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Abstract

Understanding cracking phenomena in polycrystalline UO:2 fuel pellet
requires detailed knowledge of the fuel's local microscopic stresses and
operational conditions. High stress states emerge in the pellet due to a
deep parabolic temperature gradient between the center and cylindrical
edges of the pellet. In normal operating conditions, the outer regions of the
fuel pellet are brittle and experience tensile stresses. On the other hand,
the inner parts of the pellet experience compressive stresses, and the
behavior is increasingly plastic. Macroscopic stress in the pellet can cause
diverging local stresses and microcracking due to e.g. strain
incompatibilities between the grains and dislocation pile-ups. Also,
porosity, localization of pores in grains and at grain boundaries, their size,
and shape substantially impact UO2 cracking behavior.

This study proposes a micromechanical modeling workflow to study how
pores affect the plasticity of polycrystaline UO2. SEM-EBSD was
performed on standard UO:2 pellets with dense microstructure and round
pores at inter and intra-granular locations. The characterized
microstructure was meshed and coupled with a dislocation-based crystal
plasticity model to simulate the uniaxial compression behavior at 1600 K.
To this end, we propose the constitutive model that potentially can
describe the deformation of a single crystal and polycrystalline UO2. We
have also developed the inverse optimization method to identify material
parameters providing a unigue solution at different length scales. With the
element removal technique, we have assessed the influence of pores size,
volume fraction, and their distribution in microstructures on the mechanical
response of polycrystalline UOx-.
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1. Introduction

As a part of NKS-R program in 2021, VTT and KTH have studied micromechanical
behaviour of UO: nuclear fuel pellets to improve understanding of the mechanical
deformation processes occurring in the fuel during its usage.

The parabolic temperature profile in the fuel pellet causes tensile stresses at the outer region
of the pellet. On the other hand, the inner parts of the pellet experience compressing forces. At
the pellet edges, the mechanical behaviour is close to brittle. However, with the elevated
temperatures at the central parts of the pellet, the behaviour is more plastic. Stress over the
fuel pellet can result diverging local stresses and microcracking due to strain incompatibilities
between the grains. Also, porosity, location of pores in grains or at grain boundaries, their size
and shape have a strong effect on the UO2 mechanical behaviour.

The present work proposes a dislocation-density-based crystal plasticity model for UO2, and
polycrystalline microstructures are investigated to analyse plasticity at the grain structure
level. Scanning electron microscopy was applied to characterize the sample microstructure. In
addition, single and polycrystalline simulations are performed to fit the model parameters
with available experimental data. The model has been evaluated and adjusted with different
temperatures and strain rates. Furthermore, three different techniques are analysed to
introduce porosity within the microstructure. The results have been published in Journal of
Nuclear Materials [1]. The NKS report presents the abstract of the work done under NKS-R
2021 project.

2. Material and methods

The UO:2 fuel pellet was supplied by Westinghouse Electric Sweden AB. The pellet was
sintered in a hydrogen atmosphere at 1780 °C for about 4 h, which provided a sintered density
of 10.5 g/cm3 (or 96.0 % of UO: theoretical density (TD)).

The as-received UO:2 pellet was cut longitudinally and hot-mounted in a phenolic resin with
carbon filler for scanning electron microscopy (SEM) and electron backscatter diffraction
(EBSD) examinations. The mounted sample was ground with SiC papers (grits 280, 360, and
600) and polished using consecutive diamond suspensions (9, 3, 1, and 0.25 um). A final
polishing treatment with aluminium oxide suspension (0.05 um, Buhler Masterprep) was
performed to provide a defect-free surface for the EBSD analyses. After polished, the sample
was coated with a conducting carbon layer (2 nm) for the SEM-EBSD measurements using a
Gatan PECS coater.

The crystal plasticity model applies finite strain formalism with a conventional decomposition
of deformation gradient to elastic and inelastic contributions. Inelastic deformation by
dislocation slip is computed as the sum of all distinguished slip systems.

3. Results and discussion

A crystal plasticity model was proposed to enable investigation of UO:2 deformation
behaviour. Both single crystal and polycrystal compression tests were applied in the
parametrization of crystal plasticity model. Special attention was placed on the effect of
porosity on stress and strain localization. The porosity and grain structure were based on the
2D SEM-EBSD image of a real UO2 fuel pellet. Also, comparisons were carried out for 3D



simple-element- based approach and explicit 3D porosity structure. All structures were
addressed to similar uniaxial compression tests up to 6.8 % of nominal strain.

 The proposed crystal plasticity model includes dislocation-density-based formulation with
three slip families. The number of model parameters remains at a reasonable level and
temperature effects are included by scaling the model parameters without adding excessive
number of fitting parameters. This allows more effective use of a parameter optimization
routine.

» The optimization workflow for parameterizing the crystal plasticity model was proposed,
which is capable of identifying the parameter set of single crystal and polycrystalline UO2.
Mechanical response predicted by single crystal and polycrystalline simulations at 1600K
with the strain rate of 0.0001 s™! are in good agreement with experiments performed using
similar conditions. Polycrystalline simulations demonstrate strain rate and temperature effects
on mechanical behaviour as well. However, compared to the experimental reference, the
mismatch is still pronounced, which will be addressed in the follow-up study.

* The results from both 2D and 3D numerical model indicate that the presence of porosity
leads to stress localization, which is directly related with the pore volume fraction. With a
damage framework in the numerical model, these sites of stress localization can be directly
correlated to the onset of damage. The numerical model can be further improved by including
a damage model with element deletion method, which could be useful in predicting
anisotropic damage behaviour.

