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AnHoTauus. Pa3pyiieHue TB3JI0B ¢ IUPKOHUEBOM 00004YKOM B aBapusix ¢ notepeit teruonocurens (LOCA) B mepByro
oyepeab BBI3BAHO OSK30TEPMHUYECKOW peakiyedl LUPKOHHMS C BOASHBIM [ApoM MEXIy OO0OJIOUKOW TBAJA
U TEIUIOHOCHTEJIeM B peakrtopax Tunia BBOP, uto npuBoaut k 00pa3oBaHMIO B3pHIBOONACHOTO BOAOPO/A U HAPYILECHUIO
LENOCTHOCTH 000704kH. [loBEIIIEeHNE 0€30MacCHOCTH TBAJIOB MOXKET OBITH JOCTHIHYTO ITYTEM 3aMEHBI IIUPKOHHECBOM
o0Oonoukn Ha Marepuansl TonepaHTHoro TorumBa (ATF), koTopele 007amaloT — yAydIIEHHOH CTOMKOCTBIO
K BBICOKOTEMIIEPAaTypPHOMY OKHCJICHHIO W TOHMKEHHBIM B3aWMOACHCTBHEM C TEITIOHOCHTENNEM KaK B HOPMAJBHBIX, TaK
Y B aBapUHHBIX YCIOBUIX. ABapHs C IOTEPEN TEIUIOHOCUTENS SBISETCS NIPOEKTHOM aBapuel 1 peakropoB BBOP, uto
JenaeT pa3pabOTKy albTepHATHBHBIX MAaTEpHAJIOB OOOJIOYKH IPHOPUTETHOM 3ajadeil AJsl aTOMHBIX 3JIEKTPOCTAHIMH
HOBOTO TIOKOJICHUS. B TaHHOM HCCIIeIoBaHUHM C TIOMOIIBIO MTOAPOOHOTO MOzieIMpoBaHus MeTogoM MoHTte-Kapio B kozne
SERPENT s reomerpun peaktopa BBOP-1200 wnzywaercs sddextuBHBIN kodhuuuent pasmuoxenus (Keff)
CTaHJIAPTHBIX TBAJIOB C IMPKOHMEBOW OOOJOYKOW MO CPAaBHEHMIO C TBIAMH, HCIIONIB3YIOIIUMH TPU MEPCIEKTUBHBIX
marepuana ATF — cimaB FeCrAl, komno3ur SiC u cina NiCr. Pe3ynbTarsl JeMOHCTPUPYIOT 3HAYHUTENbHbIE Pa3Inyuns
MEXJIy MarepuajaMH: OJWH KaHAWIAT TPOSABISIET HEUTPOHHOE IIOBEACHHE, OYeHb ONM3Koe K IHPKOHUIO,
C MUHHMAaJbHBIM BIMSHHEM Ha PEaKTHBHOCTD; IPYTrOH MMOKa3bIBAET YMEPEHHOE, HO PACTYIIEe BIMSHNAE Ha MPOTSKESHUU
BCell KaMIIaHMHM;, B TO BpeMsl KaK TPETHH JEMOHCTPUPYET CYIIECTBEHHOE BIMSHHE HAa PEAKTUBHOCTH, KOTOPOE
moTpedoBango Obl CEpPbEe3HOT0 M3MEHEHUs] KOHCTPYKUIMHM AaKTHBHOM 30HBI. OTH KOJIMYECTBEHHBIE pPE3YIbTaThl
MIOATBEPKIAIOT HEPCIEKTHBHOCTh OTHAENbHBIX MarepuanoB ATF B kadyecTBe 3aMeHBl IIMPKOHUS, CIIOCOOCTBYs
CHIDKEHUIO PHCKOB OKHCIICHHS, WCKIIIOUCHHIO 00pa30BaHWS BOJIOPOJA M YMCEHBIICHHIO BEPOSTHOCTH aBapuil Ha
SIIEPHBIX PEaKTOpax HpPH COXPAHEHHH IPUEMIIEMBIX HEHTPOHHO-(QHU3WYECKNX XapaKTEPHUCTHK. PacueTbl BBHIMOIHEHBI
CIenHaIbHO JUII aTOMHOHN ANIEKTpOoCcTaHIuU ¢ peaktopoM BBOP-1200 u mpemocTaBisiioT HEOOXOAUMBIC NaHHEBIC IS
BBIOOpA MaTEpHaIOB U ONTUMH3ALNH POCKTUPOBAHNS aKTUBHOM 30HBI.
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Abstract. The failure of zirconium (Zr) fuel elements in Loss-of-Coolant Accidents (LOCAs) is primarily caused by the
exothermic zirconium-steam reaction between the Zr fuel cladding and coolant water in VVER-type reactors, which
generates explosive hydrogen gas and compromises cladding integrity. Enhancing fuel element safety can be achieved
by replacing the Zr cladding with Accident Tolerant Fuel (ATF) materials that exhibit improved high-temperature
oxidation resistance and reduced interaction with coolant under both normal and emergency conditions. LOCA is
a design basis accident for VVER reactors, making the development of alternative cladding materials a priority for next-
generation nuclear power plants. This study investigates the effective multiplication coefficient (Keff) of standard Zr-
clad fuel rods compared to those with three candidate ATF cladding materials — FeCrAl alloy, SiC composite, and NiCr
alloy—using detailed Monte Carlo simulations with the SERPENT code for the VVER-1200 reactor geometry. The
results demonstrate significant differences among the materials: one candidate exhibits neutronic behavior very close to
zirconium with minimal reactivity control, another shows a moderate but increasing penalty throughout the burnup
cycle, while the third displays a substantial reactivity control that would necessitate major core redesign. These
quantitative findings highlight the promise of select ATF materials as replacements for Zr, contributing to reduced
oxidation risks, elimination of hydrogen generation, and decreased accident probabilities in nuclear reactors while
maintaining acceptable neutronic performance. The calculations are specifically performed for the WWER-1200 nuclear
power plant and provide essential data for material selection decisions and core design optimization.

