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a b s t r a c t

As an accident tolerant fuel (ATF) concept, oxide dispersion strengthened Zircaloy-4 (ODS Zry-4) cladding
has been developed to enhance the mechanical properties of cladding using laser processing technology.
In this study, a simulation technique was established to investigate the mechanical properties and effects
of Y2O3 particles for the ODS Zry-4. A 3D representative volume element (RVE) model was developed
considering the parameters of the size, shape, distribution and volume fraction (VF) of the Y2O3 particles.
From the 3D RVE model, the Young's modulus, coefficient of thermal expansion (CTE) and creep strain
rate of the ODS Zry-4 were effectively calculated. It was observed that the VF of Y2O3 particles had a
significant effect on the aforementioned mechanical properties. In addition, the predicted properties of
ODS Zry-4 were applied to a simulation model to investigate cladding deformation under a transient
condition. The ODS Zry-4 cladding showed better performance, such as a delay in large deformation
compared to Zry-4 cladding, which was also found experimentally. Accordingly, it is expected that the
simulation approach developed here can be efficiently employed to predict more properties and to
provide useful information with which to improve ODS Zry-4.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

After the Fukushima nuclear accident in 2011, a development of
ATF cladding became a hot topic for enhanced accident tolerance of
current light water reactor systemswhilemaintaining or improving
their performance during normal operation. Worldwide, various
concepts of ATF cladding have been proposed [1e4]. At the Korea
Atomic Energy Research Institute, an oxide dispersion strength-
ened Zircaloy-4 (ODS Zry-4) cladding is under development using
laser processing technology for the purpose of increasing the
strength of Zry-4 cladding [5e7]. When dispersing Y2O3 particles
on the surface of Zry-4 cladding, an ODS layer is formed, which can
improve ballooning and rupture resistance under severe accident
conditions. From several experiments, it was confirmed that Y2O3
particles contribute to a considerable enhancement in the strength
by Elsevier Korea LLC. This is an
as well as the burst resistance of the cladding while maintaining a
proper volume fraction (VF) and distribution of the Y2O3 particles.
However, detailed investigations of these effects of Y2O3 particles
on the mechanical properties was not be conducted because an
experimental approach for such an investigation is costly and time-
consuming despite the fact that a comprehensive study is required
to improve the properties of ODS Zry-4. In addition, in research
related to nuclear fuel codes, the high-precision properties of ODS
Zry-4 are required for accurate predictions of in- and out-of-reactor
performance of ODS Zry-4 [8e10]. This explains why an efficient
means by which to understand the mechanical properties and ef-
fect of Y2O3 particles is needed.

ODS Zry-4 is composed of the Zry-4 matrix and Y2O3 particles.
This structure is a typical feature of reinforced composite, where
the particles of one material are dispersed in the matrix of a second
material [11]. To achieve desirable properties, quality levels and
performance capabilities of the composites, the parameters of the
particles, such as the size, shape, distribution, and the VF aremainly
considered as important factors during the fabrication process
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Table 1
Modelling parameters of ODS Zry-4 for 3D RVE model.

Parameters Values

Particle distribution Heterogeneous
Particle shape Spherical
Particle diameter 200 nm
Particle VF 5e15%
Interfacial property between particle and matrix Perfect bonding
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[12,13]. For an efficient understanding of the effects of these pa-
rameters, computer-simulation-based techniques have been
developed [14,15]. A representative volume element (RVE) model,
one of the simulation modelling techniques based on the finite
element method, has the advantage of being able to characterize
large and complex microstructures of composites by assembling
many such small elements periodically. By developing a three
dimensional (3D) RVE model that reflects the characteristics of the
particle parameters, various studies have been successfully con-
ducted to investigate the mechanical properties of composites.
Some of these are outlined below.

Wang et al. analyzed effects of the particle shape and alignment
on the elastic properties of a composite using a 3D RVE model [16].
From elastic simulations, it was confirmed that the particle shapes
have a strong effect on the elastic properties; a cylinder shape was
the most effective reinforcement, followed by ellipsoid, disc and
sphere shapes in that order. With regard to alignment, the stiffness
increased when the particles were well aligned along the loading
axis, except with a disc shape of the particles, which showed
opposite results. Ma et al. investigated effects of the particle size
and VF on the elastic modulus, yield strength and elongation of a
composite using the 3D RVE model [17]. It was found that a
decrease of the particle size improved the yield strength and
elongation, while an increase of the particle volume reduced the
elongation considerably. An increase in the particle VF contributes
to an increase of the Young's modulus, in good agreement with
results of a well-known analytical solution referred to as the
Halpin-Tsai equations. Barbera et al. studied the creep-fatigue
behavior of a composite by applying a linear matching method to
a 2D RVEmodel [18]. The time-dependent creep deformation of the
compositewas calculated, and the interactions between fatigue and
creep damage under a constant load and at a cyclic temperature
were efficiently investigated.