» To address the effect of porosity to susceptibility of fuel pellet cracking, the present
plasticity model could be extended to include a regularization of slip localization and damage
within the framework but with an additional strain gradient term. Furthermore, a model
extension to a non-local description of plasticity could be seen beneficial in order to capture
the size effects of pores. Finally, it is also apparent that the proposed model could benefit of
better estimation of very high temperatures, such as 1900-2000 K, which could require the
reformulation of temperature dependent parameters.

4. Conclusions

A dislocation-density-based crystal plasticity model was developed and optimized during the
collaborative project of VTT and KTH in 2021. The model enables further development of
additional deformation mechanisms, such as cracking at stress localization sites. The work
continues under collaborative EU project OperaHPC (OPEn HPC theRmomechanical tools
for the development of eAtf fuels).
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Understanding cracking phenomena in polycrystalline UO2 fuel
pellet requires detailed knowledge of the fuel's local microscopic
stresses and operational conditions. High stress states emerge in the
pellet due to a deep parabolic temperature gradient between the
center and cylindrical edges of the pellet. In normal operating
conditions, the outer regions of the fuel pellet are brittle and
experience tensile stresses. On the other hand, the inner parts of the
pellet experience compressive stresses, and the behavior is
increasingly plastic. Macroscopic stress in the pellet can cause
diverging local stresses and microcracking due to e.g. strain
incompatibilities between the grains and dislocation pile-ups. Also,
porosity, localization of pores in grains and at grain boundaries, their
size, and shape substantially impact UO:2 cracking behavior.

This study proposes a micromechanical modeling workflow to study
how pores affect the plasticity of polycrystalline UO2. SEM-EBSD
was performed on standard UO:z pellets with dense microstructure
and round pores at inter and intra-granular locations. The
characterized microstructure was meshed and coupled with a
dislocation-based crystal plasticity model to simulate the uniaxial
compression behavior at 1600 K. To this end, we propose the
constitutive model that potentially can describe the deformation of a
single crystal and polycrystalline UO2. We have also developed the
inverse optimization method to identify material parameters
providing a unique solution at different length scales. With the



element removal technique, we have assessed the influence of pores
size, volume fraction, and their distribution in microstructures on the
mechanical response of polycrystalline UO-.

Key words Crystal plasticity, Uranium dioxide, Mechanical behavior,
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Modelling of U0, mechanical behavior requires detailed knowledge of the local stresses and strains dur-
ing the fuel's operation in normal and accident conditions. Therefore, a crystal plasticity formulation is
proposed for polycrystalline UO,. The model contains a dislocation-density-based formulation including
three slip families and their interactions. The model is parametrized with single crystal and polycrystal
experimental data using an optimization scheme. The model’s capability to represent yield point, strain
hardening behavior, temperature and strain rate dependencies are evaluated. Finally, different approaches
to include porosity at the polycrystal are analyzed to assess the effect of porosity on homogenized macro-
scapic stress-strain behavior, and stress/strain localization at the grain level.

© 2022 The Author(s). Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Nuclear fuel is one of the central components in a nuclear
power plant (NPP). It is the place where fission energy is created.
In light water reactors (LWR), the fuel consists of ceramic uranium
oxide pellets that are sealed into metallic cladding tubes. Fuel pel-
lets and their cladding form the main barrier against radioactive
release containing as intact all fission products created in the fis-
sion reactions. From the safety point of view it is therefore impor-
tant to understand the fuel pellet and fuel rod behaviour in op-
eration and accident conditions. Fuel pellet deformation includes
complex physical and chemical phenomena spanning to multiple
length and time scales. OECD/NEA State-of-the-art report identifies
four key phenomena with the ongoing research programs: creep,
swelling, cracking and mechanical deformation in pellet-clad inter-
action [1].

The parabolic temperature profile in the fuel pellet causes ten-
sile stresses at the outer region of the pellet. On the other hand,
the inner parts of the pellet experience compressing forces. At the
pellet edges, the mechanical behaviour is close to brittle. However,
with the elevated temperatures at the central parts of the pellet,
the behaviour is more plastic [2]. Stress over the fuel pellet can re-

* Corresponding author.
E-mail address: Matti.Lindroos@vtt.fi (M. Lindroos).

https://doi.org/10.1016/j.jnucmat.2022.154127

sult diverging local stresses and microcracking due to strain incom-
patibilities between the grains [3]. Also porosity, location of pores
in grains or at grain boundaries, their size and shape have a strong
effect on the UO; mechanical behaviour [4-7]. Among other ap-
proaches, phase field has been utilized in predicting intergranular
brittle fracture strength with different amounts of porosity at the
grain boundaries [8]. The study by Chakraborty et al. [8] was lim-
ited to a single type of grain boundary and the grain structure was
arbitrary. With elevated temperature, plastic deformation mech-
anisms have increasingly important role in the pellet mechani-
cal behaviour in general. Compression tests of individual polycrys-
talline fuel pellets have shown that increasing the strain rate at
elevated temperature generates strain hardening [3,9]. Strain hard-
ening modelling capability is especially relevant for estimations of
the pellet mechanical behaviour in accident scenarios.

Portelette et al. [10] formulated a crystal plasticity model for
UO, and investigated single crystal plasticity and temperature de-
pendency of the material. In their recent study [11], dislocation
dynamics was used to determine slip-slip interaction coefficients
to propose a slip interaction hardening matrix addressing three
different slip families and their connections. In a recent study
[12], they investigated effects of large pores and stress triaxiality
with synthetic microstructures with utilizing reduced version of
a crystal plasticity model presented in [10]. The effects of small
pores within fresh microstructures and their interactions with im-

0022-3115/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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age based (EBSD) grain structures was not in the scope of their
work.

