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Abstract

In this paper, the behavior of a dense UOs (porosity less than 2%) was studied
experimentally on a range of temperatures (1100°C - 1700°C) and strain rates
(107* — 107! /s) representative of RIA loading conditions. The yield stress
was found to increase with strain rate and to decrease with temperature.
Macroscopic cracking of the samples was apparent after the tests at 1100°C.
Scanning Electron Microscopy (SEM) image analyses revealed a pronounced
grain boundary cracking in the core of the samples tested at 107! /s and at
1550-1700°C. A hyperbolic sine model for the viscoplastic strain rate with
a clear dependency on porosity was first developed. It was completed by a
Drucker-Prager yield criterion with associated plastic flow to account for the
porosity increase induced by GB cracking. Finite Elements simulations of the
compression tests on the dense UO, were then successfully compared to the
stress-strain curves, post-test diameter profiles and porosities at the pellets’
center, periphery and top extremity. The response of the GB cracking model
was then studied in biaxial compression, this condition being closer to that
of the pellet during a RIA power transient.

Introduction

During simulated Reactivity Initiated Accidents (RIA) in experimental re-
actors (CABRI [1], NSRR [2], BIGR [3]), the fuel pellets experience high
compressive and tensile stresses, in all or part of their volume [4]. In con-
sequence, radial and axial cracks develop at the pellets’ periphery [5] and
fuel fragmentation characterized by grain boundary cracking may also take
place [1,6]. The latter tends to increase significantly fission gas release during
a simulated RIA transient and must therefore be considered in fuel perfor-
mance codes. Fuel fragmentation is usually attributed to overpressure in



the gas bubbles situated at the grains interface [7] and treated in fission gas
models at the grain scale [8-10].

Grain boundary cracking is however not limited to RIA transients but
can also be observed at relatively low strain levels ~ 1 — 2% after strain-
driven compression tests, compression creep tests or bending creep experi-
ments on fresh fuel [11-16]. Hence gas overpressure might not be the only
important parameter for grain boundary cracking. The possible connexion
with RIA simulated tests is the stress level and temperature sustained by
the fuel pellets. In strain-driven compression tests, a minimum stress (~60
MPa) and temperature (~1200°C) are required for the fuel to show signs of
grain boundary cracking [11]. It is worth emphasizing that grain boundary
cracking can initiate under macroscopic compressive stresses. In this respect,
micromechanical numerical simulations of UOy show that strain incompati-
bilities between the grains can lead locally to tensile stresses [17,18] at the
origin of microcracking. In strain-driven compression tests, it is well known
that the yield stress increases with the strain rate [19,20]. This may explain
why high strain rates trigger grain boundary cracking [14].

Porosity in uranium dioxide is also known to be a parameter of primary
importance with respect to the yield stress and fracture strength of the ma-
terial [21,22]. The localization of pores, i.e., whether predominantly in the
grains (intragranular) or at the grain boundaries (intergranular), but also the
size and shape of pores (round or angular), have a strong impact on the mate-
rial properties and the potential grain boundary cracking during mechanical
tests [23-25]. In a recent experimental study, it was shown that very dense
fuels (relative density > 98%) with a small amount of intergranular pores
tend to be more prone to grain boundary cracking during compressive creep
experiments [16] (grain size being identical).

In this paper, an experimental work aiming at defining the temperature -
stress conditions leading to grain boundary cracking in UOs is first presented.
Strain rate controled compression tests are performed on a dense UO, at four
strain rates (107* — 1073 — 1072 — 10! /s) and temperatures (1100 — 1350 —
1550 — 1700°C) representative of RIA conditions. In a second part, a creep -
grain boundary cracking macroscopic constitutive model for UO, is proposed
based on an extension of a previously published creep model [26]. Results
from Finite Element (FE) simulations of uniaxial and biaxial compression
tests are then detailed to illustrate the 3D stress - temperature domain where
grain boundary cracking can be expected.



1 Experiments

1.1 Characterization of test samples

The samples used in this study are laboratory fabricated uranium dioxide
cylindrical pellets of approximately 8.2 mm in diameter (dg) and 15 mm in
height (hg). Commercial UOy powders were mixed and cold-grinded prior
to sintering to obtain a material with particles of uniform size, ~ 1 pym in
diameter. The powder was then cold-pressed at 600 MPa and sintered during
4 hours at 1700°C in a reducing atmosphere (95%Ar-5%H,). The resulting
oxygen/uranium ratio of the material was close to 2 (stoichiometry). Mea-
sures of the total porosity (f), of the open and closed porosities were obtained
by weighing the dry sample (dry weight), the sample during immersion in
alcohol (from which the volume of the sample is deduced) and the sample full
of alcohol (“wet” weight). The open porosity is deduced from the difference
between the “wet” and dry weight of the sample. The relative density p/pu,
is estimated from the dry weight and from the sample volume (assuming a
theoretical density py, = 10.96 g/cm?®). The total porosity relates as follows
to the relative density: f = (1 — p/pw). The closed porosity is then deduced
from the total and open porosities. The relative density of the material d
reached 98.1% on average with a standard deviation of 0.2%. The porosity f
consisted almost entirely of closed pores (i.e., non connected cavities): 1.9%
with a standard deviation of 0.2%.