Here, the mechanical properties and effects of the particles on
the aforementioned properties were investigated by establishing a
3D RVE model for ODS Zry-4. In addition, the predicted properties
were applied to a simulation model of cladding deformation under
a transient condition, followed by a comparison with an experi-
mental case.

2. Development of the 3D RVE model for ODS Zry-4

2.1. Modelling area and parameters

Before developing the 3D RVE model, the modelling area and
parameters for the ODS Zry-4 were defined based on the micro-
structure of fabricated ODS Zry-4 cladding. Fig. 1 shows a cross-
sectional SEM image of the ODS Zry-4 cladding [19]. There is an
apparent distribution of the Y2O3 particles on the Zry-4 matrix on
Fig. 1. Cross sectional image o
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the surface of the cladding, referred to as the ODS layer. The ODS
layer was considered as the modelling area in this study because
the remaining area of the cladding except the ODS layer has no Y2O3
particles. In the ODS layer, the distribution of the particles has
generally heterogeneous characteristics. Specific pattern distribu-
tion of the particles as well as decrease in Y2O3 particle volume
fraction with thickness were not observed. The heterogeneous
distribution caused variations in volume fraction of Y2O3 particles
inside the ODS layer. Then, the volume fractions were measured in
several regions with a measurement dimension of 5 � 5 mm inside
the ODS layer. The results were in range of 5e15%, which was
considered as modelling parameter of the volume fraction. The
shape of the Y2O3 particles was confirmed as spherical. The average
diameter of the Y2O3 particles was 200 nm. Based on these results,
the all modelling parameters for the Y2O3 particles could be
established. In terms of the interfacial property between the Zry-4
matrix and the Y2O3 particles, the perfect bonding assumption was
employed based on high-magnification and high-temperature ob-
servations of the ODS Zry-4 cladding [20]. In these results, visible
interfacial defects such as cracks and pores were not observed from
room temperature to 1000 �C. Table 1 summarizes the modelling
parameters of ODS Zry-4 for the development of the 3D RVEmodel.

2.2. Construction of the 3D RVE model

To construct the 3D RVE model containing numerous particles
with a heterogeneous distribution efficiently, a python script
modelling technique, accompanied with the commercial finite
element simulation software ABAQUS [21], was employed, as
shown in Fig. 2. As the input data, the edge length of a cube for the
Zry-4 matrix, the diameter of the sphere for the Y2O3 particles, and
the target VF of the Y2O3 particles were given. As each dimension of
the cube and sphere, 1.6 mm and 200 nm were employed, respec-
tively. Based on the given dimensions, a cube instance was initially
produced, followed by the production of a sphere instance located
inside the cube instance. Then, a random coordinate that allows a
new sphere instance to be located inside the cube instance was
generated for the heterogeneous distribution of the Y2O3 particles.
The new sphere instance was produced and translated into the
f ODS Zry-4 cladding [19].



Fig. 2. Algorithm for construction of 3D RVE model.
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Fig. 3. 3D RVE models with different VFs of 5, 10, and 15%.
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generated coordinate. Next, the distance between the existing
sphere instances was calculated to check for collisions between the
sphere instances. In the event of a collision, random coordinates of
a new sphere instance are regenerated. When no collision has
occurred, the total VF of the sphere instances in the cube instance is
calculated. Until the calculated VF reaches the given target VF, the
process described above is repeated. Then, all sphere and cube in-
stances are merged as a single instance, which is then meshed by a
tetra element. Finally, periodic boundary conditions (PBCs) devel-
oped by Xia et al. [22] are applied to the meshed instance. The PBCs
are set of boundary conditions that can simulate a large or bulk
system simply with a 3D RVE model. The PBCs are expressed as
follows:

ujþi ðx; y; zÞ�uj�i ðx; y; zÞ¼ cji ði; j¼1;2;3Þ (1)

where ujþi and uj�i represent the displacements for one pair of
nodes at the opposite boundary surface; i is the normal direction in
this case x, y, and z, to three pairs of the boundary surface; j denotes

the three directions of the nodal displacement; and cji represents
the difference in the nodal displacement.