As irradiation of a fuel element proceeds, both the chemical
composition and physical structure of UO, pellets evolve. There-
fore, it is important to understand separately the impact of de-
fect changes on mechanical properties in real microscopy-based
U0, pellet structure to further develop models for irradiation ef-
fects in UO, pellets. It can be argued that investigations focus-
ing on explicit microstructures and existing defect structures are
not yet comprehensively presented in literature. The present work
proposes a dislocation-density-based crystal plasticity model with
various parameters contributing to slip resistance and strain hard-
ening for UO,. Computational polycrystalline microstructures are
investigated to analyze plasticity at the grain structure level with
various techniques. The paper is organized as follows. In Section 2,
material characterization with scanning electron microscopy and
the crystal plasticity model are introduced. In Section 3, single and
polycrystal simulations are performed to fit the model parameters
with available experimental data utilizing an optimization routine.
The model’s feasibility is evaluated with respect to different tem-
peratures and strain rates. In the final part of Section 3, we in-
vestigate the effect of small or medium sized (smaller than grain
size) pores, within polycrystalline UO, microstructures, on the ma-
terial’s plastic deformation response. In particular, three different
techniques to represent simplified or explicit porosity within the
microstructure are analyzed. At the grain scale, the effect of poros-
ity on stress/strain localization is studied, which ultimately has an
important role in determining cracking behavior of UO, fuel pel-
lets. Section 4 summarizes the obtained results and shortly dis-
cusses the future research needs.

2. Material and methods
2.1. Sample and scanning electron microscopy

The UO, fuel pellet was supplied by Westinghouse Electric
Sweden AB. The pellet was sintered in a hydrogen atmosphere
at 1780 °C for about 4 h, which provided a sintered density of
10.5 g/cm? (or 96.0% of U0, theoretical density (TD) [13]).

The as-received UO, pellet was cut longitudinally and hot-
mounted in a phenolic resin with carbon filler for scanning elec-
tron microscopy (SEM) and electron backscatter diffraction (EBSD)
examinations. The mounted sample was ground with SiC papers
(grits 280, 360, and 600) and polished using consecutive diamond
suspensions (9, 3, 1, and 0.25 um). A final polishing treatment with
aluminium oxide suspension (0.05 um, Buhler Masterprep) was
performed to provide a defect-free surface for the EBSD analyses.
After polished, the sample was coated with a conducting carbon
layer (2 nm) for the SEM-EBSD measurements using a Gatan PECS
coater.

The EBSD analyses were carried out in a high-resolution field
emission gun (FEG) SEM model Zeiss GeminiSEM 450, coupled
with an EBSD detector (Oxford instruments Synergy) and the soft-
ware AZTEC. Secondary electron (SE) detector was used to evalu-
ate the microstructure morphology at 1000X magnification (step
size: 0.15 pm; matrix: 1333 x 1333 steps). The EBSD results as-
sessed the U0, crystal structure, grain orientations (inverse pole
figure (IPF) colouring), and Euler angles (EAs). The average grain
size (AGS) was computed based on 180 grains, with five measure-
ments per grain, using the software Image] [14]. The uncertainty of
AGS is reported as one standard deviation.

2.2. Crystal plasticity model

Finite strain formalism is used with a conventional decomposi-
tion of deformation gradient F to elastic FE and inelastic F? contri-
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butions. The decomposition reads:
F=FF-F (1)

2.3. Dislocation deviated plasticity

Inelastic deformation by dislocation slip is computed as the
sum of all distinguished slip systems. The model includes a pos-
sibility to deform by three slip families, as was also suggested by
Portelette et al. [10], involving six {100} < 110 >, six {110} < 110 =
and twelve {111} < 110 > slip systems. The plastic velocity gradient
L? then reads:

6 12 24
P P =Y N+ Y N+ 3 N (2)
s=1 s=7 s=13

where 35 is the slip rate and N°® is the orientation tensor of a slip
system s, respectively. Slip rate of a slip system can be written in
the form of rate dependent dislocation motion [15].

?5=(%> sign(t*) 3)

where 7% is the resolved shear stress of a slip system s and t$
is the effective shear resistance. Parameters K/ and n describe
viscous behavior, where superscript fam indicates to different slip
families. Exponent n is defined as a function temperature to ac-
count for cross-slip at high temperatures. Kinematic hardening is
omitted in the present approach for simplicity and in the absence
of cyclic stress-strain data.

The shear stress of a slip system, defined as 75=M : N° = (C°®-
SEY:N = (C°-(A: Ey) : N°, drives the plastic deformation when
it exceeds the critical/effective shear resistance 7. Mandel stress M
is defined in the intermediate configuration with Green-Lagrange
strain tensor Eg, while S¢ is the second Piola-Kirchhoff stress ten-
sor, and A is the fourth order elastic stiffness tensor. C° is the
Cauchy-Green tensor. Denotation X refers to a second order tensor,
while x denotes a scalar.