Keywords: Loss-of-Coolant Accidents (LOCA), Cladding, WWER-1200 reactor, Effective multiplication coefficient

(Keff), Accident Tolerant Fuel (ATF)

1. Introduction

Accident Tolerant Fuel (ATF) is designed to
endure loss-of-cooling scenarios in a reactor
core for extended durations compared to tradi-
tional zirconium (Zr) cladding fuel. By enhanc-
ing the safety margins of nuclear power plants,
ATF contributes to improved operational effi-
ciency through long-life fuel, supports the cur-
rent nuclear power plant fleet, facilitates the li-
censing of advanced reactor technologies, and
reduces operational and maintenance costs' ",
ultimately benefiting consumers through lower
electricity costs. The 2011 Fukushima Daiichi
nuclear accident served as a stark reminder of
the vulnerabilities associated with conventional
zirconium-based (Zr) fuel cladding materials
under extreme conditions, particularly in Loss-
of-Coolant Accidents (LOCAs). During such
accidents, Zr reacts with steam at elevated tem-
peratures, generating hydrogen gas—a key factor
in hydrogen explosions that exacerbated the se-
verity of the Fukushima disaster. Although
much attention has been given to this event, the

' IAEA. Accident Tolerant Fuel Concepts for Light Water
Reactors. JAEA TECDOC Series, No. 1797. Vienna: Interna-
tional Atomic Energy Agency. 2015. Available at: https:/www-
pub.iaea.org/MTCD/Publications/PDF/TE1797web.pdf
(accessed: 01.02.2026)

2 World Nuclear News. (2023, March). First Framatome
ATF fuel loaded at US reactor. Available at: https:/world-
nuclear-news.org/ (accessed: 01.02.2026)

