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Abstract: The aim of this study is to investigate the potential improvement of accident-tolerant fuels in
pressurized water reactors for replacing existing reference zircaloy (Zr) fuel-cladding systems. Three
main strategies for improving accident-tolerant fuels are investigated: enhancement of the present
state-of-the-art zirconium fuel-cladding system to improve oxidation resistance, replacement of the
current referenced fuel-cladding system material with an alternative high-performance oxidation-
resistant cladding, and replacement of the current fuel with alternative fuel forms. This study focuses
on a preliminary analysis of the neutronic behavior and properties of silicon carbide (SiC)-fuel and
FeCrAl cladding systems, which provide a better safety margin as accident-tolerant fuel systems for
pressurized water reactors. The typical physical behavior of both cladding systems is investigated
to determine their general neutronic performance. The multiplication factor, thermal neutron flux
spectrum, 239Pu inventory, pin power distribution, and radial power are analyzed and compared
with those of a reference Zr fuel-cladding system. Furthermore, the effects of a burnable poison rod
(Gd2O3) in different fuel assemblies are investigated. SiC cladding assemblies present a softer neutron
spectrum and a lower linear power distribution compared with the conventional Zr-fuel-cladding
system. Additionally, the SiC fuel-cladding system exhibits behaviors that are consistent with the
neutronic behavior of conventional Zr fuel-cladding systems, thereby affording greater economic and
safety improvements.

Keywords: light water reactor; nuclear fuel; cladding; SiC; FeCrAl

1. Introduction

In conjunction with innovations in the design of pressurized water reactors, fuel
material behavior is being enhanced to develop alternative candidates for fuel-cladding
materials, i.e., accident-tolerant fuels (ATFs). The fundamental motivation for investigating
ATF systems is twofold: first, significant improvements to the basic design of certain
existing reactors may be hard to implement, second, even if design changes exist, further
improvements in reactor safety might be introduced by applying “a combination of fuel
system innovations along with operational and/or reactor design changes” [1]. As reported
by Nuclear Energy Agency of the OECD (NEA) [2] the main types of fuel-cladding system
designs were investigated are: SiC-based, enhanced zircaloy, coated zircaloy, and steel-
based cladding.

Many ATF concepts have been proposed as fuels for LWRs. For example, the FeCrAl
and Mo cladding of uranium oxide (UO2) fuel developed by Los Alamos National Labora-
tory (LANL) in collaboration with Electric Power Research Institute (EPRI) (“Fiscal Year
2013 Annual Report International Nuclear Energy Research”). Another concept based on a
fully ceramic microencapsulated (FCM) fuel in FeCrAl or SiC cladding was developed by
Oak Ridge National Laboratory (ORNL) [3].The Pacific Northwest National Laboratory
(PNNL) developed the innovative concept of triple-layer co-extruded U-Mo metal fuel.
And U3Si5, U3Si2, UB2 and UB4 fuels in FeCrAl or Zircaloy cladding were developed
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by Brookhaven National Laboratory (BNL) [4]. The selection of the proposed accident
tolerant fuel should be able to improve fuel performance during operation life cycle. The
thermal conductivity of ATF-fuels should be also higher than the commercial UO2 light
water reactor fuel. High thermal conductivity cladding material have significant potential
advantages over typical oxide-based fuels, including higher burnup, less fission gas re-
lease, and improved overall reactor system safety. One intriguing method to produce high
thermal conductivity fuels involves combining high thermal conductivity ATF cladding
materials with UO2 fuel to lower the operating temperature. This takes advantage of UO2’s
highly favorable radiation resistance at lower operating temperatures. For this, ATF can
assist in improving and maintaining reactor fuel performance during normal and abnormal
conditions. Table 1 shows the thermo-physical properties for various fuel forms [5].

Table 1. Properties of accident tolerant fuels [5].

Fuel Form
Property UO2 FCM U-10Mo UN U3Si2

Thermal conductivity (W/m-K) 4 19 37 20 15
Heat Capacity (J/kg-K) 300 230 145 230 250
Melting temperature (◦C) 2840 2400 1150 2762 1660
Uranium density (g/cm3) 9.5–10.8 1–2 16.9 13.5 11.3

Most of the current ongoing research and development for the ATF claddings are
focusing on the disadvantages in the current widely used commercial claddings: “hydrogen
production and reduced mechanical properties at high burnup and severe conditions” [6].
In general, the iron-based alloys potential candidates for the ATF claddings-fuel system
include FeCrAl, nickel-rich SS, and austenitic stainless steel (SS). The zircaloy cladding
surface coating materials candidates are Cr, and CrAl.