The shear resistance of a slip system s includes contributions
from lattice friction term 3, grain size effect realised with a Hall-
Petch relation typ, and a term for describing dislocation interac-
tions.

where  is shear modulus, b° length of the Burgers vector. Dislo-
cation interaction matrix a*/ is adopted from the derivation of the
its form in [11], in which superscripts s and j describe interaction
between slip systems s and j. It is worth noting that, this leads to
a large number of interaction coefficients that hold uncertainty in
their effect. Following the work of [16], we utilize evolving inter-
action coefficients for the effective interaction matrix as:

2
; In(0.35b°\/ps) :
sj S

Qorp = (O'2+O'Sln(0.35b5 Pref) a

where pp,r is a reference dislocation density.

The Hall-Petch relation is conventionally introduced within the
crystal plasticity framework by proportionality with inverse square
root of the grain size. The Hall-Petch coefficient Kyp describes the
magnitude of the grain size related hardening. The strengthening
effect is scaled with temperature dependent shear modulus in the
absence of quantitative experimental data.

u(T) Kyp

_ ZHE 6
TP = 11 (300K) v ®)
where Kyp is Hall-Petch type hardening coefficient, and d is the
effective grain size. Similarly we scale friction stress 75 and viscous

(5)
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Fig. 1. SEM-EBSD examination of a standard UO, fuel pellet. No preferential crystallographic orientation is observed in the IPF image, which is characteristic of the standard
polycrystalline UO, fuel [19]. The average grain size obtained from the IPF image was 10.6 = 4.0 um.

parameter K/® in Eq. (3), to approximate temperature effect on
these parameters consistently.

s_ ()
= mfomr (7)

fam

o ,LL(T) fam
= GRS (8)

The rate of dislocation density is given as a function of mean
free path to describe dislocation multiplication and annihilation.

Z?; 035.05
fam
Kl

o e o1 |
57 —y —
P =5 | Kupp | d

— G (9)

where K}f:rm describes the average number of obstacles overcome
before dislocation is immobilized and each slip family have their
own obstacle parameter. K¢, is used as fitting parameter to de-
fine effective mean free path. Parameter G, is an approximation of
annihilation distance. The effective annihilation distance is chosen
as a function of temperature and strain rate to effectively reduce
the strain hardening rate at elevated temperatures [17].

. (kgT)/Ag

G = cd,( y’.‘*f) (10)
|yl

where kg is the Boltzmann constant, Age is a magnitude controlling

parameter; and y,.r is a reference shear rate.

3. Results and discussion
3.1. Material characterization

The SEM-EBSD result in Fig. 1 shows a dense UO; microstruc-
ture with round and flake-like pores. Its band contrast image re-
ports poorly indexed regions (darker areas) around the pores and
well-indexed grains (brighter areas) within the dense UO, matrix,
as previously reported [18]. No preferential crystallographic orien-
tation is observed in the IPF image, which is characteristic of the
standard polycrystalline U0, fuel [19]. The average grain size com-
puted based on this IPF image was 10.6 + 4.0 pm.

The round pores observed in Fig. 1 were present at both intra-
and inter-granular positions in the microstructure, which is char-
acteristic of closed porosity at the end of the UO, sintering pro-
cess [20]. It is reported that the flake-like pores are the results of

sintering UO, powder particles that remained either in their orig-
inal shape or were slightly deformed during pressing [21]. These
unbroken UQ, particles can create voids (or gaps) with the sur-
rounded UOQ, particles. Thus, these gaps tend to shrink slowly due
to their large sizes, and the residual porosity becomes a flake-like
pore around the unbroken particles [22].

3.2. Parametrization strategy

Because the crystal plasticity model introduced in this study
must be applicable for predicting the mechanical response of U0,
at different length scales, we propose a multiscale parameterisa-
tion strategy. In this context, we established the two-stage param-
eterization scheme, which considers the mechanical response of
UO, single crystals and polycrystals at elevated temperatures.

In the first step, the optimisation scheme was set up to param-
eterize selected crystal plasticity parameters by mimicking stress-
strain curves obtained from single crystal compression experi-
ments by simulations. In this context, the generalised optimisation
module of Z-set was applied [23]. The general optimisation scheme
can be described as follows with the help of Fig. 2a. At the be-
ginning, a simulation is performed with the initial guess material
parameters. Results obtained are compared with experimental ref-
erence by calculating the objective function. Based on this, the op-
timisation algorithm suggests a new and more suitable set of ma-
terial parameters for the new simulation iteration. The entire pro-
cedure continues until the tolerance criterion is reached and the
optimised parameters set is then obtained. In terms of experimen-
tal references, we considered single crystal experiments at 1600K
with three different orientations of compression axis (& = 13.0°,
25.5%, and 36.0°) as reported in [24] to ensure the solution unique-
ness. Note that @ is the rotation angle from [001] towards [111].
Although results of the compression test along other axes (& =
2.0°, 44.0°, and 54.0°) were also provided in [24], we neglected
them in the parameterization procedure to avoid the chance of
the optimized solution not being converged due to an overly com-
plex objective function. With experimental references being iden-
tified, the unit cell model of 8 eight-node brick elements (C3D8)
were created and solved using the non-linear finite element solver
Zébulon [23]. Figure 2b provides the schematic sketch describing
boundary conditions applied to the unit cell model, of which the
compressive loading direction was parallel to the z-direction. From
Figure 2b, the surface 1 was fixed along the y-direction, the surface



M. Lindroos, N. Vajragupta, J. Heikinheimo et al.

Single crystal

CP parameters p :
simulations

Experimental

Journal of Nuclear Materials 573 (2023) 154127

A7

Objective

functions

references

<

Tolerance

Adapt

(2)

No X

(b)

Fig. 2. a) The optimization workflow to parameterize crystal plasticity parameters of UO; and b) the schematic sketch describing boundary conditions applied to the single

crystal model.