Some samples were then sawed, the surfaces coated with an epoxy resin
and polished prior to their observations by Scanning Electron Microscopy
(SEM), see Figure 1. From the SEM images, the average grain size was man-
ually found close to 14 um (calculated as the average of the grains situated
on 4 intersecting lines). The commercial software ProAnalysis® was used to
estimate the pore size distribution from the images.

The surface porosity appeared fairly uniform in the samples. On average,
it reached 2.3% with a standard deviation of 0.6%. Half of the pore volume
was formed of pores with a diameter less than 3 yum. These fine pores were
mostly located in the grains. The greater pores (> 3 pm) were in majority
located at the grain boundaries. The maximum pore size was close to the
average grain size (~ 15 pm).

1.2 Test matrix and procedure

The testing equipment is shown schematically in Figure 2. Mechanical tests
on the fuel pellets have been performed with an Instron 1185 compression test
machine with a maximum load capacity of 50 kN. The compression machine



is equipped with an oven able to heat the fuel to a maximum temperature of
1800°C. The gas composition in the oven is controlled (95% Ar, 5% H,) in
order to prevent any stoichiometry change during the tests.

Strain-rate driven tests have been carried out on the pellet samples. In
the tests, the displacement rate of the cross head is kept constant until a final
discharge. The tests were performed at four prescribed temperatures: 1100,
1350, 1550 and 1700°C. At each temperature, four samples were tested with
a displacement rate increased by decades from a minimum of 0.1 mm/min
until a maximum of 100 mm/min (leading corresponding strain rates between
107*/s and 107'/s). Some of the tests were doubled or tripled to check the
reproductibility.

The testing procedure reads as follows. First, the sample is placed be-
tween the two tungsten end-plates, see Figure 2, right. A small load not
exceeding 250 N (5 MPa) is then applied. The gas composition in the oven is
checked. The temperature is then increased manually until it reaches 200°C.
This manual step is followed by a ramp at 20 °C/min until the prescribed
temperature. These conditions are maintained 2 hours in order to guaran-
tee a uniform temperature in the sample. The strain rate-driven loading
sequence is then applied.

During the test, the speed of the cross-head is regulated and the contraction-
elongation of the pellet is measured continuously by two extensometers in
contact with the lower and upper Tungsten plates. From these measure-
ments, the true strain €., of the pellet is calculated according to Equation 1
where the deformed height of the pellet is considered (h = ho + Ah with Ah
the variation in height). In a first approximation, the axial stress o, is esti-
mated from the force F' measured by the load cell and from the non-deformed
diameter dy of the pellet, see Equation 2.

€. =1n (hio) (1)

4F

Ozz = —
wd?

2 Test results

2.1 Stress-Strain curves

The stress-strain curves obtained in all the tests are presented in Figure 3
(grouped by strain rate) and Figure 4 (grouped by temperature). The general



tendency is an increasing stress with the strain rate and a decreasing stress
with temperature. Apparent strain-hardening can also be observed in most
of the tests at 1550°C and 1700°C (Figure 4).

At 1350°C, the behaviour appears more complex with a stress peak at
1% strain followed by a decrease of the stress till ~1.5-2.5% strain and then
a pronounced strain-hardening. The magnitude of the stress peak increases
with the strain rate. A similar behavior was obtained by Guérin [20] and
Sauter and Leclercq [27] in their strain-rate controlled compressive tests.
The first author attributed the stress peak to structural effects (stress and
strain inhomogeneity in the pellet due to friction at pellet ends) and showed
that its magnitude depended on the diameter/height ratio of the pellet. The
second authors introduced a dislocation based viscoplastic model to account
for this phenomenon (referenced as yield point in the paper and attributed
to a cascade of dislocations) at material level.

The stress-strain curves at 1100°C differ from the ones obtained at the
other temperatures. A stress peak is also apparent but it is in most cases
not followed by a strain hardening phase. At strain rates greater or equal
to 1073 /s, the behavior of the material after the stress peak is characterized
by a softening (negative stress-strain slope) which increases with the strain
rate. Significant strains are nevertheless reached in the tests (5-10%).

2.2 Macroscopic evolution

The shape of the samples after the tests are shown in Figure 5. Only the
samples tested at the smallest temperature (1100°C) or at the highest strain
rate (107! /s) exhibited significant cracking. The cracks are mostly situated
at the pellet center and orientated in the loading direction (axial). The test
at 1100°C and 107! /s led to the complete failure of the sample. The remains
of the pellet are characterized by the formation of several axially orientated
micro-columns that obviously failed by shear cracking (oblique cracks with
respect to the direction of loading). This failure mechanism is typical of
granular materials tested in compression [28].

To estimate volume variations during the tests, the residual diameter of
the pellets d(z) was systematically measured at ten regularly spaced points
along three generatrices. The hoop strain axial profile gg9(z) was then esti-
mated according to :

egs(2) = In (%) (3)

A fit of the diameter axial profile with a quadratic function was then used



to estimate the post-test average diameter of the pellet d,, and the volume
variation AV/V. In Figure 6, the average residual hoop strains calculated
with Equation 3 from the average diameters, are plotted in function of the
residual axial strains. The tests at 1100°C are not included in the linear
regression of Figure 6 since the diameter profiles were strongly asymmetric
due to the pronounced cracking of the pellets. The slope of the hoop versus
axial strain regression curve is very close to —0.5 (—0.495), indicating that
no significant volume variation took place during the tests. This result differs
from the 1-2% volume variation obtained in a previous study on a UOy with
4% initial porosity [26]. The 2% difference in porosity with respect to the
material studied in this work is mainly concentrated at the grain boundaries.