From the process outlined above, various 3D RVE models could
be effectively obtained. Finally, three 3D RVE models for ODS Zry-4
were established with different VFs of the particles, in this case 5,
10, and 15% based on the modelling parameters, as shown in Fig. 3.

2.3. Mechanical simulations

From the mechanical simulations in this section, the Young's
modulus, coefficient of thermal expansion (CTE) and creep strain
rate for the ODS Zry-4 with respect to the VF of the Y2O3 particles
were predicted, after which the relationship between the
Table 2
Material properties of 3D RVE model for mechanical simulation.

Parameters Zry-4 [Reference]

Elastic modulus (GPa) 91.32 [23]
Poisson's ratio 0.37 [23]
CTE (m/K) 6.0 [23]
Norton creep constants
- A (MPa-ns�1)
- Q (J/mol)
- n (�)

A ¼ 8736.81
Q ¼ 321,000 þ 24.67$(Tem
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properties of the Zry-4 and ODS Zry-4 were investigated. Three
types of mechanical simulations were conducted, as follows. First,
uniaxial force in the x direction (Fx) was applied to the opposite
surfaces of the 3D RVE model to determine the Young's modulus.
While the 3D RVE model was under uniaxial loading, extra degrees
of freedom, indicated here as y and z, were free from constraints;
the work done (W) by the force can be expressed using the
following equation:

W¼1
2
Fxε0x ; (2)

where ε
0
x is the average strain in the x direction.

The strain energy stored in the 3D RVE model can be expressed
in terms of the average stress (s0x ) and strain via the following
equation:

Strain energy¼1
2

ð
V

s0xε
0
xdV ¼ 1

2
Vs0xε

0
x (3)

Here, V is the volume of the 3D RVE model.
From the relationship between the work and strain energy, the

Young's modulus (E) can be obtained with the equation below.

E¼s0
x

ε
0
x
¼ Fx

Vε0x
(4)

Next, the CTE can be obtained by applying the temperature
difference to the 3D RVE model, as follows:

a¼ ε
0
x

DT
(5)
Y2O3 [Reference]

157.0 [24]
0.29 [24]
8.1 [25]

p - 923.15K) n ¼ 5.89 [26,27]
A ¼ Q ¼ n ¼ 0



Fig. 4. (a) Displacement results of 3D RVE models with VF of 5, 10, and 15% and (b) calculated Young's modulus from 3D RVE and analytical models.
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Fig. 5. Calculated CTE from 3D RVE and analytical models.
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Finally, the creep strain can be calculated by applying both the
constant uniaxial force and temperature to the 3D RVE model
during the desired simulation time. As the temperature condition,
1073.15 K (800 �C) was used in this study because a high temper-
ature creep property has a significant effect on the cladding
deformation in the event of a severe accident.

Table 2 shows the material properties of the Zry-4 and Y2O3
particles utilized for the 3D RVE model to conduct the mechanical
simulations described above [23e25]. The reference temperature of
the material properties is 293.15 K. For efficiency of calculation,
isotropic structure assumption was employed although the Zry-4,
which has a hexagonal close-packed crystal structure in an alpha
phase at the room temperature, has anisotropic characteristics in
the real case. Specifically, a Norton creep law, which has been
adopted to describe the high-temperature behavior of Zry-4 in
various studies [26,27], was used here to express the creep behavior
of the Zry-4 in the alpha phase, as follows:

_ε¼A$exp
�
� Q
RT

�
sn; (6)

where s is the effective stress (MPa), T is the temperature (K), R is
the ideal gas constant of 8.314 (Jmol�1K�1), A is the strength co-
efficient (MPa-ns�1), Q is the activation energy (Jmol�1), and n is the
stress exponent.

According to the literatures [28e30], temperature range of the
alpha phase was considered below about 815 �C for the high tem-
perature creep of the Zry-4. Based on the above, it was considered
that 800 �C for the creep simulation was appropriate to investigate
high temperature creep strain of the Zry-4 alpha phase.