> OECD Nuclear Energy Agency. JANIS Online version.
Available at:  https://www.oecd-nea.org/janis/  (accessed:
01.02.2026)

challenges with Zr cladding extend beyond this
high-profile incident. Its chemical reactivity and
susceptibility to rapid oxidation under accident
conditions remain critical areas of concern for
modern nuclear reactors. This underscores the
urgent need for alternative cladding materials,
especially for advanced reactor designs such as
the VVER-1200, which operate with unique
neutronic and thermal characteristics. The
VVER-1200, as a Generation III+ reactor, bene-
fits significantly from the incorporation of Ac-
cident Tolerant Fuel (ATF) materials. These ma-
terials—such as FeCrAl, SiC, and NiCr—address
the limitations of Zr cladding by offering supe-
rior resistance to high-temperature oxidation
and reduced hydrogen production during LOCA
scenarios. Moreover, the inclusion of ATF mate-
rials enhances fuel burnup, reactivity control,
and safety margins, ensuring improved perfor-
mance and resilience under both normal and
accident conditions [1,2].

This study leverages the SERPENT Monte
Carlo code to perform a detailed neutronic
analysis of the multiplying coefficient charac-
teristics of ATF materials in a VVER-1200 reac-
tor core. By evaluating the safety and opera-
tional benefits of these materials, the research
highlights their potential to mitigate the risks
associated with Zr cladding while aligning with
the safety objectives of next-generation nuclear
power plants. The findings not only address the
legacy challenges underscored by past accidents
but also pave the way for safer, more efficient


https://www-pub.iaea.org/MTCD/Publications/PDF/TE1797web.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/TE1797web.pdf
https://world-nuclear-news.org/
https://world-nuclear-news.org/
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nuclear fuel technologies tailored to advanced
reactor designs [3,4].

2. Short
Program

The SERPENT code is a state-of-the-art
Monte Carlo neutron transport simulation tool
primarily written in ANSI-C programming lan-
guage. Initially developed for the Linux operat-
ing system, SERPENT has also been success-
fully compiled and tested on macOS and vari-
ous UNIX-based systems.

The Monte Carlo method, which underpins
SERPENT's computational framework, relies
on probabilistic techniques for solving neutron
transport equations. This approach is computa-
tionally intensive, and the efficiency of calcula-
tions is directly influenced by the available pro-
cessing power.

SERPENT was originally designed as a sim-
plified neutron transport code for reactor phys-
ics applications, with an emphasis on usability
and reduced computational overhead. Over
time, it has evolved to include advanced capa-
bilities, such as burnup calculations for reactor
fuel analysis.

Today, SERPENT is utilized in a wide range
of applications, including:

— Generating group constants for determin-
istic reactor physics codes.

— Modeling and simulation of coupled mul-
ti-physics systems.

— Detailed studies of nuclear reactor core
designs and materials.

Its wversatility and efficiency have made
SERPENT a valuable tool in nuclear engineer-
ing research and development.

Description of the SERPENT

3. Description of the Calculation Model

The fuel rod geometry used in this study
is based on the VVER-1200 reactor design and
is divided into five distinct zones, each with
a specific radius and material composition
(Fig. 1):

Zone 1: Helium Gas Gap

Radius: 0.1 cm.

Material: Helium gas, used as a buffer layer
to accommodate thermal expansion and main-
tain structural integrity.

Zone 2: Fuel Region

Radius: 0.39 cm.

Material: Uranium dioxide (U**®) as the fis-
sile material. This zone contains the fuel that
undergoes nuclear fission.

Zone 3: Clearance Gap

Material: A small clearance region to account
for thermal and mechanical expansion during
operation.

Zone 4: Cladding

— Inner Radius: 0.395 cm.

— Outer Radius: 0.455 cm.

— Thickness: 0.06 cm.

— Material: Different types of cladding ma-
terials are analyzed for their performance under
operational and accident conditions. It is im-
portant to note that this study considers a com-
plete replacement of the standard Zirconium
alloy cladding (E110) with a monolithic layer of
the candidate ATF material (FeCrAl alloy, SiC
composite, or NiCr alloy). The modeling of thin
protective coatings on a Zirconium substrate,
which presents a more complex heterogeneous
structure requiring different computational ap-
proaches, is beyond the scope of this investiga-
tion and is planned for future work.

