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HIGHLIGHTS

o Dislocational creep in UO leads to the occurrence of sub-boundaries inside the prior grains.

e These sub-boundaries are detected by EBSD, to disorientations as low as 0.25°, and their linear fraction is quantified.
o This fraction increases significantly with the strain rate and strain level.

e UO,, is subject to a dynamic recovery mechanism by progressive increase of sub-boundaries disorientation angle.

ABSTRACT

Stoichiometric uranium dioxide (UO,) pellets were deformed by uniaxial compression creep tests at
1500 °C. Strains comprised between 3% and 11% were applied at strain rates ranging from ~ 5 x 1076 s~!
to 70 x 10°% 51 to deform pellets in the dislocational creep regime. An optimized protocol for Electron
BackScattered Diffraction (EBSD) data acquisition and processing was applied to detect and quantify low
and very low angle sub-boundaries disoriented down to 0.25° inside the prior UO;, grains. Three EBSD
based parameters were calculated and are efficient to quantify the evolution of the deformed micro-
structure with the deformation conditions: the linear fraction of the sub-boundaries, the corresponding
Geometrically Necessary Dislocations (GNDs) density and the resulting mean sub-grain size. The linear
fraction of sub-boundaries (and their transcription in GNDs) increased significantly with the strain level
and rate. New very low angle boundaries disoriented by less than 1° were continuously created whereas
already existing sub-boundaries increased continuously their disorientation. This microstructural evo-
lution can be described as a dynamic recovery mechanism by progressive increase of sub-boundaries
disorientation angle.

1. Introduction

In nuclear Pressurized Water Reactors (PWRs), during power
transients, sintered uranium dioxide (UO,) pellets undergo visco-
plastic deformation by creep mechanisms, which influence pellet-
cladding interaction processes [1,2]. During transients, the tem-
perature reaches more than 1500 °C in the central part of the pel-
lets, allowing the occurrence of creep mechanisms. These
mechanisms can be at least partly reproduced by means of
compression creep tests on non-irradiated pellets. Different con-
ditions of temperature, strain rate and stress are reported in the

* Corresponding author.
E-mail address: xaviere.iltis@cea.fr (X. Iltis).

literature with resulting data usually expressed in terms of power
laws [3—9]. Two creep regimes are evidenced. In the low stress
range, diffusional creep (Nabarro—Herring or Coble mechanism) is
usually invoked, whereas at higher stresses dislocational creep is
reported.

In addition to the analysis of the macroscopic mechanical
behavior, microstructural evolutions after deformation were stud-
ied by means of Scanning Electron Microscopy (SEM) and/or
Transmission Electron Microscopy (TEM) examinations [5,8].
Numerous dislocation dipoles were found in the case of single slip
[10]. In double slip conditions, sub-boundaries made of hexagonal
networks of screw dislocations were reported [11]. Recently, Elec-
tron Back Scattered Diffraction (EBSD) was also applied to charac-
terize the microstructure of crept UO; pellets [12—14].

All these examinations point out a sub-structuration process


mailto:xaviere.iltis@cea.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2019.02.052&domain=pdf

within UO; grains in the dislocational creep regime. Plastic defor-
mation (or visco-plastic one, in the case of ceramics such as ura-
nium dioxide) is accompanied by the creation of dislocations.
Under a sufficient temperature, these dislocations glide and climb
and reorganize into sub-boundaries within the original grains. This
mechanism is often called “dynamic recovery” or “polygonization”
[15,16]. At low or moderate deformation levels, hardening pro-
cesses (by increasing the number of dislocations) and dynamic
recovery (by migration and organization of these dislocations in
networks or walls) operate simultaneously. At higher deformation
rates, some sub-boundaries progressively rotate to form new
grains. This phenomenon, frequently observed in metals and also in
rocks, is referred to “sub-grain rotation recrystallization” [17—19]. It
is favored when the subgrain boundaries contain small precipitates,
which pin them in place.