Since the 1960s, when it was proposed that SiC may be used as a coating layer for
reactor fuel design, there has been interest in using SiC for fission nuclear power reactors.
The use of SiC in high-temperature gas-cooled reactors yields favorable behavior by the ma-
terial under irradiation and a high-temperature environment. Researchers have proposed
using SiC as an additional coating to the reactor fuel in order to minimize any damage in
high-temperature reactors [7], when there is a high concentration of steam in the reactor
coolant [8]. The main benefit of using SiC as an alternative cladding is its ability in reducing
the oxidation rate [9]. Studies that predict SiC behavior in commercial pressurized water
reactor environments are scarce. SiC has been applied as an external coating layer for UO2
fuel pellets in high-temperature reactors (HTRs) [10] “as a container-like casing for UO2 pel-
lets in pressurized water reactors” [11], and as a heterogeneous material embedded in the
fuel matrix [12]. More investigations must be conducted because most studies pertaining
to cladding and fuel interaction, coolant and cladding interaction, and cladding irradiation
are in the early phases or have not been fully developed. A previous comparison study
was carried out by [13] described the effect of utilizing various fuel cladding systems for
A0-type APR-1400 fuel assembly, and the neutronics penalty associated with each type of
the candidate materials.

A significant amount of research pertaining to SiC-coated fuel particles of HTRs has
been performed. Among them, three studies can be considered more important than
the others. First, the earliest review performed by Price [14] presents the properties and
structural behavior of SiC fuel coatings under irradiation conditions. A second outstanding
review is the CEGA report [15], which provides a quantitative background regarding both
the mechanical and thermal behaviors of SiC fuel-coating material, as well as summarizes
the SiC properties required for modeling and simulation. A third excellent review published
in 2007 by Snead [16] represents a “handbook” for SiC fuel-coating material properties.

FeCrAl fuel-cladding system is a promising alternative cladding material [17–19].
Owing to its favorable thermomechanical properties, such as its thermal expansion coeffi-
cient [20], oxidation resistance [21], thermal conductivity, melting point, and interdiffusion
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with zirconium [22], FeCrAl was selected as a potential alternative cladding material. In
general, regardless of the neutronics penalty of the cladding material, the following prop-
erties must be considered when selecting them: thermal conductivity, thermal expansion,
density, swelling, elastic and shear modulus, temperature decomposition, fracture strength,
and hardness. Furthermore, the aluminum in ferritic stainless-steel materials (such as
FeCrAl) produces an oxide layer that can reduce the oxidation rate under severe condi-
tions [23]. Figure 1 presents a general overview of the degradation process in a pressurized
water reactor core for both the zircaloy (Zr)-fuel system and the potential candidate for the
ATF-cladding material system.

Figure 1. Pressurized water reactor accident progression scenario [20].

This paper focuses on preliminary neutronics analyses for both SiC and FeCrAl fuel
cladding systems, for different APR-1400 fuel assembly designs, except assembly type
A0 as it was analyzed in a previous work [13], and for the two-dimensional full reactor
core. The neutronics parameters for the potential APR-1400 ATF cladding systems such
as multiplication factor, neutron spectrum, linear power, and radial neutron flux were
calculated and compared relative to the reference cladding, in particular, the neutronics
penalty of adapting new fuel cladding system in the APR-1400 reactor core toward the End
Of the Cycle (EOC).

