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For a long time, a top priority in the nuclear industry was the safe, reliable, and economic
operation of light water reactors. However, the development of accident-tolerant fuel (ATF)
became a hot topic in the nuclear research field after the March 2011 events at Fukushima,
Japan. In Korea, innovative concepts of ATF have been developing to increase fuel safety
and reliability during normal operations, operational transients, and also accident events.

The microcell UO, and high-density composite pellet concepts are being developed as ATF
pellets. A microcell UO, pellet is envisaged to have the enhanced retention capabilities of
highly radioactive and corrosive fission products. High-density pellets are expected to be
used in combination with the particular ATF cladding concepts. Two concepts—surface-
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modified Zr-based alloy and SiC composite material—are being developed as ATF cladding,
as these innovative concepts can effectively suppress hydrogen explosions and the release
of radionuclides into the environment.

Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.

1. Introduction explosion and release of radionuclides—are caused by the

severe damage of current nuclear fuels, composed of fuel

The Fukushima earthquake in Japan generated serious issues
concerning light water reactor (LWR) fuel performance under
accident conditions. In severe nuclear power plant accidents,
a large amount of radioactivity is released into the environ-
ment from the reactor containment. From the experience of
the Fukushima accident, it was recognized that hydrogen
explosions and the release of radionuclides can have a serious
impact on the public [1]. These two problems—hydrogen
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pellets and fuel cladding, during an accident.

Under the high-temperature steam environment of acci-
dent conditions, the oxidation rate of current Zr-based alloys
rapidly increases. This results in hydrogen generation and
explosions. In addition, the release of radionuclides into the
environment is directly caused by the ballooning and open-
ing of Zr-based alloy cladding during accident conditions.
Thus, it is known that fuel claddings have to maintain their
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inherent performance during normal operation, as well as in
accident conditions, to enhance the reliability and safety of
nuclear power plants. From this, the development of
accident-tolerant fuel (ATF) is a major concern of LWR
research at present [2—-8].

In comparison with the standard UO,—Zr alloy system, ATF
can tolerate loss of active cooling for a considerably longer
period than current fuels, while maintaining or improving
performance during normal operations and operational
transients. It can also enhance fuel safety for beyond-design-
basis events [1]. In detail, ATF includes design and/or material
characteristics that prevent or delay the release of radionu-
clides during an accident event. The accident-tolerant char-
acteristics may also include improvements in the integrity of
fission product (FP) barriers [9]. ATF concepts basically consist
of two components: fuel pellets and fuel cladding.

Several ATF pellet concepts are currently being suggested
and evaluated around the world to mitigate the consequences
of an accident [1,10—14]. Desirable attributes for ATF pellets
include enhancing the thermal conductivity and retention of
FPs. A high uranium density fuel is also desired, in particular,
ATF cladding concepts, to compensate for the anticipated
reduction of the fuel cycle length [15,16]. For example, a
ceramic composite cladding likely gives rise to a smaller vol-
ume of fuel pellets owing to the thick cladding wall and low
thermal conductivity [15,16]. Advanced non-Zr-alloy clad-
dings, meanwhile, have a high neutron absorption cross sec-
tion [7]. To alleviate the cost penalty, therefore, it might be
necessary to use high-density pellets in combination with the
proposed ATF cladding materials.

Many ATF cladding concepts are being considered to
improve on the performance of current Zr-based alloys,
especially in terms of oxidation resistance and mechanical
strength under accident conditions [2—8]. The research con-
cepts for enhanced ATF cladding development consist of
Mo—Zr cladding [3], cladding coating [4,5], iron-based alloy
cladding [7,8], and SiC¢SiC cladding [8]. Regarding the ATF
designs, cladding concepts must consider various factors such
as safety, economics, fuel cycle, technological challenge, and
the development schedule. As a midterm application, coating,
iron-based alloy, and Mo—Zr claddings are being developed,
whereas silicon carbide (SiC) cladding is considered a long-
term application.

At the Korea Atomic Energy Research Institute (KAERI), two
kinds of ATF pellet concepts are being evaluated [1,17-19]. As

pellet

Microstructure

for midterm technology, a microcell UO, pellet is being stud-
ied to enhance the retention capability of highly radioactive
and corrosive FPs. Our focus is to use existing infrastructure,
experience, and expertise to the maximum extent possible, so
that this evolutionary concept can be used in the relatively
near future. For the long-term perspective, we are studying
nitride- and silicide-based composite pellets that have a high
uranium density and high thermal conductivity. In addition,
surface-modified Zr alloy and the SiC composite concepts are
considered as an ATF cladding as a way to decrease hydrogen
generation as well as to decrease the ballooning and rupture
opening during accident conditions. The development plan of
the surface-modified Zr alloy concept is focused on as a near-
term application and that of the SiC composite concept is
considered a long-term application. This article deals with the
development status of ATF pellets and claddings for LWRs in
Korea.

2. Development status of ATF pellet
2.1.  Microcell UO, pellets

2.1.1. Concepts and design

Microcell UO, pellets are envisaged as having the potential to
enhance the performance and safety of current LWR fuels
under normal operation conditions as well as during tran-
sients/accidents. Fig. 1 shows the conceptual schematic of a
microcell UO, pellet, where all UO, grains or granules are
covered by thin cell walls. The cell walls are designed to pro-
vide multiple chemical traps or a physical barrier against the
movement of volatile FPs, or to enhance the thermal con-
ductivity of pellets. There are two kinds of microcell UO,
pellets under development at KAERI, classified according to
the material type composing the cell wall. The first is a
metallic microcell UO, pellet and the second is a ceramic
microcell UO; pellet.