The samples’ volume variation during the tests was also systematically
estimated from hydrostatic density measurements. Figure 7 (top graph) sum-
marizes the evolution with temperature and strain rate. Consistent with the
diameter measurements, the volume variation of the samples is in general
small (< 0.3%) except at 1100°C and at the highest strain rate (107!/s).
Interestingly, it changes sign with temperature. While it is positive at 1100
and 1350°C, it is negative at 1550 and 1700°C (with the notable exception
of the test at 107! /s). This indicates that the samples were damaged at the
smallest temperatures while they densified at the highest temperatures.

The evolution of the open porosity (representative of the crack density)
from density measurements is given in Figure 7 (central graph). A small
increase of the open porosity is obtained at 1350, 1550 and 1700°C (< 0.2%)
except at the highest strain rate where it reaches 0.5%. On the contrary, at
1100°C, the open porosity is always greater than 0.5% which is consistent
with the pronounced damage of the samples. The evolution of the closed
porosity of the samples with temperature and strain rate is given in Figure 7
(bottom graph). The small densification observed in the top graph of Figure
7 at 1550 and 1700°C leads to a 0.2—0.5% decrease of the closed porosity. At
1100°C and 1350°C the variation in closed porosity remains small (< 0.3%)
but is positive.

In summary, there is a small decrease of the closed porosity at the highest
temperatures (1550 and 1700°C) which is counterbalanced by a small increase
of the open porosity. The resultant volume variation is close to null. There
is one exception to this trend which concerns the sample tested at 1700°C
and 107! /s. The important increase of open porosity is consistent with the
observed post-test cracks in the pellet (Figure 5). At 1350°C, both the open
and closed porosity increase moderately leading to a small volume variation
(< 0.5%). At 1100°C, the open porosity increases sharply in consequence of
the pronounced cracking of the samples.



2.3 Microstructure evolution

SEM image analyses were performed on all the tested samples to study the
evolution of the microstructure. The technique is described in Section 1.1.
The samples were sawn along the (r, z) plane. Three different locations were
considered for SEM (see Figure 1): the center of the pellet (center), the
periphery of the pellet at mid-height (periphery), the upper extremity of the
pellet (top). The evolution of the measured surface porosity with the strain
rate is given in Figure 8 for all the temperatures.

The results show that the pore volume at the top and periphery of the
samples did not evolve significantly during the tests. There is furthermore no
clear trend with strain rate or temperature. Nearly all the measured porosi-
ties fall within the standard deviation associated with the pre-test porosity
(2.3%£0.3%). These results are not in contradiction with the previously dis-
cussed open porosities from hydrostatic density measurements since macro-
scopic cracks (size >> grain size) were not considered in the analyses of SEM
images.

The picture at the pellet centers is different. Again, most of the porosities
also fall within the standard deviation associated with the pre-test porosity
of the samples. The porosities measured at the highest strain rate (107!/s)
are however significantly greater than before test (they are not indicated in
Figure 8). At 1550°C, it reaches 17%, at 1700°C, 8%. The SEM images
obtained at 1350°C, 1550°C and 1700°C are shown in Figure 9. The increase
in the measured surface porosity during the tests at 1550 and 1700°C is due
to a very pronounced grain boundary cracking at the pellet center with no
preferred orientation.

2.4 Temperature - Stress threshold for grain boundary
cracking

The test results are summarized in Figure 10. The stresses at 2% strain (af-
ter the peak stress) are plotted in function of temperature for the different
strain rates (solid lines). The stresses obtained from similar tests performed
in a previous study on a UOy with 4% initial porosity (average grain size 9
pm) [26] are also recalled in Figure 10. Obviously, a 2% increase in porosity
leads to an important decrease of the yield stress in strain-rate controlled
compression tests. The stress differences between the two UO, materials
are furthermore enhanced at low temperature (1100°C). These results con-
firm that porosity is a parameter of primary importance with respect to the
mechanical properties of UOy [21,22].

The stress - temperature - strain rate conditions leading to macroscopic



cracking of the pellets are also indicated in Figure 10 (in blue). The important
parameter seems here to be the temperature and to a lesser extent strain rate.
Only the samples tested at 1100 and 1350°C showed macroscopic axial cracks
after loading. Porosity does not seem to play a significant role on this point
since macroscopic cracks appeared in both UO, materials.

The stress - temperature - strain rate conditions leading to grain boundary
cracking in the pellets are highlighted in Figure 10 (in red). Only the samples
tested at the highest strain rates and the highest temperatures showed areas
of pronounced grain decohesion. Porosity seems here to be an important
parameter since only the dense UOy with a 2% porosity led to this type of
damage. Similar observations on dense uranium dioxide were reported by
Dherbey et al. [15] and Ndiaye [16]. It is worth recalling that only the center
of the pellets did exhibit grain boundary cracking. As shown later, this is a
consequence of the non homogeneous stress state in the pellet due to friction
at pellet ends. The thermo-mechanical conditions leading to grain boundary
cracking can thus only be deduced from a more in-depth analysis of the tests,
i.e., from an analysis of the stress state at the pellet center.