Nowadays, EBSD offers the possibility to characterize this grain
sub-structuration and quantify its evolution according to the
deformation conditions. However, few studies concern the defor-
mation by creep. Among the numerous studies on creep deforma-
tion of UO,, none of them gives quantified results about sub-
structure development as a function of deformation rate and
level. Indeed, most of the disorientations induced by creep are very
low, mostly below the angular resolution of about 1° of standard
EBSD acquisitions.

This work is aimed to quantify the sub-structured microstruc-
ture induced by dislocational creep in UO,, as a function of strain
level and strain rate. Stoichiometric UO; pellets were mechanically
tested in uniaxial compression conditions at 1500 °C at different
strain rates (from ~ 5 x 1078 s~ to 70 x 1078 s~1) and strain levels
(from 3% to 11%) in the secondary creep regime [20]. EBSD data
were acquired in improved angular resolution mode [21]. The
quantification of the grain sub-structuration was achieved by
applying the methodology proposed in Ref. [14]. It is based on an
optimized protocol for EBSD data acquisition and processing with
the potential to detect and quantify low angle sub-boundaries
disoriented down to 0.1° in UO,. In addition, Accurate-ECCI ex-
periments were also performed to image the dislocations induced
by creep and their arrangement in very low sub-grain boundaries
[22,23]. Moreover, an advanced sub-grain completion procedure
was applied to the EBSD data to quantify the sub-grain size evo-
lution [24]. Finally, Geometrically Necessary Dislocations (GNDs)
densities were calculated using the ATEX software [14,25]. All these
EBSD-based quantities allow to quantify the substructure evolution
of crept UO; pellets, as a function of strain level and strain rate.

2. Experimental
2.1. Materials

Cylindrical pellets were made from a single batch of UO; pow-
der by uniaxial pressing under 450 MPa. They were further sintered
at 1780 + 20 °C during 5,5 h, under Ar + 5% H; atmosphere (to
ensure their stoichiometry). Their final density measured by an
immersion method was of 98.1% of the UO, theoretical one. The
pellets had a diameter of 8 mm and a height of 15 mm. This height
is slightly higher than that of standard pellets for PWRs
(12—13 mm) in order to favor a better distribution of the defor-
mation during uniaxial compression tests.

The microstructure of the as sintered reference sample (not
deformed) is shown in Fig. 1. This SEM micrograph was taken in
backscattered electron (BSE) imaging mode, in order to reveal the
grains by orientation contrast. The grains are equiaxed in shape and
have a size of about 15 pm. Small round fabrication voids are
observed in intra- and inter-granular locations. The surface fraction
of these voids was evaluated at 1.7% by image analysis using the

Fig. 1. SEM micrograph in BSE mode acquired on the reference sample R (as sintered).

AnalySIS image software [13,14]. This value is slightly different from
that expected from density measurements (i.e. 1.9%), probably
because of image sampling effects.

2.2. Compression creep tests

Uniaxial compression creep tests were performed in an adapted
furnace on a screw-type Instron compression test machine. All
these tests were conducted at 1500 °C and under the same atmo-
sphere as that used for sintering (Ar + 5%H>), to maintain their
stoichiometry. The compression tests conditions were chosen to
deform pellets in the dislocational creep regime (at high stress).
They were performed by displacing the mobile sleeper of the ma-
chine at an imposed constant speed. Pellets were fixed between
two tungsten plates and the deformation was measured with two
extensometers placed in contact with these plates. Complementary
details concerning the testing machine characteristics can be found
in Refs. [8,13,20]. The cooling rate, after all tests, was 17 °C per min.
During this step, a weak force (less than 250 N) remained applied to
hold the pellet in place. Potential microstructure evolution induced
by the cooling procedure was evaluated. For this purpose, an
additional pellet was directly quenched after deformation (a cool-
ing rate of about 200 °C.min~! was achieved between 1500 °C and
900°C, that gradually decreased after) [20]. The grain sub-
structuration obtained after quenching was similar to the one ob-
tained with a cooling rate of 17 °C.min~' (of course for similar
deformation conditions). This result confirms that our cooling
procedure did not significantly modify the deformed
microstructure.