The metallic microcell UO, pellet is a high thermal
conductive pellet with a continuously connected metallic
wall. Recent impact assessments of the thermal conductivity
of the fuel in a loss-of-coolant accident (LOCA) progressing in
a pressurized water reactor (PWR) showed that an increase in
thermal conductivity reduces both the peak cladding tem-
perature and the quench time of the fuel rod [20,21]. Mo and Cr
were primarily selected as the wall materials for the metallic

Cell wall

Fig. 1 — Conceptual schematic of microcell UO, pellet.
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cell because they have relatively high melting temperatures,
high thermal conductivity, and manageable neutron absorp-
tion cross sections.

The main purpose of the ceramic microcell UO, pellet is to
minimize the FPs release contained in the pellet structure by
providing a microcell structure with oxide additives [1]. An
improvement in FP retention capability leads to a reduction of
the inner surface cladding corrosion caused by FPs as well as
the internal pressure of the fuel rod. A soft thin wall facilitates
the fast creep deformation of the pellets, thereby reducing the
mechanical loading of the cladding under operational tran-
sients. A mesh-like rigid wall structure is also expected to
prevent the massive fragmentation of pellets during a severe
accident.

Since the fission yield of cesium is roughly 10 times larger
than that of iodine [22], the chemical affinity of the wall to
cesium may have a deep impact on the retention capability of
FPs. The recent ramp test result for additive-doped UO, pellets
demonstrated that the additive phases for both Al-Cr and
Al-Si contain increased amounts of Cs in the hot region of the
pellets [23]. It was also shown that the Al-Si phase is better at
retaining volatile elements, including iodine, within the fuel.
This result suggests the chemical trapping of volatile FPs in an
additive phase and a decreased possibility of the availability of
aggressive species in the inside cladding. Based on the ther-
modynamic calculation results, we selected several SiO,-
based mixed oxides as additive candidates for ceramic cell
wall materials.

2.1.2. Fabrication and performance feasibility
Fig. 2 respectively shows the shape and typical microstructure
of 5 vol.% of Mo and 5 vol.% of Cr phase containing metallic
microcell UO, pellets, in which the microcell concept is suc-
cessfully implemented. These pellets were fabricated by the
cosintering of metal powder coated UO, granules through a
conventional sintering process. A detailed examination of the
pellet microstructure suggests that a sound pellet without
cracks is formed when the wall thickness remains around
5 um [18].

Fig. 3A shows the thermal conductivity measurement re-
sults for the metallic microcell UO, pellets. Compared to

standard UO, pellet, thermal conductivity was remarkably
increased in the metallic microcell UO, pellets. Computer
simulation has been applied to assess the effect of cell ge-
ometry on the thermal conductivity [24]. When the cell size
and wall volume are fixed, the thermal conductivity more
effectively increased when the cell elongates along the di-
rection of thermal propagation. This prediction agrees well
with the experimental results as shown in Fig. 3B. By contrast,
the variation of cell size has little effect on the thermal con-
ductivity if the wall volume and aspect ratio are fixed.

Several out-of-pile tests have been performed to prelimi-
narily evaluate the fuel behaviors under normal operating
conditions as well as in accident conditions [25,26]. Both
standard UO, and metallic microcell pellets maintained their
initial shape and microstructure after a LOCA simulating rapid
heating test, in which the samples were heated from room
temperature (RT) to 1,200°C with a heating rate of 20 K/s. A
thermal transient annealing test showed that structural
integrity for both Cr and Mo containing metallic microcell
pellets were preserved well, even after the pellets were
annealed at higher temperature than the melting point of the
wall.

Pellet behavior under a high temperature steam environ-
ment needs to be evaluated because when the fuel rod is
breached, high-temperature coolant penetrating through the
defect [27] may react with the Cr or Mo wall to form oxide
phases [28]. The preliminary steam oxidation test at 500°C
showed that the metallic microcell UO, pellets retained their
structural integrity much longer compared with the standard
UO, pellets. By contrast, a steam oxidation test at 1,100°C
revealed that the Mo wall vanished owing to a formation and
evaporation of the volatile oxide phase. In the case of pellets
containing Cr, the formation of the Cr,03 phase, of a low
density, resulted in the swelling and cracking of the pellets.
We are now modifying the wall material by alloying with Al or
Si. Formation of alumina or silica layers is expected to block,
or at least retard, the growth of oxide layer growth in metallic
walls.