3 Modeling

3.1 Constitutive model

Salvo and al. [26] have recently proposed a constitutive model for UO, that
describes the strain-rate and temperature dependency of the material be-
havior under compressive stresses. To cover a large domain of strain-rates
(1072 —107!/s) and following Dherbey et al. [15], a hyperbolic sine function
was used to define the stress sensivity of the viscoplastic strain rate. Based
on the work of Monerie and Gatt [29], pore volume compressibility was fur-
thermore included in the formulation. Details on the model derivation can
be found in reference [26]. Only the main elements will be recalled hereafter.

The viscoplastic strain rate tensor is given by the following function of
the equivalent stress Y and temperature 7"

)y 1 on 3
évp = Ke_% Sil’lh (0‘_0) (ga%l + 56%) (4)
where K and oy are the main parameters of the model together with the

activation energy (). The equivalent stress ¥ = \/a0,,2 + fo¢,? is a function
of both the hydrostatic stress o, = % o : 1 and of the second invariant of the

stress tensor 0., = ,/%s : s (with o the stress tensor, 1 the unit tensor and

s = o0 —oy,1 the deviatoric stress tensor). The two parameters a(f) and 5(f)
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define the relative contribution of the hydrostatic ,, and of the deviatoric
stress invariants o, to the strain rate. They were identified by analogy with

the equivalent stress ¥ = \/ %Aam2 + Bo.,? used in the compressible model

of Monerie and Gatt [29]. The parameters A(f) and B(f) ensure that the
incompressible viscoplastic behaviour of the matrix is recovered when the
porosity f tends to zero (A(f) — 0 when f — 0 and B(f) — 1 when
f — 0). They are given by the following expressions:

A = (s(rt-1)) )

12

B = (1437) 0= )

The evolution of the porosity volume fraction f was then defined by the
following mass balance equation originally proposed by Monerie and Gatt
[29]:

. > m
f=0—=fe?:1=(1- f)Ke*% sinh (—)aa— (7)
(o) b
Based on the simulation of more than 200 creep tests on uranium dioxide with
grain diameter within 4-70 pum, the impact of grain size d was also included
in the model with the following expression for the K parameter [26]:

K = Koexp [—/(d — do)] (8)

with Ky, v and dy as constant parameters.

3.2 Parameters identification

The determination of the parameters of the model is detailed in reference [26].
A two step process is used. First, based on the simplifying assumption that
the stress state in the pellet is close to uniaxial compression and neglecting
elastic strains and pore compressibility, a preliminary estimate of the param-
eters is obtained using a standard Excel spreadsheet with a numerical solver.
Under these specific conditions and at constant applied strain rate, the hy-
perbolic sine model leads a constant stress that is compared to the stresses
measured at 2% strain in the tests. The stresses at 2% strain are used as a
reference since they are usually situated after the stress peak in the tests and
thus do not account for this specific behavior rather unlikely during in-reactor
irradiation (the stress peak tends to disappear during loading cycles [30]).
Second, a best fit of the parameters is deduced from iterative Finite Element



simulations of the tests. This two-step process, applied to the 4% porosity
dioxide uranium tested at the same strain rates and temperatures than the
dense material of this study, led to the set of parameters summarized in Ta-
ble 1. Note that a small evolution of the activation energy with temperature
had to be introduced to better match the stress-strain curves at 1100°C.

Applying the hyperbolic sine model with the parameters of Table 1 to the
experimental data obtained on the dense UO, studied in this work leads to
some differences between calculated and measured stresses at 2% strain (see
Figure 11 top graph where the stresses are calculated according to the first
step described above). A reasonable fit of the data is however obtained with
a small variation in oy (6.3 MPa instead of 5 MPa), all other parameters
identical. Figure 11 (bottom graph) shows now the good agreement between
simulated and measured stresses at 2% strain with the exception of the tests
performed at 1100°C (highest measured stresses). The very important stress
peak observed at this temperature together with the softening of the stress-
strain response renders the determination of a yield stress rather artificial.

In theory, the porosity dependency of the equivalent stress ¥ = \/a0,,2 + S0¢,>
with o = JA(f) and 8 = B(f) should lead to some differences in the yield
stress of UOy materials with 2 and 4% porosity. The dependency is however
small and does not lead to the observed increase of stress with the reduc-
tion in porosity. One may argue that porosity is not the only important
parameter and that the differences between the two UO, materials might be
related to another parameter, e.g., grain size, pore shape, ... There is how-
ever strong evidence that porosity plays a major role in UO5 and in ceramics
in general [31,32]. Igata et Domoto observed at room temperature an expo-
nential decrease of the compressive strength with porosity [21]. Radford and
Oguma related the room temperature bending strength of different UO, to
their porosity using also an exponential function [22] [24]. The importance of
porosity on bending strength was also confirmed at high temperatures (up to
1800°C) by Roberts and Ueda [23] and Armstrong et al. [33]. Experimental
data concerning the impact of porosity on the compressive strength of UO,
at high temperatures are however scarce.