In terms of the creep properties for the Y2O3 particles, it was
assumed that there was no creep deformation of the Y2O3 below
the 1073.15 K (800 �C) based on the following facts because many
literatures on creep properties of Y2O3 have covered high temper-
ature ranges of over 1323.15 K (1050 �C) [31,32]. It has been re-
ported that the creep deformation of heat resistant ceramic
materials such as the Y2O3 becomes noticeable at 40e50% of the
melting temperature [33]. Melting temperature of the Y2O3 is
2683.15 K (2410 �C) [34,35], and 40% of the melting temperature of
Y2O3 is 1219.15 K (964 �C), which is higher than the considered
temperature in this study. Therefore, the assumption that creep
deformation of Y2O3 does not occur is feasible.
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3. Prediction results of the mechanical properties of ODS Zry-
4 from the 3D RVE model

Fig. 4 (a) shows the displacement results of the 3D RVE models
with particle VF of 5, 10, and 15% under uniaxial loading at the
reference temperature of 293.15 K. It was found that the displace-
ment was well formed along the loading direction. From these re-
sults, the Young's modulus of the 3D RVE models was calculated,
which is shown as the red line in Fig. 4 (b). The VF of 0% represents
the results of the Zry-4 that does not contain Y2O3 particles. It was
observed that the Young's modulus of the 3D RVEmodel is strongly
dependent on the particle VF, where the Young's modulus
increased as the particle VF increased. When comparing the par-
ticle VF outcomes of 0% and 15%, the difference was up to
approximately 8%. It was expected that the increase in the Young's
modulus with the VF stemmed from the fact that the Young's
modulus of the dispersed Y2O3 particles is higher than that of the
Zry-4 matrix, as shown in Table 2. It can be considered that the
more Y2O3 particles are dispersed into the Zry-4 matrix, a higher
Young's modulus of ODS Zry-4 can be obtained. In addition, the
calculated result of the 3D RVE model was compared with that of a
HalpineTsai (H-T) analytical model, which is represented as the
black line in Fig. 4 (b). The H-T model is expressed by the following
equation [36]:

EODS Zry�4 ¼
EZry�4

�
1þ 2$s$q$VFY2O3

�
1� q$VFY2O3

(7)

q¼

 
EY2O3
EZry�4

!
� 1

 
EY2O3
EZry�4

!
þ 2s

(8)

Here, EZry�4 is the Young's modulus of Zry-4, EY2O3
is the Young's

modulus of the Y2O3 particles, s is the aspect ratio of the Y2O3
particles, and VFY2O3

is the VF of the Y2O3 particles.
The two results show a good agreement, with a few differences.

It was expected that the differences stemmed from the fact that the
analytical model is based on the assumption of a perfectly oriented
reinforcement in the composite, parallel to the applied loading,
while the 3D RVE model can reflect the heterogeneous distribution
of the particles. This is one of the advantages of the developed 3D
RVE model.

Fig. 5 shows the calculated results of the CTE from the 3D RVE
model compared to those of the Turner analytical model at the
reference temperature of 293.15 K [37]. The analytical model is
expressed as follows:

aODS Zry�4 ¼
aZry�4$VFZry�4$KZry�4 þ aZry�4$VFY2O3

$KY2O3

VFZry�4$KZry�4 þ VFY2O3
$KY2O3

(9)

In this equation, aZry�4 and aY2O3
are the CTEs of the Zry-4 and

Y2O3 particles, KZry�4 and KY2O3
are the bulkmoduli of the Zry-4 and

Y2O3 particles, and VFZry�4 and VFY2O3
are the VF of the Zry-4 and

Y2O3 particles, respectively.
The bulk modulus in each case was estimated from the rela-

tionship between the Young's modulus and the Poisson's ratio in
Table 2, as follows.

K ¼ E
3ð1� 2vÞ (10)

From the comparison between the results of the 3D RVE and
analytical models, it was observed that the CTE was also affected by



Fig. 6. (a) Calculated creep strain from 3D RVE models and (b) stress distribution of Zry-4 matrix and Y2O3 particles of 3D RVE model.
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the VF of the Y2O3 particles, while they showed similar behavior.
Fig. 6 (a) shows the calculated creep strain results from the 3D

RVE model with respect to the particle VF under the 800 �C con-
dition for 50 s. It was found that the amount of creep strain for ODS
Zry-4 with the VF of 5, 10 and 15% was significantly reduced when
1555
compared with that of the Zry-4. This creep-resistant behavior of
ODS Zry-4 can be explained by Fig. 6 (b). It shows the Von Mises
stress distribution of the Zry-4 matrix and Y2O3 particles for the
three ODS Zry-4 models with VF of 5, 10 and 15% with identical
simulation times. It was observed that the stress of the Zry-4matrix