The fabrication feasibility of ceramic microcell UO, pellets
has been demonstrated [1,25]. The conventional liquid phase
sintering technique has been applied. Fig. 4 shows the typical

Fig. 2 — Sintered pellet shapes and relevant optical microstructures for 4.70 wt.% of Mo and 3.34 wt.% of Cr containing

metallic microcell UO, pellets.
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Fig. 3 — Thermal conductivity in metallic microcell UO,
pellets. (A) Enhancement of thermal conductivity in
metallic microcell UO, pellets, compared to standard UO,.
(B) Effect of cell geometry on the effective thermal
conductivity of metallic microcell UO2 pellets. The lines are
obtained by computer simulation and the dots are
measured values.

microstructure of the ceramic microcell UO, pellet. This pellet
was obtained by mixing 0.6 wt.% of Si0,—TiO, oxides mixture
with ADU-UO, powder and then sintering the powder mixture
at 1,720°C for 4 hours in a dry hydrogen atmosphere. The
sintered pellet density and average grain size for these pellets
were 10.73 g/cm?® and 80 um, respectively.

The main benefit of ceramic microcell UO, pellets is an
enhanced retention capability of the volatile FPs, such as Cs. A
simple annealing test revealed the possibility that the Cs

Fig. 4 — Optical microstructure of SiO,—TiO, containing
ceramic microcell UO, pellet.

elements are preferentially segregated in the ceramic wall
[1,25]. Thermal diffusivity and thermal expansion test results
showed that the thermal properties of ceramic microcell UO,
pellets are similar to those of a standard UO, pellet. By
contrast, the compressive-creep deformation of ceramic
microcell pellets at high temperature was faster than that of a
standard UO, pellet. Fast creep deformation implies that the
ceramic microcell pellets can reduce the cladding strain dur-
ing a transient or accident, as well as during normal operation.

In contrast with the metallic wall, the ceramic wall is an
oxide phase with inherent stability under a steam environ-
ment. Experimental results showed the enhanced resistance
to steam oxidation in a ceramic microcell UO, pellet. A LOCA
simulating rapid heating test and a thermal transient test at a
higher temperature than the melting point of ceramic wall
also revealed that the structural integrity of pellets was well
preserved after the test.

Neutronics calculations were performed to preliminarily
evaluate the impact of microcell UO, pellet concepts on fuel
cycle length and economy [29]. The fuel assembly considered
in the analysis was a 16 x 16 PWR fuel for OPR-1000. The
reference fuel rod consists of 4.6 wt.% of U***-enriched UO,
pellets and Zircaloy-4 clad for a 3 x 18-month fuel manage-
ment. Table 1 shows the calculation results. The effective full
power day for the reference rod is 482. Because of the high
neutron absorption of Cr and Mo, the cycle lengths for both
metallic microcell fuel rods are much reduced in metallic
microcell pellets. Consequently, the required amount of U%*
in a metallic microcell UO, pellet to manage the 3 x 18-month
fuel cycle is higher than that of reference UO,, as shown in
Table 1. The reduction of fuel cycle length or enrichment of
U?* will increase the fuel cycle cost. When we only consider
the enrichment cost [30], a fuel fabrication cost for a 4.70 wt.%
of Mo and 5.55 wt.% of U%* containing metallic microcell UO,
loaded fuel, was estimated to be about 17% higher than that
for a reference UO, fuel. The Mo® isotope (~15.9% in molyb-
denum) is mostly responsible for the neutron absorption in
molybdenum. Therefore, using molybdenum depleted in Mo®>
would mitigate the impact on the uranium enrichment. In the
case of ceramic microcell UO, pellets, the impact on fuel cycle
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Table 1 — Comparison of the fuel cycle length for reference UO, and microcell UO, fuels.

Case Ref. 1 2 1 2 1 2

Fuel pellet Uuo, U0, + Cr U0, + Mo UO, + Si0,-TiO,
(3.34 wt.%, 5 vol.%) (4.70 wt.%, 5 vol.%) (0.6 wt.%, ~2 vol.%)

U enrichment (wt.%) 4.60 4.60 5.15 4.60 5.55 4.60 4.65

(Normal)

U enrichment (wt.%) 4.10 4.10 4.65 4.10 5.05 4.10 4.15

(Zoned)

Initial HM (g/m?) 1,143.0 1,085.7 1,085.7 1,085.7 1,085.7 1,120.4 1,120.4

Cycle length (EFPD) 482.5 433.4 481.3 387.6 483.3 475 481

EFPD, effective full power day; HM, heavy metal.

was found to be negligible because the wall volume is smaller
than that in metallic microcell pellets, and the neutron ab-
sorption due to Si is very small.

2.2. High uranium density pellets

The exploration of UO,—uranium mononitride (UN) and
UO,—uranium silicide (U3Si,) composite fuels is ongoing for a
long-term application. UN and U3Si, are known to have many
benefits, such as higher uranium density and thermal con-
ductivity [19,31-34]. However, there are several drawbacks
in the utilization of UN or U3Si, as a fuel for water reactors. In
this study, the feasibility of composite fuel concepts in which
the uranium nitride or uranium silicide particles are
embedded in a UO, matrix is being evaluated. These con-
cepts are based on the assumption that a protective matrix of
UO, would prohibit water corrosion of the nitride phase
[19,35] or suppress irradiation swelling or chemical interac-
tion of silicide at temperatures relevant to LWR operation
[33].

