to describe numeri-
cally the viscoplastic behavior of UO, on the range
of temperature [950; 1600 °C] for stress from 15 to
250 MPa.

Although all of our reflections are based on the
structure of uranium dioxide, no crystallographic infor-
mation is mentioned except the Burgers’ vector. Hence, it
is difficult to extrapolate to large deformation due to the
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Fig. 6. Identification of the AH-like models, &), ~ 6.5%. Figures (a)—(e) are strain hardening tests with stress relaxation steps and (f) is
a creep test.
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Fig. 7. Simulation of the constant strain rate tests with the AH-like models, &, =~ 7.0%.

appearance of textures. Moreover, the internal stress
only roughly describes the interaction of forest disloca-
tions and we are not able to distinguish the contribution
of a given slide system to the viscoplastic flow and even

less to the internal stress, since we have only considered
one slip system.

The use of a polycrystalline approach allows the ex-
tension of the previous results introducing a distribution
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of crystalline orientations for a representative set of
grains in which one considers the contribution of the
independent slip systems. In Section 4, we recall the
principle of the polycrystalline approach and we see how
the AH-like model with two internal variables is used to
describe the viscoplastic strain rate on a given slip sys-
tem and consequently how the scope of the previous
results is extended. As all the deformations are supposed
a priori to be intragranular, the grain boundary diffusion
mechanism which amounts to grain boundary sliding
shall be disregarded. Hence, we focus on the moderate
temperature range, i.e. 7 < 1200 °C.

4. Polycrystalline approach

In order to define more accurately the internal vari-
ables corresponding to the dislocation densities and the
internal stress and hence the interaction between forest
dislocations of various glide systems, we choose to use a
polycrystalline approach. For its relative simplicity, we
use the polycrystalline model developed by Pilvin [23]
and Cailletaud [24].

4.1. Local behavior

Hereafter we define the local behavior within a phase.
As the material is supposed monophasic, a phase is a set
of grains with the same cristalline orientation.

Each glide system is characterized by its Schmid’s
tensor m, with:

1
m; =5 eon+n 1), I,=— (31)

where ng is the normal of the slip plan s.

The contribution of a glide system (s) to the plastic
strain &P is given by:
&= mg, (32)

ses

In order to model the kinetic of y,, we use the system
called above AH model (2 i.v.) described by Kubin and
Estrin [25]:

dx, ¥

& =‘1<*01\/Z*03Xs+04z)» (33)
dY;

d’\/y = (Cl\/z - C2Y5 + C3){S> . (34)

Then we are able to compute the shear strain:
. T, m
Yy = gpm ? Sgn(rS)’ (35)

7, = max(0; |t,| — 7), (36)

where 1, is the shear stress of the glide system (s).

The computation of the internal stress is complex. As
a matter of fact, it takes into account the interactions of
dislocations with each others hence the glide system in-
teractions. We introduce a hardening matrix 4 and write:

T = Tp + aub /ZArspya (37)
res

where 7 is the critical shear stress. The hardening matrix
A can be written 4,; = hyy + (1 — hpay)d,5. Setting gy = 1,
we have, with the unity matrix, the Taylor’s formulae [26]:

Ti = T + oub /Zp,. (38)
res

If A =0, there is no interaction between the glide
systems. The hardening within a glide system is only
dependent on its dislocation density. Since we are not
able to observe this phenomenon, 4y, is a parameter to
identify. Finally, according to [17] « = 1.48/[2n(1 — v)].

4.2. Localization

From the mechanical variables (s, ¢, &) computed for
each phases we now determine the macroscopic behavior
of the representative elementary volume characterized
by (X, E, EP). It amounts to computing spatial means of
(6,¢,6") on the REV, which we consider as a set of
phases with the same function of cristalline orientation:

=Y (o), (39)
E=Y(e) (40)

The localization law is set considering every grain as
the same ellipsoid:

c=X+%(1-9)B~-8B,), (41)

B, =& — A(B, — o2") "] (42)

where B =3 .(fB,), €: tensor of elastic modulus
(isotropic and homogeneous), &: Eshelby’s tensor for
an ellipsoidal inclusion.

This practical formulation is simpler to use than
Berveiller and Zaoui’s scheme. Nevertheless, it is nec-
essary to determine the two parameters 4 and 0 to sat-
isfy self-consistency. They are identified by finite element
analysis since the comparison to the BZ model even with
a tangent approach is limited to monotonous behavior.
In equiaxial grains, the phases are assumed spheric. The
tensors B, and & are respectively deviatoric and iso-
tropic. Eq. (41) is then written as:

o= X+2u(l - B)(B-B,). (43)
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4.3. Identification of the model

4.3.1. Identification scheme

The more parameters there are to identify, the harder
the identification is. Many parameters can not be de-
duced from observation, and there are is no proof that
there is a unique identification on this database. There-
fore a numerical identification is proposed using the
Code SiDoLo. Let us recall that the aim of this section is
to demonstrate the ability of the polycrystalline ap-
proach the reproduce the behavior of uranium dioxide.