Fig. 7. Normalized mechanical properties of ODS Zry-4 by those of Zry-4 with respect
to VF.
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decreased as the particle VF increased.When constantly loaded, the
Y2O3 particle, which has a higher Young's modulus that that of the
Zry-4 matrix, can carry a certain amount of mechanical load. This
can relieve the amount of stress that the Zry-4 matrix carries
relatively. Then, a greater VF of the Y2O3 particles can allow a more
efficient stress transfer from the Zry-4 matrix and the Y2O3 parti-
cles, which results in an increase of the overall creep resistance of
ODS Zry-4 because the creep behavior is highly dependent on the
stress of the Zry-4 matrix according to equation (6). Further, it can
be expected that the high creep resistance of the Y2O3 particles can
impede the creep deformation of the Zry-4 matrix due to the per-
fect bonding assumption. These results represent an advantage of
the developed 3D RVE model in that analytical models cannot
predict these outcomes.

Fig. 7 shows the summarized results of the normalized Young's
modulus, CTE and creep strain rate of ODS Zry-4 according to those
of Zry-4 with respect to the VF. It was observed that the VF of
particles have the strongest effect on the creep strain rate, followed
by the Young's modulus and CTE. Specifically, the creep strain rate
properties with the VF are noticeable because a low creep strain
rate can be advantageous for suppressing large deformation of the
cladding under a severe accident condition. Accordingly, in the
following section, the predicted material properties of ODS Zry-4
were applied to a simulation to investigate how these properties
affect the overall behavior of cladding under a transient condition.
4. Application of the predicted mechanical properties for an
investigation of ODS Zry-4 cladding deformation

4.1. ‘EIGEN’ experiment and simulation model

As an application of the predicted mechanical properties of ODS
Zry-4, a simulation model for the ‘EIGEN’ experiment was
employed [38]. As shown in Fig. 8 (a), the ‘EIGEN’ experiment
serves to investigate cladding deformation, such as ballooning and
rupture, under a transient condition. A cladding specimen is
internally heated using a tungsten heater while constantly pres-
surized by helium gas under a gas atmosphere. During the exper-
iment, the in-situ deformation and temperature of the cladding are
measured by a 3D digital image correlation and a thermocouple,
respectively. As shown in Fig. 8 (b), the ‘EIGEN’ simulation model
was composed of a tungsten heater, alumina pellet, and the clad-
ding parts. Two cladding models were considered: Zry-4 and ODS
1556
Zry-4 cladding models. The ODS Zry-4 cladding model was
composed of two layers of the Zry-4 and an ODS layer. For an
efficient modelling, thickness of the ODS layer was assumed to be
100 mm although there was a few deviations in the real case. In
addition, the interface between the two layers assumed to be a
perfect bond. The predictedmechanical properties from the 3D RVE
model were applied to the ODS layer. For the transient condition,
where the material properties change with respect to the temper-
ature, temperature-dependent properties for ODS Zry-4 are
needed. These properties were obtained by multiplying the
normalized factors in Fig. 7 by the temperature-dependent me-
chanical properties of Zry-4 [39] under the assumption that the
temperature effect would be similar in both Zry-4 and ODS Zry-4
because Zry-4 accounts for most of the ODS Zry-4. The creep
properties for the ODS Zry-4 were described as multiplying Norton
creep constant value A of the Zry-4 by the normalized factor of blue
line in Fig. 7 because deriving the Norton creep constant for the
ODS Zry-4 requires many simulation results at various temperature
and stress conditions for data fitting. Details of the ‘EIGEN’ exper-
iment and simulation model can be found in the literature [38].

For the experiments, the Zry-4 and ODS Zry-4 claddings were
employed as the test specimens. During the experimental process,
the cladding pressurized at 6 MPa was rapidly heated from 300 �C
until it burst. For the simulation, the body heat flux calculated from
experimental results of the power history of the tungsten heater is
utilized to heat the cladding model pressurized at 6 MPa. Four
cladding models of Zry-4 and ODS Zry-4 with VF of 5, 10 and 15%
were employed in the simulation.