Fabrication feasibility of dense pellets of UO,—UN com-
posite has been demonstrated by a hot pressing technique
[19]. A phase analysis indicated that the sintered composites
have a distinct feature in that the UN particles are surrounded
by a UO, matrix, suggesting that the oxidation of UN particles
in a composite fuel might be retarded because of the protec-
tion layer of UO,. The density and thermal conductivity
measurement results show that UO,—UN composite fuels
offer benefits of high uranium loading and enhanced thermal
conductivity compared to current UO, nuclear fuels. Assess-
ment of the oxidation reaction with coolant water and steam
for the fabricated composite pellets is ongoing. If necessary,
the composite pellet design will be modified to improve the
waterproofness. Optimizing the microstructure, adding
alloying elements, and providing an additional protective
layer could be possible considerations.

Spherical U;Si, powder from centrifugal atomization [36]
was comminuted in a high-energy planetary mill to obtain
fine powder. The resulting powder was sintered to a pellet
under flowing Ar gas at a temperature of 1,773 K to prelimi-
narily identify the phase components existing in a commi-
nuted powder. X-ray diffraction and energy-dispersive
spectrometry (EDS) examination of the uranium silicide pel-
lets shows the majority of the pellets are U3Si, with minor
phases of silicon-rich uranium silicide and UO,. The mixed
powder of UO, and uranium silicide will be sintered to

composite pellets to study the feasibility of utilization in
current LWRs and advanced power reactors as well.

2.3. In-reactor irradiation test plan

An irradiation program for microcell UO, pellets under bilat-
eral cooperation with the International Thorium Consortium
is ongoing. The main objective is to study the thermo-
mechanical and fission gas release (FGR) behavior of microcell
UO, pellets, by irradiating highly instrumented fuel rods
under normal PWR operating conditions in the Halden
reactor. Table 2 shows the specification of pellets for the
Halden irradiation test. The focus is on the fuel performance
parameters such as fuel centerline temperature, fuel densifi-
cation and swelling, and FGR behavior. After the irradiation
test, several postirradiation tests will be performed to eval-
uate the fission damage on the wall structure, transport ki-
netics of volatile FPs through or along the wall to the cladding
inside, chemical interactions between the wall and FPs, and
redistribution of wall components in a pellet, and so on.

3. Development status of ATF cladding
3.1. Surface-modified fuel cladding
3.1.1. Concepts and design

The major benefit of the surface-modified fuel cladding
concept is the economics because the commercial Zr-based
alloy and manufacturing facility can be continuously

Table 2 — Specification of microcell fuel pellets irradiating
in Halden reactor.

Cell wall Ceramic microcell Metallic microcell
materials Uo0, Uo0,

0.6 wt.% Si—Ti—O 3.4 wt.% Cr

(2 vol.%) (5 vol.%)
Averaged cell ~80 ~290
size (um)

Pellet density (g/cm?) 10.73 + 0.03 10.45 + 0.03
Pellet diameter (mm) 8.190 + 0.002 8.196 + 0.001
Pellet height (mm) 9.4 +0.2 9.12 + 0.03
Pellet weight (g) 5.15 + 0.10 4.93 +0.02
U?* enrichment 4.5% 4.5%
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operated by developing the surface-modified cladding
concept. In addition, the surface modification on Zr-based
alloy cladding has a high melting point, high neutron econ-
omy, and high tritium permeation when compared to iron-
based alloy cladding. However, the challenge of the surface
modification by coating Zr-based alloys is the lower me-
chanical strength at higher temperatures than the iron-based
alloy, and the resolution of the adhesion properties of Zr-
based alloy and the coating materials. It was reported that
the major challenges for surface modification by coating
include the careful matching of the thermal expansion coef-
ficient, which is related to the delamination of the coated layer
during the thermal cycles [36]. Moreover, the surface modifi-
cation by coating must be compliant enough to withstand the
diametrical variation regarding the creep deformation of
cladding, and to withstand the change in axial length
regarding the irradiation growth of Zr alloy cladding [36]. From
this, the interface property between Zr-based alloy and the
coating materials is one of the important technical issues in
the application of fuel cladding. Because the high temperature
strength of the surface modification by coating cannot be
improved when compared to the commercial Zr-based alloy,
partial oxide dispersion strengthened (ODS) treatment as a
surface modification technology is thought to increase the
cladding strength, which is related to the ballooning and
rupture behavior of cladding during accident conditions [37].
By a combination of two types of surface modification tech-
nology of the surface coating and partial ODS treatment, the
oxidation resistance and strength at high temperature can be
considerably improved over Zr-based alloy cladding. Thus, we
concluded that the surface modification technology showed
promise for application to ATF cladding as a near-term
application concept.

3.1.2. Development of surface modification by coating
technology

Various coating technologies, such as a plasma spray,
chemical/physical vapor deposition, and laser cladding, have
been applied in the commercial industry to control the sur-
face properties of components. Among them, we considered
laser coating as a direct application method on the fuel as-
sembly components with a complex shape (cladding tube,
guide tube, and spacer grid). A coating method with a high
vacuum control is not preferable from an economic point of
view because the length of the cladding and guide tube is 4 m,
and the temperature during the coating process cannot be
increased by more than the final annealing temperature of
Zr-based alloy cladding (about 500°C in general) to avoid a
microstructural change, because the cladding properties are
affected by the annealing temperature. In addition, the
coating process can be applied to an irregular surface shape,
because the coated components in the fuel assembly have an
irregular shape (tubular and deformed plate grid). For these
reasons, the three-dimensional (3D) laser coating technology
supplied with powder was selected to apply the coating of
the fuel assembly components [5]. To develop the 3D laser
coating technology, we systematically studied the laser
beam power, inert gas flow, cooling of the cladding tube, and
powder control as key points for obtaining the soundness of
the coated layer. After Cr coating on the Zr-based cladding,

ring compression and ring tensile tests were performed to
evaluate the adhesion properties between the coated layer
and the Zr-based alloy tube at RT, and a high-temperature
oxidation test of the coated tube samples was conducted to
evaluate the oxidation behavior at 1,200°C.