Table 1
Crystal plasticity model parameters.

Elastic constants G; (1600 K)
Viscous parameter for slip K]
Viscous parameter for slip K10
Viscous parameter for slip K}
Flow exponent n = ae” +¢

Initial dislocation density pj,; = exp(aT +b)

Initial resistance 7%

Initial resistance 77

Initial resistance 7"

Length of Burgers vector b®
Obstacle parameter K}‘gr”
Obstacle parameter K[1?
Obstacle parameter K}‘;}
Mean-free path parameter K,
Annihilation distance Gy
Annihilation parameter Ag
Hall-Petch coefficient Kyp
Effective grain size dgqin
Interaction matrix coefficients a; — az4

Cpp =278 Cpp = 104 Cyy = 54 [GPa]
9.29 [MPa]

26.03 [MPa]

10.04 [MPa]

a=182.38x10%, b= —0.008, c = 3.43
a=-0.0145, b=50.389 [m 2]

10.73 [MPa]

27.71 [MPa]

33.18 [MPa]

0.387 [nm]

276.98 [MPa]

227.71 [MPa]

234.17 [MPa]

1.62

2.9 [nm]

4.33x10-20 [JK 1]

0.5 [MPa/mm]

10.6 [um)]

adopted from [11]

2 was fixed along the x-direction and the surface 3 was fixed along
the z-direction. The strain rate applied was 0.0001 s~! which was
similar to the experimental reference [24]. For comparing simu-
lations with experiments, effective stress ¢ and effective strain €
were homogenised by calculating the spatial average of variables
specified over the model volume,

1
g =_ av
a V[VG

_ 1
eﬁvaedv

Because of their pronounced influence on the stress-strain
curve, we focused on identifying 7]%0, 10, 7111, K100 k110 11,

n, K}grn. K};E. K}})ﬁ. and K, in the first optimisation step. The se-

lected ranges of crystal plasticity parameters were 7% < [4, 100]
MPa, 7! € [4,100] MPa, /" €[4, 100] MPa, K% ¢ [5, 150] MPa,
K'0 < [4,250] MPa, K" €[4, 150] MPa, n < [8. 17], K129 < [20, 500]

or
MPa, K}}J? € [20,500] MPa, K};} € [20,500] MPa, and Ky, € [1,3].
Other material parameters including elastic constants were taken
from literature [25] and summarised in Table 1. To exclude the
grain size effect on simulated mechanical response of single crys-
tal, the effective grain size d was defined as 1 mm, which is rela-
tively large.

For the optimisation algorithm, we selected the Nelder-Mead
(N-M) method because of its robustness of fitting and it has al-
ready been used in [26] to parameterise the non-local crystal plas-
ticity model of tempered martensitic steels from nanoindentation

(11)

(12)

test. The algorithm was firstly proposed by Nelder and Mead [27],
of which a space is taken across a subregion and moves from the
worst location to the opposite side of the simplex to obtain bet-
ter solutions. It creates a simplex or a body in n dimensions con-
sisting of n+ 1 vertices, of which their position describes the sim-
plex completely. The worst vertex iteratively relocates and shrinks
to the global minimum in the n-dimensional design room.

With the optimisation algorithm being selected, we derived the
objective function to be minimised. To ensure the solution unique-
ness obtained from the optimisation process simulations, the ob-
jective function fro considered simulations and experiments with
three different orientations of compression axis. Here, all simula-
tions were equally weighted and fror was defined as

1 1 1 5
Jroe i= §f13.0° + §f25.5~ + §f36,0v — min. (13)

f13.00s fa5.50, and f3g e are discrepancy functions describing the
difference in stress o for the same applied strain €, between simu-
lation and experiment of compression test along orientation axis of
13.0°, 25.5°, and 36.0° respectively. In this context, they were de-
termined based on point densities, which is suitable for comparing
data with unequal data points. The data with smaller data points
will be interpolated between points of the large file. For each com-
pressive loading axis, the discrepancy function f; is expressed as

fj _ 1 i [asim(gk)gexp(ék)]z
k=0

Oexp(€x)

(14)

=]
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Fig. 3. Evolution of objective function during the optimisation process.

With the derived objective function and the selected optimisa-
tion algorithm, we defined the tolerance criteria for finishing the
optimisation process. For this study, there are two criteria to be
considered. Firstly, the optimisation is stopped once the objective
function is lower than 1072, Secondly, if the first criterion is not
fulfilled, the optimisation process comes to an end after the abso-
lute difference in fror between subsequent iterations [fri;f] 7friotl
becomes smaller than 10-9. The solution is then treated as the
lowest f;o; obtained from all iterations.

Evolution of the objective function during the optimization pro-
cess is shown Fig. 3. In the beginning, the objective function calcu-
lated from the initial parameters set is 0.0297, decreasing expo-
nentially to reach the saturated regime after 100 iterations. The
optimization process is terminated after 176 iterations, of which
the tolerance criterion is met. The objective function of the opti-
mized parameters set is 0.0043, which is significantly lower than
the initial step. We also plotted how material parameters change
during the optimization process in Fig. 4. Similar to Fig. 3, all ma-
terial parameters reach the saturated regime after 100 iterations,
and a small adjustment is made to obtain the optimized solution in
last iteration. All crystal plasticity parameters identified are sum-
marized in Table 1.