2. Simulation Tools and Models
2.1. SiC and FeCrAl as Potential ATF Cladding

In addition to the reference cladding material “zircaloy-4,” the ceramic SiC and FeCrAl
fuel-cladding systems were selected due to their higher corrosion resistance compared with
the reference system [24]. Furthermore, the SiC ceramic was selected owing to its excellent
performance in coating TRISO particles in high-temperature reactors [25,26] and its ability
to reduce the generation of hydrogen gas under abnormal operating conditions [27]. FeCrAl
has been investigated as a replacement for the reference cladding material owing to its
improved high-temperature steam oxidation, which affords less hydrogen generation [28]
under severe operating conditions [20]. To better understand the material composition,
density, and thermal neutron economic effect of each system, the component elements as
well as their interaction with the thermal neutron properties of each cladding material
are summarized in Table 2. This table presents the chemical compositions of the cladding
materials, and thermal neutron absorption cross-sections for the reference and alternative
cladding materials. Figure 2 shows energy-dependent cross sections for reference and
alternative cladding materials.
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Table 2. Composition of cladding materials [2,29–31].

Composition (wt %)

Cladding
Material

Cross Section
(Barn)

Thermal Conductivity
(W/m-K)

Melting Point
(◦C)

Density
(g/cm3)

Zr Sn Fe Cr Si C Al

Zircaloy-4 0.19440 21.5 1848.0 6.57 97.58 1.1 0.1 1.1 — — —
SiC 0.08600 120 2730.0 2.58 — — — — 70.08 29.92
FeCrAl 4.43000 26.0 1500.0 7.10 — — 75.0 20.0 — — 5.0

Figure 2. Microscopic absorption cross-section of the Zr, Si, and Cr.

2.2. APR-1400 Design Parameters

The APR 1400 core contains 241 fuel assemblies, 93 control element assemblies, and
61 in-core instrument assemblies [32] with an active height of 3.810 m in a cylinder whose
diameter is 3.647 m [33]. Each fuel assembly comprises 236 UO2 rods with different
enrichments. Most of the assemblies are mixed with gadolinium and five guide tubes [34].
Three types of normal assemblies without gadolinium were used, denoted as A0, B0, and
C0. The other assemblies with Gd2O3 rods were denoted as B1, B2, C1, C2, and C3 [35].
Table 3 presents the specifications of the APR-1400 core design. Figure 3 shows the loading
patterns of the fuel assemblies through the core.

Table 3. APR-1400 core design specifications.

Item Value

Number of fuel assemblies 241
Number of control assemblies 93
Number of fuel rod locations 56,876
Spacing between fuel assemblies, fuel rod surface to surface, cm 0.549
Total core area, m2 10.433
Core equivalent diameter, m 3.647
Total weight of zirconium alloy, kg 29,511
Fuel volume (including dishes), m3 11.42
Burnable absorber concentration (Gd2O3) 8.0 w/o
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Figure 3. First cycle fuel loading pattern.

2.3. Computation Tools

Serpent code version 2.31 is a continuous energy-based code that utilizes the Monte
Carlo method to perform both two- and three-dimensional reactor physics and burn-up
calculations [36,37]. The built-in neutron evaluation routines can generate homogenized
group constants for creating multi-group constants within a specific energy range specified
by the end-user to perform full-core calculations. For a new concept of cladding system,
the fuel geometry may be modified to overcome the neutronic penalty for newly applied
materials. The full-core calculations performed for the fuel reactivity, thermal neutron
flux, and group constants during the fuel lifecycle were obtained from neutron-transport
simulations performed with the nuclear data library (ENDF/B-VII.1) [38], and enhanced
nuclear data files for 233U and 239Pu [39,40]. Figure 4 presents a cross-sectional view of
the different fuel assemblies as per Serpent 2.31 output model. The accompanying statical
accuracy depends on the neutron history run, which is affected by the number of iterations
of active cycle generations. Based on these considerations, the total cycles were set to 250
while skipping 50 cycles with particles per cycle set to 106 neutrons for full core, 105 for
various fuel assemblies, and 104 for fuel unit cell.

Figure 4. APR-1400 fuel assemblies cross sectional views.
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3. Results and Discussion
3.1. Pin-Cell Calculations

In this study, the applied pin-cell fuel enrichments were 1.68, 3.14, and 2.64 wt%
with an exterior fuel pellet radius of 4.095 mm, helium gap of 85.0 µm, and cladding
thickness of 570.0 µm [13]. Calculations for the fuel pin-cell model were performed using
the collision estimator adopted in the Serpent 2.31 code [41]. The temperature for UO2 was
set to 900 K, whereas those for the cladding material and moderator were set to 600 and
580 K, respectively. Figure 5 presents the fuel pin-cell model generated using the Serpent
2.31 code.