The material compositions and densities are:

— Zr (reference): E110 alloy (Zr-1%Nb),
density 6.55 g/cm?

— FeCrAl alloy: Composition: Fe-13Cr-
5Al (wt.%), density 7.1 g/cm?

— SiC composite: Stoichiometric  SiC,
density 3.21 g/cm? (fully dense)
— NiCr alloy: Composition:  Ni-20Cr

(wt.%), density 8.4 g/cm?
Zone 5: Coolant Zone

Material: Water, serving as both a coolant
and a neutron moderator to sustain the fission
chain reaction.

This multi-zone model reflects the detailed
structure of a VVER-1200 fuel rod and provides
the basis for evaluating the neutronic character-
istics and thermal performance of various clad-
ding materials. The calculations performed in
this study assess the impact of these materials
on the multiplying coefficient and other critical
reactor safety parameters [5,6,7].
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4 th Zone 0.455 cm, ATF/Zr Shell

2nd Zone 0.39 cm, Fuel

Ist Zone 0.1 cm, He

5 th Zone1.275 cm, Coolant

3rd Zone 0.3965 cm,He

Figure 1. Fuel rod including ATF cladding materials®

4. Configuration and main characteristics of
the VVER-1200 core

The fuel assembly of the VVER-1200 reac-
tor is an advanced design optimized for safety,
fuel efficiency, and operational longevity. Its
structure includes the following components in
figure 2:

1. 285 Fuel Cells (UO2):

These cells contain uranium dioxide (UO-)
fuel pellets.

The primary driver of the fission reaction,
responsible for generating heat for electricity
production.

2. 27 Fuel Cells with Gadolinium (Burnable
Absorbers):

These cells incorporate gadolinium (Gd) as a
burnable neutron absorber.

Gadolinium helps manage excess reactivity
at the beginning of the fuel cycle and ensures a
more uniform burn-up of fuel over time.

3. 18 Guide Tube Cells:

These cells house guide tubes for control
rods.

The control rods are used for reactivity regu-
lation, providing both operational control and
emergency shutdown capabilities.

4. 1 Central Tube Cell:

Located at the center of the assembly, typi-
cally used for instrumentation or coolant flow
optimization.

The key characteristics of the VVER-1200
reactor core are presented in Table 1.

Fuel rod (285)
Fuel+Gd (27)

Guide channel

(18)

Central rod

Figure 2. Fuel Assembly

It is important, that the analysis considers a complete replacement of the standard Zirconium alloy cladding with FeCrAl, SiC,
and NiCr ATF material. The modeling of thin protective coatings on a Zirconium substrate, which presents a more complex hetero-
geneous structure, is beyond the scope of this study and is planned for future work.
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Table 1. Core composition of VVER-1200 reactor

Parameter Name Value
Reactor thermal power (MWt) 3200
Reactor electrical power (MWt) 1200
Number of fuel assembly in the core 163
Coolant temperature at the reactor inlet ("C) 298+2.5
Average coolant temperature at the reactor outlet ("C) 329+£5.0
Active core diameter (cm) 316
Active core height (cm) 375
Refueling frequency (months 12 (18)
Primary coolant temp. at core inlet ("C) 298.2
Primary coolant temp. at core outlet (*C) 328.9
Primary coolant pressure at reactor vessel outlet (MPa) 16.2
Feed water temperature at SG inlet ("C) 225
Assembly Fuel assembly form Hexagonal
Number of fuel rod in the fuel assembly 312
Fresh fuel assembly enrichment 1.6%, 2.4%, 3.6%,4.95%
Fuel rod pitch (mm) 12.75

of the cladding of the fuel rod accordingly

The number of fuel rods, material, internal and external diameter

285, Alloy E110,7.80-10° m, 9.10-10° m

ter of the cladding of the tegs (fuel+ Gd) rod accordingly

Number of tegs (fuel+Gd), material, internal and external diame-

27, Alloy E110,7.80-10° m, 9.10-10° m

The internal diameter of the cladding of a fuel rod / teg (Fuel+Gd) | 7.93:10° m
Fuel enrichment of tegs, 235U, Bec. % 4.0