3.3. Mechanical response of densed UO,

3.3.1. Single crystal

Figure 5 depicts the mechanical response predicted from sim-
ulations of the parameterised single crystal. The simulation re-
sults of parameterized model are plotted with dash-dotted lines.
From the comparison of compressive stress-strain behavior with
selected experimental reference plotted in Fig. 5a, a good agree-
ment can be observed, of which crystallographic orientation de-
pendency on the yield stress can be well captured. The parame-
terised unit cell model can also mimic strain hardening behaviour
for & =25.0° and & = 36.0°. However, it still lacks the ability to
capture the steep hardening behaviour for the case of simulation
with & = 13.0°. Because the dislocation deviated plasticity is ap-
plied in this study, we can trace how dislocation densities change
during the deformation processes as shown in Fig. 5b, of which
the evolution of total dislocation density with increasing applied
compressive strain was plotted. However, comparing to [28], the
total dislocation density predicted was noticeably higher than ex-
perimental values reported. In this context, there are several fac-
tors affecting the accuracy of a dislocation density estimate, in-
cluding sample preparation for transmission electron microscopy
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(TEM). Further investigation on a comparison between dislocation
density simulated and estimated by modern microstructure char-
acterisation facility will be the subject of studies planned in the
future. We must also note that a good agreement between simu-
lations and experiments might be valid only for the selected com-
pressive load axes because the remaining load axes were not con-
sidered in this study, unlike [10] which compared simulations with
all load axes.

We also study how interaction matrix and evolving interaction
affect stress-strain behavior and dislocation density evolution of
single crystal UO; as plotted in Fig. 5. Dashed lines refer to sim-
ulations excluding the interaction matrix, and dotted lines stand
for simulations neglecting the evolving interaction. Without con-
sidering the interaction matrix in the crystal plasticity flow rule,
ideal plasticity behavior is exhibited, of which no strain harden-
ing behavior is observed once initiating the plastic yielding (ex-
cluding self-interaction also). Furthermore, compared to simula-
tions of the parameterized model, the total dislocation density re-
mains low, indicating to very small multiplication. Moreover, for
simulations without evolving interaction, we observe a subtle dif-
ference in strain hardening behavior and total dislocation density
evolution. One of the reasons for these results is that the strain
rate applied to these simulations is relatively low (10—4 s=1), which
minimizes the effect of this evolving term.

3.3.2. Polycrystal

With the crystal plasticity parameters being identified for a sin-
gle crystal UO,, they are applied to the polycrystalline U0, model,
generated using the Voronoi tessellation. The model consists of 250
grains with random crystallographic orientations to avoid the crys-
tallographic texture effect on the mechanical response. Note that
grgin is now assigned as 10 um, which is identical to the aver-
age grain size identified by EBSD analysis in Section 3.1. To this
end, we have compared compressive behavior simulated at 1600K
with the experimental reference [3], performed at 1623K with the
strain rate of 10~%. Note that we assumed that there is no sub-
stantial difference between mechanical response UO, polycrystal at
1623K and 1600K. Macroscopic stress and strain are homogenized
by following Eqs. (11) and (12). Stress-strain behavior predicted by
micromechanical simulations is then plotted in Fig. 6. Note that
we compared only the plasticity part of UO; polycrystal, of which
the engineering stress-true strain curves were all converted to true
stress-true strain curves, and the elastic ranges and the elastic-
plastic transition were neglected. We then applied the 0.2% offset
method on the true stress-true strain curve to identify the yield
stress and calculate plastic strain. Comparing the experimental re-
sult (black line) with simulated stress-strain behavior (blue line)
shows differences in plastic yielding and strain hardening behavior.
Therefore, to accommodate the mismatch between experiment and
simulation, we increase Kyp from 0.0 to 0.5 MPa,/mm to promote
the grain size effect on the plastic yielding, of which the result
is plotted as the red line. With this adjustment, simulated stress-
strain behavior is now in good agreement with the experimental
reference, and this parameter set is then used in the next sections.

3.3.3. Strain rate dependency

In this section, we study the influence of strain rate on the
mechanical response of polycrystalline UO, with optimized crys-
tal plasticity parameters, of which results are compared with com-
pression tests [3] performed at 1600K with strain rates of 0.1,
0.01, 0.001, and 0.0001 s~!. In this context, we perform compres-
sion simulations on the parameterized model at 1600K with simi-
lar strain rates as experiments. These simulations are plotted with
dash-dotted lines. From the strain hardening comparison in Fig. 7a,
the parameterized polycrystalline model can capture the experi-
ment performed at the strain rate of 0.0001 s—!. However, the ef-
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fect of strain rate on simulated compressive stress-strain curves is
much more pronounced at higher strain rates than in the refer-
ence data. Furthermore, we also calculate 0.2, 0.5, and 1.0 % offset
yield stresses at different strain rates. From Fig. 7b, the influence
of strain rate on an offset yield stress is less prominent than in the
experiment, which shows exponential behavior. For improving the
crystal plasticity model, it is recommended to include the term,
which also considers the strain rate sensitivity to the deformation
behavior.

We also perform simulations by neglecting evolving interac-
tion as plotted using dotted lines in Fig. 7a and 7 b. By exclud-
ing the evolving interaction term, the effect of strain rate on the
strain hardening behavior is even more noticeable than in simula-
tions with the evolving interaction. However, offset yield stresses
(Fig. 7b) are more or less similar to simulations with the evolving
interaction.