To enhance the porosity dependency of the model without loosing the
physics behind pore compressibility (driven by the hydrostatic stress [34]),
the porosity-dependent parameters a and 3 have been modified as follows:

olf) = B(f)% ©
s - B(f)g(;g)A(f) o)
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The basic properties of the equivalent stress proposed by Monerie and Gatt
in their compressible creep model still hold: the incompressible viscoplas-
tic behaviour of the matrix is recovered when the porosity f tends to zero
(a(f) — 0 when f — 0 and S(f) — 1 when f — 0). The factor 20 in
Equation 10 was chosen to reproduce the observed differences in stresses be-
tween the 2 and 4% porosity UO, materials. The final set of parameters
deduced from the Finite Element simulations of the tests performed on these
two uranium dioxide materials are now summarized in Table 2.

Since the database considered to adjust the porosity-dependency of the
model is limited, its response was compared to measurements of other au-
thors. The evolution of the calculated compressive yield stress with porosity
at different temperatures and for a strain rate of 5.107%/s is plotted in Fig-
ure 12. The model is compared to the room temperature measurements of
Igata [21] (porosity 2 to 9%, grain size ~ 10 um, strain rate ~ 107%/s) and
to that of an internal CEA study [35] (temperature 1450°C, porosity 1 to
8%, grain size 8 — 15 um, strain rate ~ 107°/s). Figure 12 shows the huge
variation in the compressive yield stress of UO, with temperature (over 3
orders of magnitude). In comparison, the evolution with porosity appears
small. The dependency to both these parameters is correctly reproduced by
the model, at least within the scatter of the measured stresses.

3.3 Constitutive model for grain boundary cracking

Assuming again that the compression test leads to a uniform stress state in
the samples, Equation 7 reduces to:

/1
f =—(1-— f)K\/lLie_lgT sinh 090—06—1-5 <0 (11)
§Oé+ﬁ 0

Obviously, during a compression test, and according to the proposed hyper-
bolic sine model, the porosity can only decrease. It was shown in a previous
paper that porosity contraction takes place during loading of a sufficiently
porous UOq (4% initial porosity) [26]. In the present study, no significant
reduction of the pore volume was observed after the tests, whatever the
temperature, strain rate or strain level. It even appeared that the porosity
and sample volume had increased during some of the tests. The latter phe-
nomenon has been related to macroscopic axial cracking of the samples or
to grain boundary cracking. The modeling of macroscopic cracking during
compression tests will not be discussed here since it requires sophisticated
approaches that are beyond the goals of this paper [36]. Grain boundary

11



cracking will however be considered in this work since it can be treated at
the scale of the material, i.e., at the scale of the Representative Elementary
Volume (REV).

According to Bazant [37], there are three possible mechanisms at the
microscale triggering compression fracture in quasi-brittle materials: pores
can cause tensile splitting microcracks to grow from the pores under a com-
pression load, stiff inclusions can produce short tensile splitting microcracks
below and above the inclusions, weak inclined interfaces between crystals can
cause the growth of curved cracks called wing-tip cracks. It is important to
emphasize that all these mechanisms lead to short cracks of the same order
of magnitude as the pore diameter, inclusion or crystal size. They result
therefore in a distributed damage that is macroscopically smeared.

In a previous experimental study, it was shown that excess porosity at
the grain boundary does not induce significant microcracking during com-
pression tests [26] but rather accommodates the grains’ deformation. The
SEM pictures of Figure 9 show that grain boundary cracking in the 2%
porosity samples is relatively homogeneous and closely related to the crys-
tals or grains distribution. The relation between grain boundaries orientation
and the development of microcracks has been assessed by micromechanical
numerical simulations of UOy with however no modeling of the pores at the
grain boundaries [17,18]. It was found that strain incompatibilities between
the grains can lead locally to tensile stresses exceeding the tensile strength of
UO; (~ 100 MPa) with maximum at the interface between grains orientated
at an angle of 0 to 45° with respect to the loading direction.

In quasi-brittle materials, plasticity-based models are often used to model
micro-cracking in compression [38]. Upon them, the Drucker-Prager yield
criterion provides a simple means of accounting for the hydrostatic pres-
sure dependency of the yield strength and for the associated volume expan-
sion. The Drucker-Prager criterion has been applied to metals, plastics and
soils [39,40]. It has also been used to describe the plastic deformation of
grain boundaries in nano-grained ceramics [41]. In this paper, the strains
associated to grain boundary cracking will be averaged at the macroscopic
scale using a Drucker-Prager yield criterion of the following form:

(o) =wom, + 0cg — 0goe <0 (12)

with w and oy, two positive material parameters. The plastic yield criterion
depends on the hydrostatic pressure o, and on the second invariant of the
stress tensor, o.,. Associated plasticity is considered such that the plastic
strain rate tensor €? is defined by:

12



er = )\@ if g(o)=0
Jo (13)
er =0 if g(o) <0

A > 0 is the plastic multiplier which can be obtained from the consistency
conditions ¢ = 0. The dilatancy associated with grain boundary cracking is
here related to the plastic strains by:

f=0-fler:1=(1-flw>0 (14)

Equation (14) shows that the porosity of UOy can only increase with grain
boundary cracking. The variation in porosity due to plastic flow is often
referenced as plastic porosity [40].