Figure 5. Fuel pin unit cell cross sectional view.

Figure 6 presents an example for evaluating the achievable effective full power equiv-
alent operation days (EFPD) in the APR-1400 pin-cell model. To compare the reference
material with both alternative claddings for different fuel enrichments, Figure 6 shows
the effect of utilizing SiC and FeCrAl on the effective multiplication factor (keff). Table 4
summarizes the values of keff for each fuel-cladding system at the Beginning Of the Cycle
(BOC). As expected, high values of the absorption cross-section in FeCrAl cladding re-
duced the keff values during the cycle, whereas the smaller absorption cross-section in SiC
cladding caused an increase in the thermal neutrons inside the modeled system, resulting
in higher values of keff through the fuel-cycle compared with the reference material.

Table 4. keff values for different pin-cell enrichments for three cladding materials at BOC.

Fuel Enrichment (wt %) keff, zircaloy keff, SiC keff, FeCrAl

1.68 1.16109 ± 0.00014 1.16940 ± 0.00013 1.02394 ± 0.00016
2.64 1.24543 ± 0.00014 1.25412 ± 0.00013 1.12104 ± 0.00014
3.14 1.31111 ± 0.00013 1.31928 ± 0.00013 1.19964 ± 0.00014
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Figure 6. Unit cell effective multiplication factor versus EFPDs for the three cladding materials with
different enrichments (A) 1.68 wt % (B) 2.64 wt %(C) 3.14 wt %.

Spectral hardening in the thermal energy region for both types of alternative cladding
(SiC and FeCrAl) materials were investigated. Figure 7 shows the normalized flux spectra
for the different fuel-cladding systems. Precisely, the thermal region of the neutron spectra
was evaluated across a plane vertical to the pin-cell axial direction (fuel, cladding, and
moderator). As presents in Table 2 and Figure 7, the FeCrAl cladding-fuel system exhibited
larger thermal-neutron-absorbing cross-sections. Consequently, neutron spectrum harden-
ing in the FeCrAl material is expected. The SiC cladding material has a smaller thermal
neutron-absorbing cross-section compared with FeCrAl and Zr, which results in a high
inventory of thermal neutrons and softening of the neutron spectrum.



Energies 2022, 15, 3772 8 of 17

Figure 7. Normalized flux for different fuel−cladding materials.

3.2. Lattice Calculation

Neutronic analyses were performed on the APR-1400 reactor fuel assemblies. Eight
types of fuel assemblies were required to perform these analyses, as presented in Figure 4.
In this study, the fuel enrichment and cladding thickness remained unchanged, as in the
reference fuel-clad system. Figure 8 shows that the curves of the B0 assembly exhibited
the same tendency as a function of burnup, whereas the higher-absorption cross-section
of FeCrAl resulted into lower values of keff. At BOC, the keff values for the Zr and SiC
cladding systems were similar (i.e., 1.23772 ± 0.00011 and 1.24733 ± 0.00011, respectively)
and substantially lower than those for the FeCrAl cladding (1.12775 ± 0.00012). The
maximum reactivity differences at the BOC between the reference Zr and each of the SiC
and FeCrAl were approximately 770.0 and −9751.0 pcm, respectively. Furthermore, fuel
assemblies B1, B2, C1, C2, and C3 were modeled by inserting 16 gadolinium rods in each
assembly except for C3 (12 were inserted), as shown in Figure 4.

Figure 8. B0 effective multiplication factor versus burnup days for the three cladding materials.

Gadolinium-type assemblies have been used to reduce excess reactivity in reactor
core designs. In general, two types of commercially available gadolinium rods are used
in conventional light-water reactors: low and high wt% gadolinium. Currently, those
with a high wt% are more widely used owing to their greater ability in reducing thermal
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conductivity and their long-lasting reactivity suppression. The effect of the length-to-
diameter ratio [42] can be significant at the BOC, particularly for rods with a low gadolinium
wt%, whereas rods with a high gadolinium wt% are more efficient at the Middle Of the
Cycle (MOC) as it can suppress the excess reactivity until 15 GWd/MTU. After this point,
the effect of low or high wt% gadolinium is negligible.