3.3.4. Temperature dependency
Because UO, pellets are usually being exposed at an elevated
temperature, we study the model capability to predict the temper-
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ature influence in this section. The focus is on compression tests
performed on polycrystalline UO, at 1373, 1600, 1823, and 1973K
with the strain rate of 0.0001 s~! [3]. To match experimental ref-
erence, we adapt n and initial dislocation density p;,; as plotted
in Fig. 8¢ and d. Here n and p;,; are assumed to be temperature
dependent and decrease with increasing temperature to accommo-
date the increased annihilation. Note that comparing to the com-
pression simulation at 1600K, n and p;,; were larger for the simula-
tion at 1373K. We also fit identified n and p;;; as a function of tem-
perature T with exponential function, which is provided in Table 1.
From the compressive stress-strain comparison in Fig. 8a and b,
even though simulations are not in excellent agreement with ref-
erence data, they are still able to demonstrate the temperature ef-
fects on strain hardening behavior and offset yield stresses. Note
that dash-dotted lines represent simulations and solid lines refer
to experimental references. At the lower temperature (1373K), the
hardening behavior is much more pronounced than simulations
at higher temperatures (1823 and 1973K) because the dislocation
density annihilation rate is stronger at a higher temperature. The
similar reason can be used to explain temperature effect on offset
yield stresses as well. By increasing n together with p;,;;, compres-
sive stress-strain behavior and yield stress at 1373K can be cap-
tured. However, even though the influence of temperature on the
mechanical response is pronounced with decreasing n and pj;, dis-
crepancy between experiments and simulations still exists. Further
model improvement is required to better capture the temperature
effect on the mechanical response of UO, in particular at higher
temperatures. It is worth noting that yield point of the material
is controlled also by Hall-Petch effect typ and friction stress 7
besides dislocation density. We suggest a temperature dependent
scaling on these effects in Eqgs. (6) and (7). It is indicated that the
scaling on these parameters is not strong enough to sufficiently
decrease the initial yield at high temperatures, given that initial
dislocation density cannot be decreased endlessly and in an non-
physical manner to achieve a better fit.

3.4. Polycrystal with porosity

Further investigation were performed on porous polycrystal mi-
crostructures. Three approaches were used. Figure 9 shows typical
examples of the used microstructural aggregates. The first simplis-
tic approach is to assign certain amount of the elements to rep-
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Fig. 7. Simulated mechanical responses of parameterised polycrystalline UQO; at 1600K with strain rates of 0.1, 0.01, 0.001, and 0.0001 s~!: a) compressive stress-strain
behaviour and comparison with experimental reference, and b) Comparison of 0.2, 0.5, and 1.0 % offset yield stresses with experimental reference.
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Fig. 9. Polycrystal microstructures with porosity, a) simple-element-based approach, b) explicit 3D porosity, ¢) EBSD based method. Colours present grain identification
number not IPF-colours.
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extracted from [3].

resent porous phase within solid matrix. In the second approach,
larger sections are removed from the material to generate explicit
large voids. The third approach includes an identification of porous
phase from the EBSD maps. Typical kinematic uniform boundary
conditions were chosen for the cases show in Fig. 9a,b. Effectively,
despite the porosity at the edges of the aggregates, the exterior
faces essentially remain flat in the simulations. The EBSD based
microstructure was extruded to one element thickness and the ex-
terior faces are constrained to remain flat also.

Whenever higher porosity is analyzed, the input microstruc-
tural aggregates are modified to involve more of porous phase ar-
tificially. Then the porosity levels are assigned to range between
fully solid (0%) up to very high value of 25% with 5-10% incre-
ments depending on the actualization of added porosity. In the
case of element-based porosity (Fig. 9a), the regions are assigned
as soft elastic with 1 GPa of elastic modulus, whereas the two
other cases have simply pores/voids explicitely in the microstruc-
ture while maintaining fairly small size of the pores. The crystal
plasticity model is then used to evaluate the stress-strain response
of the material once porosity increases. The EBSD based computa-
tional domains were constructed by obtaining the orientation data
from a SEM-EBSD measurement in Fig. 1 following Euler angle con-
vention that are then meshed according to the identified grains.

For the two full 3D polycrystal cases as well as for the EBSD
based mesh an axial compression test is performed up to 6.8%
strain level at the nominal strain rate of 1-10~* s—'. It is worth
noting that with the EBSD microstructure, the relative number
of non-indexed points was 4.2 % of the total number of 7.5 10°
orientation points in the original measurement data. As the rela-
tive number of non-indexed points is close to the nominal poros-
ity, it is reasonable to assume that majority of the non-indexed
points represent porous phases of the material. Also, the IPF map
in Fig. 1 shows small non-indexed regions in the grains and larger
regions at the grain boundaries. This is in line with the SEM exam-

inations by Salvo et al. where finer pores with diameter less than
3 pm are found in the grains and larger ones at the grain bound-
aries [3].

Figure 10 shows the simulated stress-strain curves for three
different approaches following the order of the microstructures
shown in Fig. 9.

The apparent stress levels are decreased as a function of the
porosity. It is also clear that the simple porosity model, having one
element as one pore, shows lower effect on stress-strain behav-
ior than the more detailed porosity model of the EBSD domain or
explicit pore 3D model. The best fit with respect to experimental
data is observed with the explicit pore model in Fig. 10b. When
the effective elastic modulus is defined from the elastic part of the
simulated stress-strain curve, a rather linear decrease is observed
for all cases, as expected for porous materials. The use of ex-
truded 2D microstructures (EBSD) is not ideal to analyze the com-
plex three dimensional stress state near the pores. However, the
EBSD based approach introduces realistic grain structure and qual-
itative first analyzes maybe performed with the model in terms of
stress/strain localization. Furthermore, the discretization related of
using single elements as pores poses crude approximation of the
stress state near the pores due to lacking mesh details around the
pore, which is again non-ideal for any future fracture studies.