3.4 Grain boundary cracking parameters identification

The two parameters of the Drucker-Prager yield criterion w and og,. are
obtained by considering uniaxial tensile and compressive tests. In tension,
0., = 0y, in compression, o,, = —o. with o; and o. respectively as the
stress thresholds at which grain boundary cracking starts. Simple algebraic
manipulation leads to the following expression for og,.:

.
1+7

Tgbe = 2 Oe (15)
where 7 = o0y/0.. The parameter oy, in Equation 15 is proportional to
the uniaxial compressive stress o. at which grain boundary cracking starts.
From Figure 10, it is obvious that the grain boundary cracking stress thresh-
old decreases with increasing temperature. At temperatures below 1350°C,
macroscopic cracking is predominant and the criterion should therefore not
be reached. The determination of a suitable function for o.(7T') is further
complicated by the fact that grain boundary cracking took place only at the
pellet center. The proposed function is based on the exact stress state at the
pellet center obtained from Finite Element simulations of the tests, see Sec-
tion 4.1. An exponential decreasing function of temperature of the following
form was thus defined:

oo(T) = exp [4.1077T% — 2.5510°T + §] (16)

with 7" in K and o, in MPa. The function was chosen to ensure that the
(three-dimensional) stress state calculated at the pellet center during the

13



tests performed at 107'/s and 1550-1700°C exceeded the Drucker-Prager
yield criterion (g(o) > 0). Below 1550°C, it was assumed that macroscopic
cracks develop before grain boundary cracking and hence that the stress state
did not reach the Drucker-Prager criterion (¢g(o) < 0). The compressive
stress function o, for grain boundary cracking is plotted in Figure 13 in
function of temperature. The FE calculated stresses at the pellet center
during the tests performed at 107!/s are also indicated. As expected, the
grain boundary yield stress is reached at 1550°C and 1700° but not at 1350°C
and 1100°C.

The parameter w can be related to the ratio 7 between the uniaxial com-
pressive stress and the uniaxial tensile stress at which grain boundary crack-
ing has been observed:

1—7
w:
147

(17)

In the bending tests of Canon [12], failure of the samples was brittle and char-
acterized by intra-granular cracking up to a so-called transition temperature.
Failure then became ductile with high strains and evidence of pronounced
grain boundary cracking. The transition temperature was found dependent
on the strain rate, equal to approximately 1600°C at 1073/s. The tensile
stress at the brittle to ductile transition temperature was close to 100 MPa.
There is therefore experimental evidence that grain boundary cracking in
tension can also be associated with a temperature-stress threshold. The pre-
cise determination of the ratio 7 would require an experimental campaign
combining bending and compression tests. In the present work, it was as-
sumed that grain boundary cracking in tension occured at a slightly lower
stress level than in compression. A constant value of 0.9 for 7 was considered,
independent of temperature. This choice leads to w ~ 0.15 and thus to a
small dilatancy (~ 0.15% per % axial plastic strain).

3.5 Numerical implementation

The hyperbolic sine and Drucker-Prager plasticity models were readily im-
plemented using a code generator called MFront which is developed by the
CEA. MFront allows the user to write constitutive equations in a way which
is very similar to their mathematical expressions, notably by providing an
appropriate tensorial formalism [42]. MFront turns the user’s behaviour im-
plementation into optimised C++ sources which can be plugged into several
mechanical solvers. The simulations reported in this paper were performed
using Cast3M, the CEA finite element solver [43].
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The constitutive equations are written using the standard small-strain
formalism based on an additive partitioning of the total strain into an elastic,
a plastic and a viscoplastic part:

oc=C:e=C:(e—e"—¢gP) (18)

where C' is the fourth order elastic tensor and ¢ the elastic strain tensor.
An implicit numerical scheme is used to solve the system with the main
unknowns as the six components of the elastic strain tensor, the equivalent
viscoplastic strain defined by € : ", the equivalent plastic strain e? : &P
and the porosity f. The evolution of porosity is given as follows in function
of viscoplastic and plastic strains:

f=frafr=01-fe:1+(1—-fe":1 (19)

The system of Equations 4, 12, 13, 18 and 19 has been solved in finite
strain computations using a hypoelastic eulerian formulation provided by
the Cast3M finite element solver. Cast3M implementation is close to the one
described by Simo and Hugues [44].

4 Finite Elements simulations

4.1 Simulation of strain driven tests

As discussed in Section 2, the stress state in the samples tested in compression
is far from being uniaxial. Friction at the upper and lower ends tends to
generate a three-dimensional stress state. The important axial and hoop
strains reached during the tests suggest that structural non linearities (large
displacements) might be of importance when analysing the results.

The mesh and boundary conditions used in the simulations are presented
in Figure 14. Only half of the pellet is meshed with quadratic elements as-
suming two-dimensional axisymmetry. The upper and lower tungsten plates
are not directly taken into account. The strong friction at pellet ends is
described by the boundary conditions: the radial displacement of the upper
and lower surface is forbidden. A constant axial displacement rate between
0.01 and 100 mm/s (depending on the test simulated) is then prescribed on
the upper surface of the pellet. The maximum prescribed axial displacement
matches the experimental value to ease the comparison of residual strains.
The thermal strains are taken into account prior to the displacement-driven
phase. They are substracted at the end of the simulation.