Nine pellets (referenced D1 to D9) were tested in order to study
the effect of the strain level and strain rate on the grain sub-
structuration. Table 1 summarizes the main deformation condi-
tions of all pellets (including the reference one R (not deformed)).
The pellets [D1 to D5] form a first group deformed under the same
strain rate of 20 x 1078 s~ to reach different strain levels ranging
from 3% to 11%. The pellets [D3, D6, D7] and the [D5, D8, D9] ones
form the second and the third groups respectively: they were
deformed under different strain rates ranging from 5 x 107% s~ to
40-70 x 1078 s~ to reach a strain level of about 7 and 10—-11%
respectively.

2.3. Characterization methods

Pellets were sectioned in their central part, parallel to the
compression axis, with a diamond wire saw. To get a suitable sur-
face quality for EBSD and ECC imaging, the samples were



Table 1
Main deformation conditions of the UO, pellets.

Pellet designation Strain rate x107 (s 1)

Strain level (%) Duration of the test

R 0

D1 20
D2 20
D3 20
D4 20
D5 20
D6 5

D7 40
D8 5

D9 70

0 0

3 37 min

5.1 1h

7 1h 19 min
9.4 1h 28 min
11 1h 41 min
7 5h 20 min
7 20 min

10 6h 10 min
11 28 min

mechanical polished in three main steps: a first grinding with sil-
icon carbide discs (grit from 800 to 4000), a diamond polishing
with a 1 um polycrystalline suspension and a final polishing with a
0.02 um non-crystallizing colloidal silica suspension. The pellets
nomenclature (given in Table 1) was also applied to the corre-
sponding samples. In each sample, the most deformed area was
identified by SEM examinations and corresponded systematically
to the central part of the pellet. Fig. 2 illustrates the microstructure
obtained after compression test for samples D7 and D9. Significant
variations in the BSE signal were observed inside the prior grains
and evidenced sub-grains induced by the plastic deformation. The
grains remained essentially equiaxed even after large strains (~11%,
cf. Fig. 2b). Damages in the form of inter-granular cavities, have
been observed in certain previous studies performed on UO; pellets
with grain sizes varying from 9 to 36 pm [8,12]. In this study, such
damages were only observed at the highest strain rate and level
(sample D9), in the central part of the pellet, as illustrated in Fig. 2b
(red arrows). These cavities are globally elongated in a direction
parallel to the compression axis, in accordance with results given in
Refs. [8,12].

EBSD maps were acquired in a FEI NovaNano SEM (with an
accelerating voltage of 20 kV and at a working distance of 15 mm)
equipped with a Nordlys Nano II camera from Oxford Instruments
(in 2 x 2 binning mode - 672 x 512 pixels). The “refined accuracy
mode” in AZTEC was used to improve the angular resolution of the
EBSD orientation data [21]. Large EBSD maps (500 x 344 um) were
acquired with a step of 0.4pum, on the reference and on the
deformed samples (in the most deformed area corresponding to
the central part of the pellets). Each EBSD map covered around
1000 grains and was large enough to be representative of the
deformed state of the pellets, as checked in Ref. [20]. The indexing
rate of EBSD data was more than 98%.

These EBSD maps were used to analyze and quantify the sub-

boundaries induced by the deformation. For this purpose, the
orientation data were processed according to the optimized pro-
cedure proposed in Ref. [14]. It allows to efficiently reveal sub-
boundaries disoriented down to 0.1° in UO; crept samples and in-
cludes two main steps: data cleaning and data filtering. The
cleaning step was adapted for porous material. Indeed, noisy ori-
entations are often measured by EBSD over the voids. They need to
be removed from the data set to quantify properly low disorien-
tations induced by creep. Then, the orientation noise of the EBSD
data can be further reduced by applying a Kuwahara filter. This
filter reduces the orientation noise (estimated to reach locally
maximal values of 0.3°/0.5° for our acquisition conditions), while
preserving true continuous disorientation lines of the same order of
magnitude.