To simplify this calculation, we only take into ac-
count the principal glide plan (100). Taking secondary
plans into account would be made by using different
values for 7y in Eq. (38) (see [27]).

o
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As the Young’s modulus is explicitly used in the lo-
calization scheme, we can no longer use an apparent
modulus M, to include the stiffness of the test apparatus.
Therefore, we have modified the experimental data in
order not to be mislead by the apparatus stiffness and
to be consistent with the elastic properties of ura-
nium dioxide. Moreover, we introduce a scalar in the
Young’s modulus to take into account the mechanical
damage:

E' = Ej % (1 — c48™). (44)
Finally, since the current homogenization does not in-

clude the intergranular sliding, we only consider tem-
perature over the range [950; 1150 °C].
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Fig. 8. Identification of the Alexander and Haasen’s model with two dislocation densities in the polycrystalline approach, &, ~ 6.5%.
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Table 3
Coefficient of the modified Alexander and Haasen in the
polycrystalline formalism

AH-2vi model

Coefficients Fixed

coefficients
q 1.000
m 10.24
n 5918
C 9.157
0 3.000E3
3 3.144E-7
cq 2.987E3
pp (M) 2.27E6
Ej (MPa) 2.023E5
Ca 8.507E-3
(7Y 2.707E-24
)4 9.084E-2
rq 9.137E-1
AH, (J/mol) 5.074E6
Kup (MPa/mm'/?) 6.536E~1
Piag 6.874E-1
A 1.019E4
J 7.941E-3
Number of coefficients 14 3

4.3.2. Results

In Fig. 8 we show the identification results of the
model for three representative behaviors of the material
between 950 and 1150 °C. The corresponding coeffi-
cients are reported in Table 3.

4.3.3. Discussion

The model is in good agreement with the experi-
mental data shown in Fig. 8. Furthermore, it is com-
parable with the identification of the Alexander and
Haasen modified model (see Fig. 6). Nevertheless, the
evolutions of the forest dislocation densities are differ-
ent: they are decreasing functions of the strain from
950 °C whereas previously it would occur above 1350 °C.
These dislocations have been annealed or become ses-
sile. The introduction of an intergranular hardening and
plastic accommodation counteracts this evolution and
triggers a positive hardening slope. This highlights the
influence of the intergranular hardening — even though
the values 4 and ¢ represent for a weak contribution. In
order to check the validity of the self-consistency
scheme for the coefficients 4 and ¢, a finite element
analysis has been performed and will be presented in
another article.

Finally, we note that the value of 4, is between 0 and
1, meaning that there are interactions within the glide
systems Ay, Since the value of this parameter is neither 0
nor 1, it needs to be identified numerically. Considering
coefficients ¢;, their values are close to those of the
macroscopic model after a correction of the Taylor
factor for ¢,y and c¢;. However, for ¢; and ¢4 the nu-

Table 4

Parameters of the AH-like models
Coefficients Model- Model- Model-

2iv-gbs 2iv liv

q 1.000 1.000
m 9.297 2.960 9.341
n 5.461 3.143
¢ 1.302E2 16.01 3.334E4
c0 1.605E3 3.128E4 8.435E3
c 2.551E-8 2.487E-8
cy 6.183E4 1.111E3
pp (M™2) 5.8E10 5.8E10 4.139E9
M, (MPa) 7.041E4 7.073E4 7.762E3
L(s™h 2.691E-4 4.192E-3
P 7.853E-1 1.478E-2 2.064E-2
rq 8.679E—-1 9.137E-1 5.601E-1
AH, (J/mol) 3.034E5 6.120E6 7.788ES5
Kyp (MPa/mm'/?) 3.772E1 2.03 0
r (mm) 5.967E-5
oF 3.229E-2
AHjg (J/mol) 1.621E5
Number of coefficients 17 14 8

Table 5

Features of the complementary tests used for identification

Test no. Temperature (°C) §(s7h

1 950 6.24E-5
2 1150 2.35E-5
3 1150 6.53E-5
4 1349 2.40E-5

merical values differ. The kinetics of forest dislocations
is slower than the macroscopic while contrary the sessile
kinetics is faster. Note that since we cannot prove that
this is a unique identification, these results should be
considered with prudence.

5. Conclusion

The aim of the present work was to propose an
original approach to simulate the non-monotonous vi-
scoplastic behavior of nuclear fuel pellets under nominal
and incidental operating conditions. The leading visco-
plastic mechanism of UQ,; pellets has been identified and
a dislocation based approach has been used to represent
it at a local scale. The Alexander and Haasen’s model
was chosen for its ability to reproduce the yield point as
evidenced on strain rate controlled compressive tests.
The use of a polycrystalline framework enables the in-
troduction of the crystallographic structure and the
grain heterogeneity of UO,. Therefore we expect good
predictive abilities of the present model and an easier
extrapolation to the large deformations or to the irra-
diated behavior. The grain boundary sliding which has
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been evidenced for tests performed above 1400 °C has
been neglected in the polycrystalline framework, as the
data base available for the identification procedure
belongs to [950, 1150 °C] temperature range. The effect
of mechanical damage on the elastic properties is taken
into account. Future work will extend the validity of the
model up to 1400 °C.
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