Content Gd,Os3, Bec. % 8

Lattice pitch of fuel elements, 12.75:10° m

cordingly

Guide channel: Its materials, internal and external diameter ac-

Alloy E635, 13.0-10”m, 11.0-10”m

ingly

Central rod: Its materials, internal and external diameter accord-

Alloy E635, 13.0-10m, 11.0-10”m

S. Discussion on Accident Tolerant Fuel
(ATF) Materials

Accident Tolerant Fuel refers to nuclear fuel
and cladding materials that enhance the safety
and efficiency of nuclear reactors, particularly
under accident conditions, such as loss of cool-
ant accidents (LOCA). Accident Tolerant Fuel
(ATF) cladding materials, such as NiCr, SiC,
and FeCrAl, have been proposed as alternatives
or enhancements to conventional zirconium (Zr)
cladding. These materials aim to improve the
performance and safety of nuclear power plants
under both normal operation and accident con-
ditions.

Zirconium, while commonly used for fuel
cladding due to its excellent neutron transpar-
ency, is chemically active at elevated tempera-
tures. It reacts with water vapor at temperatures
above 500-600°C, and at temperatures exceed-
ing 900°C, this reaction becomes highly exo-
thermic, producing significant amounts of hy-

drogen. The reaction can be represented as:
Zr+2H,0—ZrO,+2H,.

This reaction poses a severe risk as it can
lead to cladding failure and hydrogen explo-
sions. To mitigate these risks, alternative clad-
ding materials are needed to reduce oxidation
and improve thermal stability, ensuring safe op-
eration of nuclear power plants under both nor-
mal and accident conditions.

5.1 Zirconium Alloy with Chromium Coating

Zirconium cladding with chromium coatings
has gained significant attention due to chromi-
um’s thermodynamic and corrosion-resistant
properties. While Zr forms a highly durable ZrO
layer at high temperatures, it undergoes phase
transformations above certain thresholds, weak-
ening its structural integrity. Chromium oxide
(Cr,05) forms a robust barrier to oxygen diffu-
sion, which helps to mitigate oxidation and hy-
drogen generation.
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Advantages of Chromium Coatings:

- High Melting Point: Improves resilience
under high-temperature conditions.

— Corrosion Resistance: Performs well in
superheated water environments, withstanding
temperatures up to 1000°C.

- Thermal Conductivity: Enhances heat
dissipation, reducing thermal stress.

Due to these properties, many nuclear pow-
er-producing nations have begun implementing
chromium-coated cladding materials for ad-
vanced reactor designs.

5.2 Silicon Carbide (SiC) Composites

Silicon Carbide (SiC) is another promising
ATF cladding material due to its exceptional
high-temperature strength, stability under irra-
diation, and lower oxidation rates compared to
Zr. SiC remains stable in water vapor environ-
ments at temperatures up to 1200°C and has
superior material properties, including [9,10]:

— Melting Point: 2800°C, providing high
thermal resilience.

— Thermal Conductivity: 25 W/m-K, en-
suring effective heat transfer.

— Irradiation Stability: Maintains structur-
al integrity under neutron exposure.

For the ATF, FeCrAl, SiC, and NiCr alloys
each offer significant advantages over Zr clad-
ding materials, especially in terms of safety dur-
ing accident scenarios.

— FeCrAl alloys provide superior oxidation
resistance and hydrogen management, which
are crucial for preventing accidents such as hy-
drogen explosions. However, their neutron ab-
sorption properties require careful reactor de-
sign consideration [8§].

— SiC composites outperform Zr in high-
temperature stability and oxidation resistance
and do not produce hydrogen, making them a
highly promising candidate for accident-tolerant
cladding. However, their mechanical brittleness
and fabrication challenges are potential draw-
backs’.