Fig. 5 shows the appearance of the 3D laser coating process
and cross-sectional scanning electron microscopy (SEM)
observation of the Cr-coated layer [38]. Through coating
parameter optimization, the Cr-coated layer with a length of
100 mm can be made on a Zircaloy-4 cladding tube surface
without crack formation, surface oxidation, or deformation of
the axial or hoop direction of the cladding tube. The coated
area showed a rough surface, because the melted Cr particles
were attached on the coated surface during the coating pro-
cess as shown in Fig. 5 in the middle part. However, this rough
surface can be easily controlled by a grinding process using
SiC paper. From the cross-sectional observation using SEM, as
shown in Fig. 5, it was revealed that the Cr layer was well
attached to the Zircaloy-4 cladding surface, and the mean
thickness of the coated layer was about 80 pm.

Fig. 6 shows the engineering stress and the strain curves of
the ring tensile test in the left part and ring compression test
in the right part of this figure, as well as the sample appear-
ance after the tests [38]. The thickness of the Cr-coated layer
of 80 um, which was identified in the cross-sectional SEM
observation in Fig. 5, was calculated in both ring tests. The
variation trend of stress—strain curves was similar between
the reference and Cr-coated cladding, although the strength of
the Cr-coated samples was somewhat increased when
compared with that of the reference samples in both the
tensile and compression tests. Peeling or spalling phenomena
were not observed in the tested samples, although the Cr-
coated layer was cracked at the severe deformed region after
both tests. Regarding the crack formation of Cr-coated clad-
ding tube during the hoop direction deformation, the detailed
strain value for making a crack has to be checked to determine
the coated layer quality. A ring tensile test with strain varia-
tions of 2%, 4%, and 6% was performed for the Cr-coated
cladding tube using 3D laser coating. After the ring tensile
test reached each target strain of 2%, 4%, and 6%, the cross-
sectional observation using SEM was performed to evaluate
the microstructural behavior. The Cr-coated layer showed a
no-defect microstructure of up to 4% strain, whereas the
lateral cracks were formed in the Cr-coated layer after 6%
strain. In addition, the interface between the Cr-coated layer
and Zircaloy-4 matrix was maintained without peeling,
although the Cr-coated layer was cracked by the 6% strain.
From this, it was determined that the crack initiation of Cr-
coated cladding using 3D layer technology was clearly sup-
pressed up to a 4% strain, which satisfies the 1% strain of the
fuel cladding specifications.

Fig. 7 shows the cross-sectional SEM observation of the Cr-
coated Zircaloy-4 cladding using 3D laser coating technology
and the reference Zircaloy-4 cladding after the high-
temperature oxidation test at 1,200°C for 2,000 seconds in a
steam environment [38]. The oxidation behavior was deter-
mined using an SEM image and EDS analysis results. It was
clearly shown that the Cr-coated layer on the Zircaloy-4 tube
was maintained without spallation or severe oxidation, and
the thickness of the oxide layer was less than 4 um. However,
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the thickness of the ZrO, layer formed on the uncoated
Zircaloy-4 cladding tube surface was about 113 um. It was
expected that the oxygen diffusion through the Cr-coated
layer would be effectively prevented during the high-
temperature oxidation test, since the a-Zr(O) phase layer
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Fig. 7 — Cross-sectional scanning electron microscopy observation of the Cr-coated Zircaloy-4 cladding using 3D laser
coating and the reference Zircaloy-4 cladding after the high-temperature oxidation test at 1,200 °C for 2,000 seconds in a

steam environment [38].

compression tests, although some cracks were formed on the
Cr-coated layer by a hoop direction deformation, which was
higher than 4%. The oxide thickness formed on the Cr-coated
layer was about 30 times thinner than that formed on a
Zircaloy-4 tube surface.

3.1.3. Development of surface modification by partial ODS
technology

The partial ODS technology is developed to increase the
strength of the zirconium-based alloy up to high tempera-
tures. The detailed procedure used to make an ODS layer on
the Zircaloy-4 surface was described in a previous study [37].
Fig. 8 shows the surface appearance after laser beam scanning
(LBS) of the Y,03; powder spread on a Zircaloy-4 sheet, and
cross-sectional optical microscopy (OM) and SEM observa-
tions of the ODS-treated region. In the OM observation, the
melted zone with a 0.4-mm layer thickness was shown as
having a fine grain structure, and a heat-affected zone with a