Three EBSD-based parameters were calculated from each EBSD
map to quantify the substructure induced by creep and its evolu-
tion with deformation conditions:

(1) The linear fraction of sub-boundaries was quantified,
considering different disorientation classes. The critical
disorientation angle chosen to define a grain boundary was
set at 5°. Thus, hereafter, the term “grain boundary” (GB)
refers to all lines of angular disorientation greater than or
equal to 5°. The term “Sub-grain boundary or sub-boundary
(S-GB)" refers to all lines of angular disorientation lower than
5° which appear inside the prior grains during creep defor-
mation. On the large scale EBSD maps presented in this work,
the disorientations below 0.25° were not quantified. Indeed,
the experience showed that these very low disorientations
were not only associated to sub-boundaries induced by
creep, but also to mechanical polishing defects of the sample.

(2) The network of sub-boundaries was further transcripted in
GNDs and the evolution of GNDs density with creep

(a)

(b)

Fig. 2. SEM micrographs in BSE mode acquired in the deformed samples (a) D7 and (b) D9. Compression direction: vertical.



TP N = e
TIPS

:V <

os!
7N * L
ez oas

mp Compression direction ¢

Disorientationangle © [ [ [ | %0um

025 05 1

deformation was quantified from all the EBSD maps (filtered
data). The calculations were performed with ATEX software
[25], according to the method described in Ref. [14]. It is
based on the evaluation of the Nye dislocation tensor from
the lattice curvature measured by EBSD. The total dislocation
density is then expressed in terms of the entrywise 1-norm
of the Nye tensor. In this work, the limit angle chosen to
translate a misorientation into GNDs was 5°. The result of
this calculation gives the density distribution of GNDs over
the EBSD mapped region from which the average density of
GND's can be evaluated.

(3) The sub-grains delimited by low disorientation boundaries

were detected by an advanced sub-grain detection procedure
[14,24] and the evolution of their average size according to
the strain level was quantified. The classical EBSD grain
recognition procedure clusters pixels disoriented from their
neighbors by less than a threshold angle wo. The present
procedure proceeds in two steps and defines an upper and

3 55

Fig. 3. EBSD disorientation maps obtained on the reference and crept samples: (a) R, (b) D1, (c) D2, (d) D3, (e) D4 and (f) D5. The background gray level is given by the Kikuchi
Pattern Quality index. Non-indexed points, mostly found over the fabrication porosity, are black. The compression direction is horizontal as indicated by the black arrows.

lower bound for the threshold angle. The upper value is set
higher than the orientation noise (here it was set to 0.25°). It
allows, in the first step, to identify a primary network of well-
identified grains and sub-grains. However, inside those
grains, 0.25° misoriented lines can be detected but they do
not mark out closed sub-grains. Thus, the second step aims to
close these open lines by tracking a path between neigh-
boring pixels considering disorientation angles down to the
lower bound (here it was set to 0°).

Finally, Electron Contrast Channeling Image (ECCI) experiments

were performed on the deformed microstructures, to contrast the
dislocations induced by creep and their progressive arrangement in
sub-boundaries. All ECC images were acquired with a Zeiss Auriga
40 FEG-SEM equipped with a GEMINI-type electron column. The
images were acquired at a working distance of 7 mm, an accelera-
tion voltage of 20 kV and a beam current of 550 pA (with the 30 pm
center aperture). Details for the acquisition steps of these images



(a)

(b)

Fig. 4. ECC images acquired on samples (D1) and (D3). The white arrows point mobile dislocations interacting with sub-boundary dislocations.

are given in Refs. [14,22,23,26,27].