— NiCr alloys share some similarities with

> IAEA. (2020). Accident Tolerant Fuel Concepts for
Light Water Reactors (ATF-TM-2). Proceedings of a Technical
Meeting held in Moscow, Russian Federation, 2019. IAEA-
TECDOC-1921. Available at: https://www.iaea.org/
publications/10972/accident-tolerant-fuel-concepts-for-light-
water-reactors (accessed: 01.02.2026)

FeCrAl but are typically less studied in the con-
text of ATF. They may provide comparable ox-
idation resistance, but like FeCrAl, they can af-
fect reactivity due to their neutron absorption
characteristics.

6. Result Calculation by the SERPENT Pro-
gram

Among the various Accident Tolerant Fuel
(ATF) cladding options, FeCrAl alloys have
emerged as a promising candidate for next-
generation nuclear reactors. FeCrAl alloys typi-
cally contain 10-15 wt.% chromium (Cr) and
3-6 wt.% aluminum (Al). These alloys exhibit
exceptional resistance to high-temperature oxi-
dation due to the formation of a protective
chromium oxide (Cr,0s) layer, which is stable
up to temperatures around 1000°C. At tempera-
tures above 1000°C, the chromium oxide layer
is replaced by a more durable aluminum oxide
(ALLO3) layer. The dense Al.Os layer serves as
an effective barrier against oxidizing species,
including O*, OH", and H:0-, thereby prevent-
ing further oxidative degradation of the materi-
al.

One of the key advantages of FeCrAl alloys,
especially with the Al,Os protective layer, is
their significantly reduced hydrogen permeabil-
ity. Studies have shown that the Al,O; layer re-
duces hydrogen permeation by a factor of three
when compared to the oxidized FeCrAl materi-
al. In contrast, the zirconium-based (Zr) clad-
ding currently used in nuclear reactors is prone
to significant hydrogen absorption. When Zr
reacts with hydrogen, zirconium hydrides
(ZrH,) are formed, which migrate to the outer
surface of the cladding. This migration reduces
the mechanical properties of the cladding, such
as the fracture toughness and fatigue resistance.
Thus, the stable oxide layer in FeCrAl alloys
provides a significant advantage in hydrogen
management compared to Zr alloys, which form
brittle hydride phases.

Using the SERPENT code, the effective mul-
tiplication coefficient (Keff) was calculated as a
function of burnup time for fuel rods with dif-
ferent cladding materials. Burnup calculations
were performed up to 500 effective full power
days, corresponding to a fuel burnup of approx-
imately 40-45 MWd/kgU. Table 2 presents the
calculated Keff values with their associated sta-
tistical errors.


https://www.iaea.org/publications/10972/accident-tolerant-fuel-concepts-for-light-water-reactors
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Table 2. Effective Multiplying Coefficient (Keff) with statistical error for the Zr alloy and Zirconium (Zr) coated with
FeCrAlNiCr and SiC repectively are calculated by using the SERPENT program

Alloy Zr (Reference) Alloy (Zr+FeCrAl) Alloy (Zr+SiC) Effec- Alloy (Zr+NiCr)
Burnup Effective Multiplying Effective Multiplying tive Multiplying Effective Multiplying
(Days) Coefficient (Keff) with | Coefficient (Keff) with | Coefficient (Keff) with | Coefficient (Keff) with
Error Error Error Error
0 1.33567 = 0.00042 1.30383 +0.00044 1.32645 +0.00043 1.19550 + 0.00048
50 1.35175+0.00041 1.30429 + 0.00043 1.34535 +0.00042 1.20763 + 0.00047
100 1.36357 + 0.00040 1.28874 + 0.00045 1.35482 + 0.00041 1.20808 + 0.00047
150 1.34702 + 0.00042 1.26717 + 0.00046 1.33484 + 0.00042 1.18587 +0.00048
200 1.32290 + 0.00043 1.24125 +0.00047 1.31956 + 0.00043 1.15958 + 0.00049
250 1.30366 + 0.00044 1.21555+0.00048 1.29477 + 0.00044 1.13095 + 0.00050
300 1.28041 + 0.00045 1.18902 £ 0.00049 1.26769 + 0.00045 1.09880 + 0.00051
450 1.21590 = 0.00047 1.11726 £ 0.00052 1.20659 + 0.00046 1.02288 + 0.00054
500 1.13523 +0.00050 1.02648 +0.00055 1.12443 +£0.00048 0.928448 + 0.00058