New technology Fiber optic Laser

source

Ar gas
Laser beam
Y,0; powder
Melting ODS layer
=
| Sample I

< >
<€ >

Relative movement

Stage

0.3-mm layer thickness was observed between the melted
zone and the recrystallized grain region (initial substrate
structure of the Zircaloy-4 sheet). The melted zone was very
quickly cooled after the laser beam scan, and therefore, the
zone was transformed into a martensite structure. From the
cross-sectional observation by SEM, it was identified that a
wave shape was formed at the substrate and ODS-treated
layer interface. This wave interface was caused by a
repeated LBS line with a beam diameter of about 130 um on
the Zircaloy-4 surface, which could be seen in the surface
observation. The thickness of an average ODS-treated layer of
the Zircaloy-4 sheet was about 0.4 mm, and this thickness
reached about 20% of the initial Zircaloy-4 sheet thickness. In
a high-magnification SEM image, it was observed that the
Y,03 particles, which were identified by an SEM-EDS point
analysis, were uniformly distributed in the reaction area.
From this, the homogeneous mixing area between the
Zircaloy-4 alloy matrix and Y,03 particles can be obtained in

Melted zone

HAZ

Rx-grain

Fig. 8 — Surface appearance after laser beam scanning (LBS) on Zircaloy-4 sheet and cross-sectional observation of oxide
dispersion strengthened alloying region [37]. ODS, oxide dispersion strengthened; OM, optical microscopy; SEM, scanning

electron microscopy.
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the melting zone. In addition, no voids or cracks in the ODS
treated region were observed in this area [37].

Fig. 9 shows the engineering stress—strain curves of three
types of prepared samples, consisting of the initial state
Zircaloy-4 sheet (marked as initial sheet), surface laser beam
scanned Zircaloy-4 sheet (marked as surface LBS), and surface
laser beam scanned Zircaloy-4 sheet with Y,03 oxide powders
(marked as surface LBS with Y,05; powder) [37]. The strength
and ductility variations with the prepared samples were
clearly shown at both RT and 500°C tests. In the RT test, the
yield strength (YS) and ultimate tensile strength (UTS) were
gradually increased by the surface LBS condition to the sur-
face LBS with Y,05; powder condition when compared to the
initial state of the Zircaloy-4 sheet. However, the strain elon-
gation behavior of the three tested samples was inversed
when compared with the values of YS and UTS. In the 500°C
test, the YS and UTS results were gradually increased by the
surface LBS condition as well as the surface LBS with Y,03
powder condition when compared to the initial state of the
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Fig. 9 — Engineering stress—strain curves of the different
surface-treated Zircaloy-4 sheet samples. (A) Sample
tested at room temperature. (B) Sample tested at 500°C [37].
LBS, laser beam scanning; RT, room temperature.

Zircaloy-4 sheet. In particular, the strength result was
considerably improved by the surface LBS treatment with
oxide powder. The uniform elongation region of three sample
types in the 500°C test was very limited when compared to the
RT test. In addition, the strain elongation of the LBS-treated
surface and LBS-treated surface with oxide powder samples
dropped sharply after the highest stress [37].

Regarding the partial ODS technology, the Y,05 particles
can be successfully dispersed in a Zircaloy-4 sheet surface
using an LBS method. Submicron Y,0; particles were uni-
formly distributed in an ODS alloyed layer using laser tech-
nology without voids or cracks. From the tensile test at 500°C,
the strength of laser ODS alloying on the Zircaloy-4 sheet was
increased more than 65% when compared to the initial state of
the sheet, although the ODS alloyed layer was 20% of the
specimen thickness.

3.1.4. In-reactor irradiation test plan

The surface modification cladding has to be evaluated for the
irradiation performance since the most important factor of
ATF cladding materials is the in-pile performance such as
the corrosion, creep, growth, and microstructural charac-
teristics at the interface between the coated layer and Zr
alloy under normal operation conditions. In order to qualify
the irradiation performance, an irradiation test for the
surface-modified Zr cladding will be started at the end of
2015 under the bilateral cooperation with an international
consortium.

3.2. SiC composite fuel cladding

SiC ceramics, especially in their composite form (SiC¢/SiC
composites), have superior high-temperature properties,
excellent irradiation resistance, inherent low activation and
other superior physical/chemical properties [39]. Compared to
the current Zr alloys, the SiC composites also offer a reduced
neutron absorption cross section and an outstanding oxida-
tion resistance to high-temperature steam [40,41]. The com-
bination of these attractive features makes the SiC composites
one of the leading candidates for accident-tolerant LWR fuel
cladding and core structures [40,42]. Although the SiC com-
posites are expected to provide outstanding safety features
under severe accident conditions, there are several key issues
that need to be addressed for the LWR application, such as the
fabrication of thin-walled long tubes, the hermetic joining of
end-cap seals, and capability of FP retention, corrosion under
the normal operating conditions of an LWR [10,15,43]. In the
following sections, we introduce our fabrication efforts and
mechanical properties of SiC composite tubes. Corrosion test
results of chemical vapor deposition (CVD) SiC ceramics are
summarized as well.