3. Results
3.1. Influence of strain level on the grain sub-structuration

Our results show that creep deformation induced a pronounced
network of sub-boundaries inside the prior UO, grains. With
increasing strain level, the sub-boundaries were observed to extend
inside the grains and to increase their disorientations. This is
illustrated in Fig. 3 that compares the EBSD maps performed on the
reference and the first group of pellets (D1 to D5). Deformed pellets
were tested with a strain rate of about 20 x 107% s~ up to an
average deformation level ranging from 3% to 11%. On each EBSD
map, the white lines correspond to the prior grain boundaries with
disorientation angles larger than 5°. The other colored lines
correspond to sub-boundaries, with disorientation indicated by the
attached color code.

After 3% of deformation, a network of very low angle boundaries
(<1°,in blue and red) started to develop inside the prior UO; grains
(Fig. 3b). It was obviously absent within the grains of the reference
sample; the few green lines in Fig. 3a corresponding to scarce low
angle grain boundaries, with typical disorientations between 3°
and 5°. With increasing strain level (Fig. 3c—f), these sub-
boundaries were observed to extend inside the prior grains, new
very low angle boundaries comprised between 1° and 5° (yellow

and green lines) being created continuously. Interestingly, already
existing very low angle boundaries progressively reached higher
disorientations, as evidenced in Fig. 3c—f.

The ECC images given by Fig. 4 show the dislocations created
inside the grains during the deformation. After 3% of deformation,
these dislocations were already organized in a regular network to
form very low angle sub-boundaries (see Fig. 4a). As most of these
sub-boundaries had very low disorientations, boundary disloca-
tions could be individually distinguished by ECCI. This is consistent
with the EBSD analysis that revealed mainly sub-boundaries dis-
oriented by less than 0.5° at this deformation level (cf. Fig. 3b). At
higher strain level, more and more sub-boundaries were observed
for which the individual dislocations could no longer be distin-
guished by ECCI. Mobile dislocations were also observed within the
grains, some interacting with sub-boundary dislocations, disturb-
ing the regular network, as illustrated in Fig. 4b (see the white ar-
rows). These ECCI observations confirm the progressive increase in
sub-boundary disorientations with the strain level, previously
deduced from EBSD maps.

3.2. Quantitative microstructure evolution with the strain level

The sub-boundaries networks were further quantified by
calculating the linear fractions of boundaries and sub-boundaries
according to the disorientation classes they belong to. Fig. 5a con-
siders all disorientations higher than 0.25° and classifies them in
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Fig. 5. (a) Linear fractions of grain boundaries (GB) and sub-grain boundaries (S-GB), measured by EBSD (filtered data) on the reference (R) and deformed samples (D1 to D5)
(considering all disorientation lines with angles > 0.25°), (b) close-up view of the sub-grain boundaries.
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Fig. 6. Evolution of the average GNDs densities (pgnp) With the strain level (¢) for the
reference (R, red marker) and deformed samples (D1 to D5, black markers). (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

three groups: sub-boundaries with disorientations comprised be-
tween 0.25° and 5°, boundaries with disorientations comprised
between 5° and 15° and high angle boundaries disoriented by more
than 15°. Fig. 5b considers only the sub-boundaries and classifies
them in four classes (the same classification and color code as that
used in Fig. 3 is applied).

In the reference sample (R), 96% of the measured disorientations
were greater than 15°. Only 0.7% of the considered disorientations
were lower than 5°. After only 3% of deformation (D1), the fraction
of sub-boundaries with disorientations lower than 5° reached 13%,
among which 12% were disoriented by less than 1°. This sub-
boundaries total fraction reached 25% after a deformation of 5.1%
(sample D2).

Between 5.1% and 9.4% of deformation (samples D2, D4), the
linear fraction of sub-boundaries increased only slightly. The
apparent saturation of sub-boundaries could be related to the
establishment of quasi-stationary conditions between creation and
annihilation of dislocations.