To quantify of the reactivity degradation as-
sociated with each ATF material, the relative
change in the effective multiplication factor
(AKeff) compared to the reference Zirconium
cladding was calculated at the beginning of life
(0 burnup days) and after 500 days. The results
are summarized in Table 3, with errors propa-
gated from the Monte Carlo statistics.

Table 3. Relative change in Keff compared to Zirconium
cladding with propagated errors

Material AKeff at 0 days AKeff at 500 days
FeCrAl -2.38% £ 0.05% -9.58% =+ 0.08%
SiC -0.69% + 0.04% -0.95% + 0.06%
NiCr -10.49% £ 0.06% -18.22% £ 0.09%

The analysis shows that SiC has the closest
neutronic behavior to Zirconium, with a mini-
mal reactivity (less than 1% throughout the cy-
cle). FeCrAl demonstrates a moderate reactivi-
ty, which increases with burnup. NiCr, however,
exhibits a severe reactivity reduced (over 10%
at BOL), rendering it less attractive from a neu-
tronic perspective without significant core de-
sign modifications to compensate for the reac-
tivity loss.

The results presented here graphically, which
provides a detailed neutronic analysis of the

FeCrAl alloys and their performance within the

reactor core. The relationship between the mul-
tiplying coefficient and burnup in a VVER reac-
tor (or any other nuclear reactor) is typically
inverse. This means that as burnup increases,
the multiplying coefficient (which represents
the reactor's reactivity) decreases over time.
This decrease occurs because, as the reactor op-
erates, fissile isotopes are consumed through
nuclear fission. The depletion of these isotopes
reduces the number of available fissile nuclei
for neutron-induced fission reactions, leading to
a decline in the multiplication factor. In the case
of Accident Tolerant Fuel (ATF) materials like
FeCrAl and SiC, burnup can increase signifi-
cantly, reaching values of up to 80
MWd/kgU.These findings, highlight the im-
proved safety and material performance of
FeCrAlLSiC, NiCr alloys, positioning them as
viable alternatives for the next generation of
nuclear fuel cladding materials.

The errors in all calculations are very small
(within £0.0006), which is about +0.04-0.06%
(Tab. 2) in relative terms. This means the results
are very precise, shown in figure 3.
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Figure 3. Multiplying Coefficient vs Burnup time for Accident Tolerant Fuel (ATF) materials with error bands

7. Result Analysis on Accident Tolerant Fuel
(ATF)
7.1 Neutronic Performance and Reactivity
degradation

The calculated Keft values presented in Ta-
ble 2 clearly demonstrate a reactivity degrada-
tion associated with ATF cladding materials rel-
ative to reference Zr cladding.

At beginning of cycle (0 days burnup):

Zr: 1.33567

Zr+SiC: 132645 — AK = —0.009
(=—670 pcm)

Zr+FeCrAl: 1.30383 — AK = —0.032
(= —2400 pcm)

Zr+NiCr: 1.19550 — AK = -0.140

(=—10,500 pcm)

The observed trend directly correlates with
the microscopic thermal neutron absorption
cross-sections of the cladding materials:

Zr =~ 0.18 barns

SiC (effective) = very low absorption (Si and
C both weak absorbers)

FeCrAl = ~2-3 barns (Cr and Fe contribu-
tion)

NiCr — significantly higher absorption due
to Ni (~4.5 barns)

SiC demonstrates the smallest reactivity red-
iced because both silicon and carbon have low
absorption cross-sections and therefore mini-
mally perturb the neutron economy of the lat-
tice. NiCr exhibits the largest reduction in Keff
due to the relatively high microscopic absorp-
tion cross-section of nickel, leading to increased
parasitic neutron absorption and reduced multi-
plication. FeCrAl shows intermediate behavior,
consistent with its moderate absorption charac-
teristics. Thus, the neutronic performance rank-
ing based on calculated data is:

SiC — FeCrAl — NiCr

This ranking is directly supported by the
quantitative SERPENT results.