The effect of the gadolinium rods is shown in Figure 9. It was evident that the
gadolinium rods affected the keff at the early steps of the fuel lifecycle. Similar trends were
observed for the Zr and SiC fuel-cladding systems for the B2, C1, and C3 fuel assemblies.
However, the high-absorption cross-section of FeCrAl resulted in a significantly suppressed
fuel reactivity during the lifecycle.

Figure 9. Effective multiplication factor versus burnup days for different fuel assemblies with
Gd-rods.

Fuel assembly pin power distribution is an important output in neutronics safety
analysis because it can be used to reduce the power-peaking factor and highlights the
restricting fuel rod [43], i.e., the fuel rod with the highest heat flux at the cladding surface
or the fuel rod with the highest fuel centerline temperature. It is also important to see if the
distribution varies with time. In Figure 10, linear power distribution at the BOC of each
pin of the specified fuel assemblies. The results were obtained and presented using the
Serpent 2.31 code to simulate radial thermal neutron reaction rate and density distributions.
The average linear powers for the B1-zircaloy, B1-SiC, and B1-FeCrAl assemblies were
186.68, 185.93, and 171.81 W/cm, respectively. By contrast, the linear power of the burnable
absorber rod positions in the B1 and C1 fuel assemblies was approximately 37 to 39 W/cm
for all types of fuel cladding. Additionally, the fuel rods nearest to the guide tube indicated
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linear powers greater than those of the remaining fuels. More thermalized neutrons
migrated from the moderator region to the fuel area. Conversely, the linear power was
much lower in the burnable absorber rods and surrounding rods than in the normal fuel
rods due to the large absorption cross-section of material in these rods.

Figure 10. Power profile at BOC for B1 and C1 assemblies type for different fuel cladding sys-
tems. (A) B1−zircaloy, B1−SiC, and B1−FeCrAl, respectively. (B) C1−zircaloy, C1−SiC, and
C1−FeCrAl, respectively.

The neutron flux was examined in the reactor design analysis because it is the main
quantity that controls the fission reaction inside the core. The higher the neutron flux, the
greater is the likelihood of a nuclear reaction occurring owing to the greater number of
neutrons passing through an area per unit of time. In other words, the higher the thermal
flux, the greater is the possibility of fission by U-235. As such, the neutron flux controls
the power inside the core. Power is the integral of the product of flux, the energy released
by a single fission, and the macroscopic fission cross-section over both space and energy.
Figure 11 presents the normalized neutron spectrum for several types of fuel assemblies,
namely B1, and C1, at the BOC, for all types of cladding materials.
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Figure 11. Normalized neutron flux distribution at BOC for different types of fuel assemblies (A)
B1−zircaloy, B1−SiC, and B1−FeCrAl, (B) C1−zircaloy, C1−SiC, and C1−FeCrAl.

Neutron spectral hardening was investigated for various alternative cladding materi-
als, by comparing alternative candidates with the reference Zr fuel-cladding system. As
shown, the thermal neutron flux spectrum hardened as a result of the alternate cladding
materials with higher neutron-absorbing cross-sections. The SiC cladding system, which
had a smaller absorbing cross-section, was compared with the Zr cladding system, as
presented in Table 2. The high-absorption cross-section of the FeCrAl cladding significantly
affected the thermal neutron inventory, which was significantly lower than that of the other
types of cladding systems (Zr and SiC). Consequently, the effect of the cross-section for cap-
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turing thermal energy neutrons affected the neutron spectrum within the fuel assemblies
containing Gd rods (i.e., B1 and C1).

Figure 12 shows the incremental changes in 239Pu inventory during fuel life cycle of
the reference material and both types of alternative cladding (SiC and FeCrAl) materials
for the modeled C1 fuel assembly with gadolinium rods. The amount of accumulative
plutonium depended primarily on the fuel enrichment, fuel pin configuration, and type of
fuel-cladding system. As shown in Figures 11 and 12, the material with a higher capturing
rate of neutrons accumulated more plutonium. As expected, the hardening effect in the
thermal region of the neutron spectrum was the greatest for the material with a higher-
absorption cross-section or with fuel assemblies containing poisons such as gadolinium,
as compared with the reference material (Zr). This was caused by an increase in the fast
neutron population of the system because of the increased thermal neutron absorption
in the steel-type cladding materials. Consequently, additional resonance capture of 238U
occurred, which consequently increased plutonium generation. Hence, FeCrAl cladding
resulted in a higher accumulation of plutonium as compared with Zr and SiC cladding.