4.2. Experimental and simulation results of the ‘EIGEN’ test

Fig. 9 (a) shows the ‘EIGEN’ experimental results of the Zry-4
and ODS Zry-4 claddings. The cladding temperature and hoop
strain were measured from the axial center of the cladding spec-
imen. First, it was found that the ODS Zry-4 cladding had higher
resistance to an increase of the hoop strain, which resulted in a
delay of the time at which a large amount of deformation occurred
compared to that of the Zry-4 cladding. It was also observed that
the difference in the deformation behavior caused the difference in
the subsequent temperature behavior. The delayed large defor-
mation can be an advantage in terms of nuclear safety because such
a delay can provide extra time to conduct emergency activities
under an accident condition. In addition, excess interaction be-
tween the surrounding claddings due to instances of considerable
deformation can be reduced.

Fig. 9 (b) shows the simulation result of the Zry-4 and ODS Zry-4
cladding models with VF of 5, 10 and 15%. These results were ob-
tained from the axial center of the cladding model as well. It was
observed that the ODS Zry-4 cladding models had greater resis-
tance to large deformation compared to that of the Zry-4 cladding,
as found in the experimental results. As the VF of ODS Zry-4 was
increased, the delay of the time to large deformation increased. It
was considered that the low creep strain rate of the ODS layer may
have had a considerable influence on the overall deformation of the
ODS Zry-4 cladding under the high temperature condition. The CTE
of the ODS layer, which is slightly higher than that of the Zry-4
layer, could affect the stress of the Zry-4 layer in the cladding.
However, the thickness of the Zry-4 layer is about 4.8 times greater
than that of the ODS layer in the cladding. In addition, it has been
reported that the CTE does not affect cladding deformation asmuch
as creep and irradiation deformation during incore residence time
[40]. Then, it can be expected that the CTE value of the ODS layer
does not significantly affect the overall performance of the
cladding.

Based on the simulation results, it can be considered that 15% is



Fig. 8. (a) Schematics of experiment and (b) simulation models for 'EIGEN'.
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Fig. 9. (a) 'EIGEN' experimental results and (b) simulation results for Zry-4 and ODS
Zry-4 claddings.
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the most promising fraction in terms of reactor safety because the
cladding deformation can be maximally suppressed, which signif-
icantly contribute to maintaining coolability of the reactor under
accident condition.

For comparison of the experimental and simulation results, it
can be assumed that the volume fraction of experimental specimen
is between 5 and 15% because there was a variation in the volume
fraction of Y2O3 particle inside the ODS layer as mentioned in
section 2.1. It was confirmed that the experimental result was
located within the simulation results of the volume fraction with
5e15% for the ODS Zry-4. Therefore, it can be considered that the
3D RVE model can reliably predict the mechanical properties of
ODS Zry-4with respect to the volume fraction, which are difficult to
obtain by the conventional experimental approach.
5. Conclusion

In this work, a 3D RVE model was developed to investigate the
mechanical properties and effect of Y2O3 particles on ODS Zry-4.
Based on the modelling parameters of the size, shape, distribu-
tion and VF for the Y2O3 particles, the 3D RVE model was con-
structed with a Zry-4 matrix and Y2O3 particles. From a Python
1558
script modelling technique with PBCs, various 3D RVE models with
different particle VFs were established. As applying force and
temperature conditions to the 3D RVE models, the mechanical
simulations were conducted to predict the mechanical properties
of ODS Zry-4. The Young's modulus, CTE and creep strain rate of
ODS Zry-4 with respect to the particle VF were efficiently calcu-
lated. Considering the heterogeneous distribution of Y2O3 particles
as used here, it was confirmed that the 3D RVE model overall offers
more advantages when predicting those mechanical properties
than analytical models because analytical models use a homoge-
neous distribution assumption in general. From the results of the
3D RVE model, ODS Zry-4 had a higher Young's modulus and CTE
outcomes with a lower creep strain ratewhen compared to those of
Zry-4. It was observed that the VF had a significant effect on the
mechanical properties. The predicted material properties were
applied to an ‘EIGEN’ simulation for an investigation of cladding
deformation under a transient condition. In the simulation results,
the ODS Zry-4 cladding showed higher ballooning resistance than
the Zry-4 cladding, which was observed in the corresponding
experimental results. Therefore, it can be concluded that the 3D
RVE model can predict the material properties of ODS Zry-4 reli-
ably. The 3D RVE model can therefore provide more useful infor-
mation to improve the ODS Zry-4 cladding and can be utilized in
the design and evaluation of other ODS alloys.
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