3.2.1. Fabrication of multiplex SiC composite tubes

SiC composite tubes consisting of a monolith SiC inner
layer, a SiC¢/SiC composite intermediate layer, and a
monolith SiC outer layer were fabricated by the CVD or
chemical vapor infiltration (CVI) process. Fig. 10 shows im-
ages of the triplex structured tubes in different scales. We
applied different fiber winding patterns and found that the
surface roughness could be controlled within several
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Fig. 10 — Images of triplex structured tubes in different scales. (A) Photograph of the triplex SiC composite tubes. (B) X-ray
microcomputed tomography sliced image along the transaxial planes. (C) Scanning electron microscopy microstructure for
the cross section. (C) Magnified view of the SiC¢/SiC composite layer.

micrometers after machining the outer surface (Fig. 10A).
The monolith SiC inner layer was uniformly deposited with
a thickness of 320.3 + 6.4 um, and the SiC¢/SiC composite
layer had a similar thickness. The SiC outer layer was
deposited with a thickness of about 50 um (Fig. 10C). The
SiCf/SiC composite layer consists of SiC fibers, pyrolytic
carbon (PyC) interphase, and SiC matrix, as shown in
Fig. 10D. The PyC interphase of about 200 nm in thickness
was deposited onto the SiC fibers. The interbundle voids
within the composite layer could be effectively densified by
the CVI process with a composite density higher than 2.9 g/
cm?. Although some circumferential voids remained in the
composite layer, the fraction of void was quite low
compared to typical CVI-processed plain-woven SiCg/SiC
composites [44].

In order to examine the effects of fiber winding patterns
and angles on the hoop strength of the triplex composite
tubes, different winding patterns were applied by varying
the fiber winding sequence. The SiC fibers used were Tyr-
anno SA3 or Hi-Nicalon Type S fibers. As an example, Fig. 11
shows four phase winding patterns wound with the wind-
ing angle of + 55° using Tyranno SA3 fiber. The winding
pattern was controlled by adjusting the position of the
second fiber trajectory. A detailed procedure and the effect
of winding patterns on the fiber volume fraction and matrix

densification behavior were described in our previous re-
ports [44,45].

3.2.2.  Mechanical property of SiC composite tubes

For the hoop test, a polyurethane plug was compressed inside
a composite tube to evaluate its mechanical properties. Fig. 12
shows the ultimate hoop stresses of the SiC composite tubes
as a function of the fiber volume fraction in the triplex tubes,
and the type of reinforcement fiber. The fiber volume fraction
of each tube is in the range of 18—25%. The hoop stress of the
triplex tube tends to be proportional to the fiber volume
fraction regardless of both the reinforcement fiber and fly
number [44].

Fig. 13A displays a typical applied load versus the axial
displacement curve of the composite tubes. The applied
load gradually increases until the polymer plug contacts
the inner wall of the tube at the initial stage, after which it
increases steeply. It can also be observed that some load
drops occur prior to the failure of the tube, which was
caused by the formation of a crack in the inner monolithic
SiC layer [44]. The fracture strengths of brittle materials
such as SiC ceramics have a statistical distribution,
described by the Weibull statistics [46]. Fig. 13B shows the
Weibull plots for the ultimate hoop stress and the stress at
the first load drop of SiC triplex composite tubes, measured
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Fig. 11 — Winding patterns wound by a helical filament winding method using Tyranno SA3 fiber with the winding angle of
+55° [44,45]. (A) Four phase winding patterns. (B) Schematic illustrations.

for 20 tube samples. The average stress (o) for ultimate
failure is 282 MPa with the Weibull modulus of 11.05. By
contrast, the average stress and Weibull modulus for the
first load drop are 227 MPa and 5.30, respectively. The
Weibull modulus for the hoop stress at the first load drop is
much lower than that for the ultimate hoop stress. The
initial load drop is associated with the onset of a significant
axial crack in the monolithic SiC inner layer; and extensive
matrix microcracks in the SiC¢/SiC composite layer also
develop right after the failure of the SiC inner layer. This
can lead to the release of FPs. As shown in Fig. 13B, if we
assume the characteristic stress (op) and Weibull modulus
for the microcracking stress to be 245 MPa and 5.30,
respectively, the applied stress on the composite cladding
should be less than 20 MPa to maintain an FGR rate below
107°. Currently, we are trying different tube designs to in-
crease the mechanical reliability of SiC composite tubes
and the retention capability of FPs.
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Fig. 12 — Hoop stresses of the SiC composite tubes as a
function of the fiber volume fraction [44].

(A)

2,000

1,500 -

1,000 4

Load (N)

500 -

0 . .
0.0 0.2 0.4 06
Axial displacement (mm)

=

o Ultimate hoop stress
14 & Stress atthefirst load drop

A

o
n

m = 5.30

o, =227.0 MPa

,=2458MPa a
A

AA

|n(|n(1|/(1-P,)))

D 4 m = 11.05
o o, =282.4MPa
-3 a o, = 294.9 MPa

-4 T T T T T T B T T T

46 48 50 52 54 56 58 60 62

In(o)
Fig. 13 — SiC composite tubes. (A) Typical load versus axial

displacement curve. (B) Weibull plots for the ultimate hoop
stress and the stress at the first load drop.


http://dx.doi.org/10.1016/j.net.2015.11.011
http://dx.doi.org/10.1016/j.net.2015.11.011