After 11% of deformation (sample D5), the linear fraction of sub-
boundaries increased again, especially those belonging to the yel-
low and green colored classes (with disorientation angles
comprised respectively between 1° and 3°, and between 3° and 5°)
(Fig. 5b). The lower classes of disorientation (less than 1°) also
increased but less markedly. All these results tend to show that at
high strain level (11% in this case), new sub-boundaries with very
low disorientation angles (cf. classes [0.25° _0.5°[ and [0.5° _1°[)
are formed, while the disorientation angle of already existing sub-
boundaries increases (cf. classes [1° _3°[ and [3° _5°[).

The evolution of the average density of GNDs with creep
deformation was quantified from the filtered EBSD maps of samples
R and D1 to D5. The result is given in Fig. 6. It shows the same
evolution with the strain level as that previously evidenced for the
linear fraction of the sub-boundaries (cf. Fig. 5). From 0 to 5.1% of
deformation, the average GNDs density increases from
0.8 x 102 m™ to 3.5 x 10> m™?! then it is more or less stable up to
9.4% of deformation and finally increases again up to

1 The density calculated on non deformed sample R corresponds to the orien-
tation noise. This noise is converted in a certain level of dislocation density, often
called spurious density (psp) [14].

5.1 x 10 m~2 at 11% of deformation.

The EBSD data were further processed to detect the sub-grains
formed inside the prior grains and quantify the evolution of their
average size with the strain level (see section 2.3 for further de-
tails). Fig. 7a illustrates the processing for sample D5; it highlights
in random colors sub-grains identified within the prior UO; grains
contoured in white. Sub-boundaries form a relatively homoge-
neous network, even if they sometimes tend to concentrate close to
the grain boundaries. Fig. 7b shows that the initially about 15 pm
size grains are fragmented into sub-grains, with a decreasing
average size with increasing strain level. This average size reaches
around 11 pm, between 5.1% and 9.4% of deformation, and drops
around 9 pm at a deformation level of 11%. These results are fully
consistent with those obtained for sub-boundaries: the more the
number of sub-boundaries increases, the more the average size of
the sub-grains decreases.
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Fig. 7. (a) Disorientation map of sample D5 (Fig. 3f) showing in random colors sub-
grains identified within the prior UO, grains contoured in white, (b) Evolution of the
mean sub-grain size with the strain level (¢) for the reference (R) and deformed
samples (D1 to D5) (the red marker corresponds to the prior UO, grain size). (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)



3.3. Influence of strain rate on the grain sub-structuration

The two groups of pellets (D3, D6, D7) and (D5, D8, D9) were
deformed under different strain rates ranging from 5 x 107651 to
40-70 x 1078 s~! to reach a mean strain level of about 7 and 11%
respectively. Their study allows analyzing and quantifying the in-
fluence of the strain rate on the grain sub-structuration.

As shown by Fig. 8, the linear fraction of sub-boundaries in-
creases with the strain rate, in each disorientation class ([0.25°_0.5°
[, [0.5°_1°[ and [1°_3°[) for both groups. No “saturation” of the
population of sub-boundaries, whatever their disorientation class,
is observed. This result points out a continuous formation of new
sub-boundaries within the original grains. Moreover, at high strain
level (11%), the fraction of sub-boundaries disoriented between (1°
and 5°) (colored in yellow and green in Fig. 8b) increases markedly
at high strain rates (70108 s=1) (from 10% (D5) to 13% (D9)). This
result confirms that the S-GB disorientation angles increase with
deformation, leading to the creation of new grain boundaries.

The evolution of the average dislocation densities with strain
rate was also quantified as well as the evolution of the mean sub-
grain size. The GNDs density increased with the strain rate
whereas the mean sub-grain size decreased. This is illustrated in
Fig. 9. For example, the prior UO; grains, with an average size of
15 um, were fragmented into sub-grains of about 8 umat 11% of

deformation at a strain rate of 70 x 1076 s~

4. Discussion

The evolution of the crept microstructure of UO, was studied as
a function of the strain level and rate, thanks to an optimized
methodology for EBSD data acquisition and post-processing. The
progressive development of sub-boundaries networks within the
grains was clearly evidenced and confirmed by ECC images.