7.2 Implications for Fuel Cycle and Core De-
sign

The reduction in K.g directly affects excess
reactivity and therefore impacts fuel cycle
length and core design strategy.

For FeCrAl and especially NiCr, the reactivi-
ty degradation would:



2026;16(2):67-76. I'nobanbhas anepHas GezomacHocts / Nuclear Safety 75
Anncyp C.K. Paxman. Helitponnsiii ananus... / Anisur S.K.Rahman. Neutronic analysis...

- Reduce initial excess reactivity.

— Shorten achievable fuel cycle length un-
der fixed enrichment.

- Require compensation through:

o Increased **°U enrichment,

o Reduced burnable absorber (Gd20s)
loading,

o Modified fuel assembly design.

In contrast, SiC introduces only a minor re-
activity degradation, which could likely be
compensated within standard enrichment mar-
gins without major design modification. The
substantial reactivity degradation observed for
NiCr (~10,000 pcm at BOC) suggests that its
implementation in WWER-1200 would require
substantial redesign of enrichment zoning and
burnable absorber distribution, potentially af-
fecting economic performance.

Therefore, from a neutronic perspective:

— SiC appears most compatible with exist-
ing WWER-1200 core design.

— FeCrAl may be feasible with moderate
design adjustments.

— NiCr presents significant neutronic chal-
lenges.

7.3 Error Analysis

The statistical errors in the Monte Carlo cal-
culations are sufficiently small to resolve the
differences between materials. The 95% confi-
dence intervals for the reactivity penalties are:

— FeCrAl at 0 days: +£0.10% (relative penal-
ty clearly distinguishable from zero)

- SiC at 0 days: £0.08% (penalty small but
statistically significant)

- NiCr at 0 days: £0.12% (penalty clearly
significant)

The small error ranges show that the ranking
of the materials is reliable and not caused by
random statistical variation.

8. Conclusion

This work presents a consistent Monte
Carlo—based neutronic comparison of zirconium
and three ATF cladding options for

a VVER-1200 lattice cell under identical geo-
metric, material, and burnup conditions. The
novelty of the study lies in the direct quantifica-
tion of the reactivity degradation introduced by
each candidate material within a unified
SERPENT modeling framework. The calcula-
tions demonstrate that the magnitude of Keff
reduction is primarily governed by the micro-
scopic absorption cross-sections of alloying el-
ements, particularly nickel and chromium. The
results show that:

1. The neutronic impact of SiC is minimal
and remains within typical operational reactivi-
ty margins across the burnup range considered.
SiC has the best neutronic performance. It caus-
es only a small reactivity loss (less than 1%), so
it could replace Zr without major design chang-
es.

2. FeCrAl produces a systematic and
burnup-dependent reactivity suppression that
would require compensatory core design
measures. It causes a moderate and increasing
reactivity loss (about 2-10%). It may require
slightly higher fuel enrichment or design ad-
justments.

3. NiCr causes a substantial parasitic
absorption effect, leading to a reactivity loss
that exceeds practical compensation limits un-
der  standard  enrichment  assumptions
for VVER-1200. It has very poor neutronic per-
formance. It causes large reactivity loss (over
10-18%) and would need major core redesign.

The study confirms that the choice of ATF
cladding involves a trade-off between enhanced
accident tolerance and neutronic performance.
The quantitative results obtained for the
VVER-1200 provide a necessary basis for more
comprehensive multi-physics — optimizations,
where the identified reactivity penalties must be
balanced against the significant safety gains in
oxidation resistance and hydrogen reduction
offered by these materials. The errors are very
small (£0.04-0.06%), so the material compari-
son is reliable and statistically significant.
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