12 Nuclear Engineering and Technology 48 (2016) 1-15

3.2.3.  Corrosion behavior of SiC in PWR-simulating water
Several results have been reported with regard to the disso-
lution phenomena of SiC ceramics in hydrothermal water
[47—50]. The dissolution phenomena of SiC in hydrothermal
water reported in previous studies are problematic for the
application of SiC to PWR fuel claddings. According to our
previous results [47,49], the corrosion behavior of SiC is
strongly affected by the dissolved oxygen content in water.
The corrosion rate was much higher in the static autoclave
containing several ppm of dissolved oxygen than in the loop
test, in which the dissolved oxygen content was maintained at
less than 5 ppb. However, there was also a considerable
amount of corrosion even in the loop test when the dissolved
hydrogen was not controlled. The grain boundaries of CVD SiC
were preferentially attacked at the early stage of corrosion,
and the grains became thinner. Some grains were detached
from the surface, as shown in Fig. 14. We further evaluated the
corrosion behavior of CVD SiC by controlling the dissolved
hydrogen. Corrosion tests were carried out for up to 210 days
using a simulated PWR water loop in which water was deox-
ygenated and pressurized at 360°C under 20 MPa. To simulate
the PWR primary water chemistry, the dissolved oxygen and
the dissolved hydrogen were maintained at below 5 ppb and at
approximately 2.7 ppm (35 cc/kg H,0), respectively. Deionized
water was treated at pH 6.4 with 2.2 ppm LiOH and 1,200 ppm
H3BOs.

Fig. 15 shows the weight change of CVD SiC specimens
after corrosion tests at 360 °C in deoxygenated water with and
without dissolved hydrogen. It can be seen that the weight
loss significantly decreased in the PWR-simulating water loop
test with dissolved hydrogen controlled. The corrosion rates
calculated by the least square fit of the weight loss data were
9.4 x 107> and 3.5 x 1072 mg/cm? day for the corrosion tests
with and without the control of dissolved hydrogen, respec-
tively. The corrosion rate decreased by about 400 times by the
injection of hydrogen. Fig. 16 shows the SEM micrographs of
the CVD SiC specimens prior to and after the corrosion tests in

Fig. 14 — Scanning electron microscopy micrograph for the
side surface of chemical vapor deposition SiC after
corrosion test at 360 °C for 300 days in the pressurized
water reactor-simulating water without controlling the
dissolved hydrogen [51]. CVD, chemical vapor deposition.
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Fig. 15 — Corrosion behavior of chemical vapor deposition
SiC specimens at 360°C in pressurized water reactor-
simulating water loops with and without controlling the
dissolved hydrogen [51]. PWR, pressurized water reactor.

the simulated PWR water environment with the control of
dissolved hydrogen. The surface microstructure hardly
changed for up to 210 days after the corrosion tests. Compared
with the previous corrosion test results [47—50], it is clear that
the dissolution of SiC is extremely limited. Moreover, there
was no evidence of a preferential corrosion at the grain
boundaries or of a pitting corrosion. However, for an assess-
ment of the corrosion resistance of SiC in the PWR coolant
water, the effects of irradiation and microstructure variation
of CVD SiC on the corrosion behavior of SiC need to be further
evaluated.

4. Summary

In order to considerably improve the safety of LWRs under
accident conditions, the innovative fuel pellet and claddings
(ATF) are being proposed and developed at present. In Korea,
the microcell UO, concept and high uranium density com-
posite concept are considered as ATF pellets to capture the
radioactivity in the pellet structure and to decrease the fuel
temperature during accident conditions. In addition, the
surface-modified Zr alloy and the SiC composite concepts are
considered as an ATF cladding to decrease the hydrogen
generation and to decrease the ballooning and rupture open-
ing during the accident conditions. The ATF pellet and clad-
ding concepts developed in Korea can be summarized as
follows.

(1) Development of microcell UO, and high-density com-
posite pellets

Fabrication feasibility for microcell UO, pellets and
UO,—UN composite pellet has been demonstrated. Thermo-
physical property measurements under normal operating and
selected accident conditions showed that design concepts are
successfully implemented in fabricated pellets. For microcell
UO, concepts, the composition of the metallic wall is being
modified to improve the chemical stability with high-
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Fig. 16 — Scanning electron microscopy micrographs for the
top surfaces of chemical vapor deposition SiC specimens.
(A) Prior to corrosion test. (B) After corrosion test for 210
days in the pressurized water reactor-simulating water
with controlling the dissolved hydrogen [51].

temperature steam. A primary challenge for high-density
composite pellets is an optimization of pellet design that can
enhance the waterproofness of pellets. The irradiation test
with highly instrumented fuel rods under normal PWR oper-
ating conditions in the Halden reactor is also an important
ongoing mission.

(2) Development of surface-modified fuel cladding

The surface modification cladding concept is promising as
an ATF cladding. It may also be applied without major
changes in the substrates of zirconium-based alloys, because
this cladding concept has a good oxidation (corrosion)
resistance, as well as an improved strength at high temper-
atures when compared with commercial Zr alloy claddings.
An irradiation test on the surface-modified Zr cladding will
be started in order to qualify the irradiation performance,
such as corrosion, creep, irradiation growth, and adhesion
properties.

(3) Development of SiC composite fuel cladding

The corrosion of SiC under PWR-simulating water condi-
tions was significantly reduced with the control of dissolved
hydrogen, by retarding the formation of the surface oxide
layer. Fiber winding patterns affected the hoop strength of
SiC composite tubes, mainly due to the difference in fiber
volume fraction. Efforts on optimal tube designs are in
progress for an improvement of mechanical reliability of
composite tubes.
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