Figure 11 shows probability density plots of cumulative plastic
slip and Von Mises stress at the end of the simulations with 6.8%
of macroscopic compressive strain. The data contains all the inte-
gration points within the meshes. Intuitive bimodal distributions
are observed for localization of plastic slip and Von Mises stress for
element-based porosity in Fig. 11a,b. For the explicit pore model
and for the EBSD based model, the distributions illustrate more
variation due to the capability to represent stress and strain lo-
calization near the pores. Increase in porosity promotes formation
of slip rich regimes and also increases the occurrence of higher
equivalent stresses.
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Fig. 12. Comparison von Mises stress, equivalent plastic strain, and total dislocation density contour of simulated EBSD based models with evolving porosity fraction.

In all simulations, the overall dislocation density reaches gen-
erally very high values in the range of 1-10 —10'¢ m-2 after
deformation, which are in the range reported in [29,30]. It is note-
worthy that high burn-up in the material and related formation of
fission products affect the quantity and characteristics of disloca-
tion density, which are not comparable with the fresh fuel pellet.
The effect of dislocation loop density is not explicitly included as a
defect density in Eq. (4). However, additional dislocation loop de-
fect density can be included, which effectively modifies the slip
resistance [16]. In addition, it is worth noting that since damage
model is not included in the present analysis, the high porosity
levels would be expected to cause fracture of the material before
such overall high strain levels, at least locally.

In Fig. 12, we compare von Mises stress, equivalent plastic
strain, and total dislocation density distribution of simulated EBSD-
based models with evolving porosity fraction. For the model with
no porosity, higher von Mises stress concentration can be observed
along grain boundaries of UO, grains, reflecting dislocation slips
being blocked/interfered. When the porosity fraction increases, von
Mises stress is localized in the region where porosities are near
each other. One can observe the porosity network with localized
von Mises stress in the model with a large porosity fraction (15%).
Similarly, equivalent plastic strain concentrates in the region be-

n

tween porosity and forms the network of the area with high equiv-
alent plastic strain as well. From the crystal plasticity model intro-
duced in Section 2.2, dislocation densities are the plastic deforma-
tion's source, resulting in the total dislocation density distribution
in the microstructure conforming to the equivalent plastic strain
contour as expected.

Figure 13 illustrates the evolution of von Mises stress, equiv-
alent plastic strain, and total dislocation density contour during
the compression simulations of polycrystalline U0, with 10% and
25% porosity volume fraction. Both simulations provide a similar
trend, starting with large values of von Mises stress, equivalent
plastic strain, and total dislocation density provoked in the poros-
ity's vicinity. These concentrated regions then grow and link with
others to form a network of localized stress and strain concen-
tration, which can potentially promote damage onset and prop-
agation. The key difference between a model with smaller and
larger porosity volume fractions is that the formation of these
networks is more pronounced. Simulation results shed light on
how porosity, which increases during the operation, affects the
mechanical response of polycrystalline UO, pellets. To this end,
UQO, pellets with more porosity tend to be more prone to stress
and strain localization which can result in damage onset and
propagation.
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Fig. 13. Comparison of a) von Mises stress, b) equivalent plastic strain, and c) total dislocation density contour of porous 3D cases.
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4. Conclusions

A crystal plasticity model was proposed to enable investiga-
tion of UO, deformation behavior. Both single crystal and poly-
crystal compression tests were applied in the parametrization of
crystal plasticity model. Special attention was placed on the effect
of porosity on stress and strain localization. The porosity and grain
structure were based on the 2D SEM-EBSD image of a real UO; fuel
pellet. Also, comparisons were carried out for 3D simple-element-
based approach and explicit 3D porosity structure. All structures
were addressed to similar uniaxial compression tests up to 6.8% of
nominal strain.

e The proposed crystal plasticity model includes dislocation-
density-based formulation with three slip families. The amount
of model parameters remains at a reasonable level and tem-
perature effects are included by scaling the model parameters
without adding excessive amount of fitting parameters. This al-
lows more effective use of a parameter optimization routine.
The optimization workflow for parameterizing the crystal plas-
ticity model was proposed, which is capable of identifying the
parameter set of single crystal and polycrystalline UQ,. Me-
chanical response predicted by single crystal and polycrystalline
simulations at 1600K with the strain rate of 0.0001 s~! are
in good agreement with experiments performed using similar
conditions. Polycrystalline simulations demonstrate strain rate
and temperature effects on mechanical behavior as well. How-
ever, compared to the experimental reference, the mismatch
is still pronounced, which will be addressed in the follow-up
study.

The results from both 2D and 3D numerical model indicate that
the presence of porosity leads to stress localization, which is
directly related with the pore volume fraction. With a damage
framework in the numerical model, these sites of stress local-
ization can be directly co-related to the onset of damage. The
numerical model can be further improved by including a dam-
age model with element deletion method, which could be use-
ful in predicting anisotropic damage behavior [31].

To address the effect of porosity to susceptibility of fuel pel-
let cracking, the present plasticity model could be extended to
include a regularization of slip localization and damage within
the framework but with an additional strain gradient term (e.g.,
see ref.[32,33]). Furthermore, a model extension to a non-local
description of plasticity could be seen beneficial in order to
capture the size effects of pores. Finally, it is also apparent that
the proposed model could benefit of better estimation of very
high temperatures, such as 1900-2000 K, which could require
the reformulation of temperature dependent parameters.
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