The modulus of elasticity £ and Poisson ratio v considered in the simu-
lations are based on Martin et al. [45]. They are expressed in function of the
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temperature 7' (in K) and of the porosity f as follows:
E = (1-25f)(226.93 — 1.5399 x 10727 — 9.597 x 107°7?) (20)

E is given in GPa. v is constant and equal to 0.3. The initial porosity
of uranium dioxide considered in the simulations was based on the average
relative density measured prior to testing: fo = 0.019.

All the simulated and measured stress-strain curves are presented in Fig-
ure 15. Two simulations of each tests were performed. One with the Drucker-
Prager plastic criterion, one without. The model reproduces correctly the
strain rate and temperature dependency at moderate strain level (a few %),
i.e., the increase or decrease of the stress with temperature and strain rate.
The largest differences are observed in the tests performed at 1100°C which
presented macroscopic axial cracks on the periphery of the samples. In par-
ticular, the post-peak softening behavior at 1100°C is not reproduced. The
apparent strain hardening during the other tests is partly recovered in the
simulations (due to the change of geometry of the samples mainly) but gen-
erally underestimated. Material plastic hardening not taken into account in
the model could be of importance here.

The activation of the Drucker-Prager plastic criterion does not lead to
major changes in the stress-strain curves. As expected, the criterion is
only reached at the highest strain rate and at the temperatures of 1550
and 1700°C. In consequence, the stress level given by the Drucker-Prager
yield criterion is slightly lower than predicted by the hyperbolic sine model
(see the small difference between the blue and red curves in the bottom left
graphs of Figure 15).

In a similar way, all the post-test diameter profiles of the samples are com-
pared in Figure 16 to the simulations results with and without the Drucker-
Prager criterion. A good agreement is obtained for all the tests except at
1100°C where pronounced cracking led to chaotic diameter profiles. The
addition of grain boundary cracking in the simulations leads to a small ad-
ditional diameter increase in the central part of the samples where the yield
criterion is reached (107!/s, 1550 and 1700°C), see the difference between
the blue and red curves in the bottom left graphs of Figure 16.

The calculated evolution of the porosity in the tests is given in Figure
17. The experimental trend (Figure 8) is well reproduced by the simula-
tions since no significant pore volume variation is obtained. Grain boundary
cracking leads, in the test at 1700°C and 107! /s, to an increase of the initial
porosity (+0.3%) at the pellet center. The reason for that localization of
plastic porosity can be explained by the inhomogeneity of the stress state
in the samples. Figure 18 shows the axial (0.,) and equivalent stress (o.,)
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distribution during the test at 1550°C and 107! /s. Pronounced axial and to
a lesser extent radial gradients of stress are obviously at hand. The stresses
are maximum at the pellet center where the Drucker-Prager yield criterion
is first exceeded. The maximum equivalent plastic strain reaches 4% at the
sample core.

Without the Drucker-Prager plastic criterion and in consequence of the
stress state, the simulation leads to a decrease of the pore volume near the
pellet center (see f,, in Figure 18 with a minimum ~ 1.2% or the triangles
in Figure 17). On the contrary, an increase of the porosity is observed when
plastic flow is activated (see f, in Figure 18 with a maximum around 0.6%).
The porosity in the simulation being the sum of the plastic and viscoplastic
contributions, it is finally fairly constant at the end of the test and at the
sample core (see the circles in Figure 17). It has furthermore not changed
greatly at the pellet top since lower stresses are at hand in this region.

The calculated porosity increase is of course far from the 8 to 17% mea-
sured locally from the SEM images. It may be due to the limited extension in
space of grain boundary cracking. Our simulations are based on macroscopic
average strains that probably do not reflect the strain localization associ-
ated with grain boundary cracking. In fact, the diameter profiles which are
characteristic of the average volume increase of the material are fairly well
reproduced by the simulation.

4.2 Biaxial Compression Stress Plane

During RIA power transients, the stress state in the pellet is closer to equi-
biaxial compression than to uniaxial compression [4]. It is therefore of some
interest to study the response of the hyperbolic sine creep and Drucker-Prager
plastic models in case of a compression loading with different stress or strain
biaxiality ratios.

The simulations were performed on a single cubic element of unit length
with prescribed displacement rates in two perpendicular directions such that
€eq = /€2, + €2, = 1/s or 10/s. The simulations were made at constant
temperatures ranging from 1000 to 2600°C by step of 200°C. The calculated
yield stresses are plotted in Figures 19 and 20 for equivalent strain rates of
1/s and 10/s, respectively.