Moreover, the results show that our methodology is efficient to
quantify the increase of linear fraction of the sub-boundaries and
the GNDs density, with increasing strain level (see Figs. 5 and 6) and
strain rate (see Figs. 8 and 9). At a strain rate of ~20 x 1076 s~1, the
linear fraction of the sub-boundaries ranges from almost zero to
~25% for deformations comprised between ~5% and ~9.5%. It in-
creases again up to ~35%, when the deformation reaches ~11%. The
corresponding GNDs density then reaches 5 x 10'> m%. When the
strain rate is increased up to ~70 x 10~% s, the two previous
quantities reach ~45% and ~7.5 x 10'> m™2 respectively (for a strain
level of 11%). Concomitantly, the mean sub-grain size decreases

progressively with the increase of strain rate and level. Also, new
sub-boundaries disoriented by less than 1° are continuously
created whereas already existing sub-boundaries increase their
disorientation. This evolution could potentially create new grains
with boundaries disoriented by more than 5° for higher deforma-
tion levels and rates. Thus, in the dislocational creep domain, UO5 is
subject to a dynamic recovery mechanism by progressive rotation
of sub-grains (in other words, by progressive increase in sub-
boundaries disorientation angle) [18].

4.1 The sub-structuration process of UO, seems to take place in
three steps (cf. Figs. 6 and 7)

- a first one (between 0 and ~5% of deformation, at~20 x 10~°
s~1), in which more and more numerous dislocations appear
and form sub-boundaries,

- a second one (between~5% and ~9.5%, or slightly more), in
which the sub-boundaries population is stabilized,

- a third one (around 11% or more, or at high strain rates), in
which the sub-boundaries and GNDs densities increase again.

This evolution according to three steps could be surprising as all
the tests were performed in the macroscopic secondary/stationary
creep regime, in which an equilibrium between the creation and
the annihilation of dislocations would be expected (as only
observed in the second step described above). However, one has to
keep in mind that the transition between the different creep re-
gimes is progressive. Thus, it is reasonable to assume that the less
deformed pellets (<5%) were still in a transient regime between
primary and secondary creep. Conversely, the more deformed ones
could be close to the transition to the ternary creep regime (espe-
cially because all observations were performed in the most
deformed areas of the pellet).

The systematic quantification of sub-boundary linear fractions,
GNDs density and sub-grain size, performed in this work for
different testing conditions, offers the possibility to develop visco-
plastic deformation models for UO;, at the microstructure scale, as
initiated in Ref. [28]. This approach provides a real breakthrough in
modelling the mechanical behavior of UO,, in comparison to more
phenomenological ones (cf. [3,8], for example).

The development of a sub-structure within the UO, prior grains,
during compression tests at high temperature, as well as the in-
fluence of the testing conditions, have been little discussed in
Literature. Dherbey et al. highlighted sub-boundaries in UO, pel-
lets, mechanically tested in conditions close to those of this study,
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Fig. 9. (a) Average dislocation densities and (b) mean sub-grain size calculated from
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deformed to 7% and 11%. The red marker corresponds to the reference pellet R (with no
sub-grains). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

thanks to an etching method [8]. This method did not allow any
quantification and was perhaps not suitable for evidencing very
low disorientations, contrary to EBSD and ECCI. These authors also
performed TEM examinations on sub-boundaries but these obser-
vations were highly localized (as they were performed on thin foils)
and did not produce any quantified data. The creep behavior of UO,
was described by a grain boundary sliding mechanism partially
accommodated by dislocational creep within grains (giving rise to
sub-boundaries formation). The fraction of the non-accommodated
sliding by the intra-granular deformation caused the appearance of
inter-granular cavities.