Figure 12. Pu−239 inventory for different types of fuel−cladding system. C1−zircaloy, C1−SiC, and
C1−FeCrAl.

3.3. 2D Full Core Analysis

For both types of cladding materials, a 2D APR-1400 full-core model was employed.
Figure 13 presents the keff toward the End Of the Cycle (EOC). As expected, the larger
absorption cross-section of the FeCrAl cladding material resulted in a lower keff value for
the fuel system compared with the reference Zr and SiC fuel systems. This is favorable for
the implementation of SiC as alternative cladding material instead of FeCrAl owing to the
neutronics penalty of the latter one. In this research, some of the fuel assemblies contain
Gd rods, as a result a significant decrease in the keff at the BOC, due to the high absorption
cross section of these types of rod material.
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Figure 13. Effective multiplication factor versus burnup days for APR-1400 reactor core.

The excess of reactivity at BOC for the three different cladding materials results were as
follows: 12,527 pcm for Zr, 13,142 pcm for SiC, and 2218 pcm for FeCrAl. As expected, the
burnup reactivity swing between the BOC and EOC agreed well for Zr and SiC; however,
it was much lower for FeCrAl as compared with that for Zr and SiC.

Figure 14 shows the initial 2D full-core calculations performed to evaluate the radial
thermal neutron flux for both types of cladding materials at the BOC, MOC, and EOC. As
observed, the thermal neutron flux was maximum at the center, and it decreased gradually
toward the core boundary for both the Zr and SiC fuel-cladding systems. By contrast, the
thermal flux was minimum at the center, and it increased toward the core boundaries in the
FeCrAl fuel-cladding system. This happened because of the effect of the cladding material
high-absorption cross sections on the hardening or softening of the neutron spectrum in
a long-term operational light water reactor. Despite the reactivity penalty at the BOC,
the FeCrAl cladding reduced the cycle length significantly because of its larger neutron-
absorbing cross-section, even though its plutonium buildup was higher compared with the
other cases. As a result, using FeCrAl cladding is not favorable in terms of the reactor core
neutron economy, as present in Figure 13.
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Figure 14. Radial power profile for three types of cladding materials at (A) BOC, (B) MOC, and (C)
EOC, respectively.

4. Conclusions

Preliminary neutronics analyses were performed with respect to a reference Zr and
alternative fuel-cladding systems for pin cells, fuel assemblies, and 2D full cores. Charac-
teristic parameters of the alternative systems such as the flux spectrum, power distribution,
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and multiplication factor were investigated and compared with those of the reference Zr
fuel-cladding system.

As expected, for all the modeled cases, the high values of the absorption cross-section
in FeCrAl cladding reduced the keff values during the cycle. On the other hand, the smaller
absorption cross-section in SiC cladding caused an increase in the thermal neutrons inside
the modeled system, resulting in higher values of keff through the fuel-cycle compared with
the reference material. That makes the utilization of SiC cladding more favorable which has
the highest excess reactivity, so the operating fuel cycle length is longer than the reference
fuel-cladding system.

The results of thermal neutron spectra hardening for different types of cladding-fuel
systems indicated that the FeCrAl cladding possessed larger absorption cross-sections
than the Zr and SiC cladding. This resulted in spectrum hardening for the material with a
larger cross-section and hence a higher amount of accumulated plutonium. The production
of Pu-239 is higher in FeCrAl due to the hardening of neutron flux, as the fuel burnup
continued toward the EOC.

Generally, both the Zr and SiC cladding exhibited similar neutronic behaviors. How-
ever, SiC is a better alternative candidate for the APR-1400 fuel-cladding system than
FeCrAl due to the neutronics performance during the fuel life cycle. The use of SiC
cladding slightly improved the neutron economy compared with the reference cladding,
which might enhance the APR-1400 performance in terms of both economic and safety
aspects. By contrast the FeCrAl fuel-cladding system indicated a significant neutronics
penalty owing to the large cross-section for absorbing thermal neutrons. In the future, a
sensitivity analysis will be performed to overcome the neutronics penalty associated with
utilizing FeCrAl as an alternative cladding.
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