In equibiaxial compression, the yield stress (o, = 0., = 0y.) is very close
to its uniaxial counterpart (o.). The biaxial to uniaxial compressive stress
ratio (ope/0.) does furthermore not evolve with temperature and strain rate.
This is a major result that stems from the creep-grain boundary cracking
constitutive model developed in this paper. It cannot be checked because of
the lack of experimental data on UO, under biaxial loading conditions.
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The origin of the yield stresses plotted in Figures 19-20 is either vis-
coplastic flow or plastic flow (grain boundary cracking). The distinction is
highlighted by using a colour code such that dark lines represent viscoplastic
limits (creep flow) and bright lines plastic limits (grain boundary cracking).
The brighter the line, the greater the contribution of plastic strains to the
total strain. Obviously, at an equivalent strain rate of 1/s, both mechanisms
are active over the whole range of temperatures. Only at the lowest and
highest temperatures (< 1600°C and > 2400°C) does the viscoplasticity of
UO, become dominant. In-between and as temperature increases, plastic
strains contribute more and more to the total strain. The picture is different
at 10/s since most of the stress-high temperature domain is controled by
plasticity. The deleterious impact of strain rate is therefore obvious when
comparing Figures 19 and 20. Increasing the strain rate tends to increase
the temperature domain where plastic flow controls the stresses, i.e., where
grain boundary cracking might take place.

According to the model, it appears furthermore that the mechanism at
the origin of the yield stress does not depend significantly on the stress ratio.
If the uniaxial compressive stress is controled by viscoplastic flow, then the
biaxial compressive stress is also. It can therefore be expected that at a sim-
ilar temperature and strain rate, a biaxial compressive stress state will lead
to grain boundary cracking if it has been observed in a uniaxial compression
test.

Conclusions

In this paper, the behavior of a dense UO, (porosity less than 2%) was studied
experimentally on a range of temperatures (1100°C - 1700°C) and strain rates
(107* — 107! /s) representative of RIA loading conditions. The yield stress
was found to increase with strain rate and to decrease with temperature.
Macroscopic cracking of the samples was apparent after the tests at 1100°C
which was consistent with the monitoring of stress-strain softening. SEM
image analyses revealed a pronounced grain boundary cracking in the core
of the samples tested at 107! /s and at 1550-1700°C.

Compared to previous test results obtained in similar conditions but on
a more porous UOy (4%), these experimental results show the importance
of porosity on the potential damage of grain boundaries. A hyperbolic sine
model for the viscoplastic strain rate with a clear dependency on porosity
was thus developed. It was completed by a Drucker-Prager yield criterion
with associated plastic flow to account for the (macroscopic) porosity increase
induced by grain boundary cracking.

Finite Elements simulations of the compression tests on the dense UO,
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were then successfully compared to the stress-strain curves, post-test diame-
ter profiles and porosities at the pellets’ center, periphery and top extremity.
The response of the grain boundary cracking macroscopic model based on
the Drucker-Prager yield criterion was then studied in biaxial compression,
this condition being closer to that of the pellet during a RIA power transient.

It may be emphasized that the determination of the grain boundary crack-
ing model is based on a very limited number of tests performed solely in
uniaxial compression. Tests in biaxial loading conditions (compression and
tension) would be necessary to fully assess the response of the model in RIA
simulation.

The proposed model will be implemented in the fuel performance code
ALCYONE-RIA [5] and coupled with a suitable smeared crack model to
describe pellet cracking in tension.
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Table 1: Parameters of the compressible hyperbolic sine model of [26].

Ky (/s) 77400

v (pm) 5.277

do (pm) 4.6

@ (kJ/mol) max(482; 876 — 0.247))
oo (MPa) 5

Table 2: Modified set of parameters for the compressible hyperbolic sine
model with o and 3 given by equations 9 and 10.

Ko (/5) 77400
v (um) 5.277
Q@ (kJ/mol) 482
oo (MPa) 7.5
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Figure 1: Geometry of the samples and microstructure before testing (SEM).
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Figure 2: Schematic representation of the testing equipment.
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Figure 9: SEM images of the pellet center after testing at 107'/s and
1350°C(top), 1550°C(middle) and 1700°C(bottom)
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and porosity (strain rate 5.107%/s). Comparison with room temperature
measurements from Igata and Domoto [21] (porosity 2 to 9%, grain size ~ 10
pm, strain rate ~ 107%/s) and from an internal CEA study [35] (temperature
1450°C, porosity 1 to 8%, grain size 8 — 15 ym, strain rate ~ 107°/s).
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Figure 13: Evolution of the GB yield stress in compression in function of
temperature. The maximum equivalent stresses o¢ = 12+—TT(aeq + woy,) cal-
culated in the FE simulations during the tests performed at 107! /s are also

indicated.
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Figure 14: Mesh and boundary conditions in the simulations of the strain-
driven compressive test.
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Figure 15: Calculated and measured stress-strain curves in all the tests.
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Figure 17: Calculated porosities at the top, center and periphery of the
samples after all the tests.
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Figure 18: Isovalues of axial (0.,) and equivalent (o.,) stresses, equivalent
plastic strain (£, ), viscoplastic porosity (f,,, no GB cracking), plastic poros-
ity (f,), total porosity (f) during the test at 1550°C and 107! /s.
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Figure 19: Biaxial yield surface obtained at an equivalent strain rate of 1/s
showing the temperature and stress domains where plasticity (bright lines)
or viscoplasticity (dark lines) control the material behaviour.
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Figure 20: Biaxial yield surface obtained at an equivalent strain rate of 10/s
showing the temperature and stress domains where plasticity (bright lines)
or viscoplasticity (dark lines) control the material behaviour.
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