In the strain range applied in this work (3—11%), small cavities
have been observed only in the most deformed sample D9 (cf.
Fig. 2b), whereas numerous ones were observed by other authors in
pellets deformed under conditions similar to those used in the
present work [8,12]. This difference could be related in part to the
size of our pellets. Indeed, their height/diameter ratio (close to 2)

was higher than standard ratios (close to 1.5) characterizing the
pellets used in the other studies. This greater slenderness leads to a
better distribution of the deformation and reduces its localization
in the central zone of the pellet (which adopts a barrel shape, when
uniaxially compressed). Recent examinations at CEA also pointed
out a tendency to increase cavitation damage, with UO, over-
stoichiometry [29]. It could be possible that our tests were car-
ried out under better conditions of control of oxygen partial pres-
sure, therefore of UO, stoichiometry, than those performed in other
studies.

Our results can be interestingly compared with those obtained
on geological materials with structure similar to that of UO; (ionic
crystals, some with cubic lattice) such as olivine, monocrystalline
MgO, polycrystalline NaCl, polycrystalline calcite (CaCOs)
[17—19,30—34]. All these studies cover higher strain levels,
compared to the present work on UO;; this makes the quantifica-
tion of deformation-induced sub-boundaries easier. However, the
number of samples characterized was lower and the smallest
disorientation angle detected by EBSD did not fall below 0.5°.
Finally, the EBSD maps were performed on reduced areas of the
deformed samples. All these factors limit the quantification of the
sub-structuration process.

Despite these limitations, most of these studies confirmed that
the number of sub-boundaries and their disorientation angle
increased with the deformation. Particularly, Mariani et al.
analyzed by EBSD the dynamic evolution of the microstructure of
MgO monocrystals, tested in uniaxial compression between 1300
and 1500 °C up to high deformation levels (more than 20%) [17].
They concluded that dynamic recovery by sub-grains rotation was
the main deformation mechanism of MgO single crystals. This
phenomenon was also observed in the case of polycrystalline NaCl,
in which the average disorientation within grains increased with
deformation, for tests performed at 165 °C with deformation levels
ranging from 7% to 54% [31]. The rate of this increase diminished at
high strain levels. Then, new grains appeared in the original ones.
The appearance of new grains was also evidenced in CaCos during
deformation, by progressive increase of the SG-B disorientation
angle [34]. It would be interesting to perform compression tests
and characterizations on more deformed UO5 pellets (provided that
cavities will not be too numerous), to check if a recrystallization by
a sub-grain rotation process would also take place in this material.

5. Conclusion and prospects

The present paper quantifies the grain sub-structuration
induced by dislocational creep in UO,, as well as its evolution as
a function of strain level and strain rate. Stoichiometric UO; pellets
with 15pum mean grain size were deformed by uniaxial creep
compression tests at 1500°C for different strain rates (from ~
5x 1078 s71 to 70 x 107 s~1) and strain levels (from 3% to 11%).
Low and very low angle boundaries were induced by creep and
formed sub-grains inside the prior UO; grains.

The sub-boundaries disoriented down to 0.25° were detected
and quantified from large orientation maps thanks to an optimized
methodology for EBSD data acquisition and post-processing. The
results show that our methodology is efficient to quantify the sub-
boundaries evolution inside the prior U0, grains as a function of
the deformation conditions. Three EBSD based quantities were
calculated to follow this evolution: the linear fraction of the sub-
boundaries, the corresponding GNDs density and the resulting
mean sub-grain size. In addition, Accurate-ECCI technique was used
to highlight the complex dislocation arrangement inside these
creep induced sub-boundaries and confirmed the EBSD results.

It is shown that the linear fraction of sub-boundaries increases
significantly with the strain level and rate. New very low angle



boundaries disoriented by less than 1° are continuously created
whereas already existing sub-boundaries increase their disorien-
tation. For higher deformation levels and rates, new grains with
boundaries disoriented by more than 5° could be potentially
created. Thus, in the dislocational creep domain, UO; is subject to a
dynamic recovery (or even recrystallization) mechanism by pro-
gressive increase of sub-boundaries disorientation angle.

In a coming research, the same methodology will be applied to
analyze the effect of microstructural parameters of UO, pellets
(such as voids distribution after sintering) on the creep deformed
microstructure and its influence on the viscoplastic behavior of this
ceramic.
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