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Abstract. Non-zirconium materials, such as silicon carbide (SiC) and FeCrAl alloys, have attracted
interest for developing Accident-Tolerant Fuel (ATF) cladding systems owing to their superior high-
temperature oxidation resistance. SiC offers excellent thermal stability, high-temperature properties,
irradiation tolerance, and low activation, while FeCrAl alloys provide outstanding oxidation resistance
in steam and air through a stable alumina (Al2O3) layer. This study examines their oxidation behavior
under simulated severe-accident conditions. Microstructural changes and mechanical integrity after
exposure were analyzed using scanning electron microscopy (SEM) and ring compression tests (RCT).
The analysis revealed material-specific strengths and limitations, emphasizing the role of temperature
and oxidation environment.
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1. Introduction
Accident-Tolerant Fuel (ATF) cladding concepts aim
to reduce the rate and total amount of hydrogen
and heat generated by high-temperature oxidation
in Light-Water Reactor (LWR) severe accidents. Pro-
tective oxide scales based on chromia, alumina, or
silica can significantly suppress oxidation kinetics [1].
Figure 1 compares the parabolic rate constants for
candidate cladding materials in steam with those of
conventional Zr-4.

Figure 1. Parabolic oxidation rate constants for
various cladding materials and their resulting oxides
in steam as a function of temperature [2].

This study evaluated two non-zirconium candidates:
a triplex SiC/SiC composite cladding (SiC-CTP) and
a ferritic FeCrAl alloy (B136Y3). High-temperature
oxidation (HTO) in steam was examined up to 1 550 °C
for SiC-CTP and up to 1 375 °C for FeCrAl. Mi-
crostructure was analyzed using SEM, X-ray diffrac-
tion (XRD), and Mössbauer spectroscopy, while me-
chanical integrity was assessed by the ring compression
test (RCT).

2. Materials and experimental
methods

2.1. SiC/SiC composite cladding
SiC fibers are widely used in composites exposed to
high-temperature oxidizing environments. Ceramic
matrix composites (CMC) reinforced with SiC fibers
exhibit high toughness, excellent mechanical proper-
ties, and good resistance to thermal shock [3]. Thus,
SiC CMC are strong candidates for ATF cladding
in LWRs, with the potential for the highest survival
temperature during severe-accident scenarios.

In a water vapor environment, the oxidation of SiC
proceeds as in Reaction 1, while volatilization of SiO2
occurs according to Reaction 2 [3, 4]:

SiC (s) + 3H2O (g)→ SiO2 (s)
+ 3H2 (g) + CO (g),

(1)

SiO2 (s) + 2H2O (g)→ Si(OH)4 (g), (2)
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SiO2 (s) + H2O (g)→ Si(OH)2 (g). (3)

During high-temperature oxidation, a protective
silicon oxide layer is formed according to Reaction 1.
Hydrogen is released in addition to carbon-containing
gases. At higher temperatures, volatile hydroxides or
oxyhydroxides may form (Reactions 2 and 3). Fur-
thermore, silicon monoxide (SiO) may form at low
oxygen partial pressures and elevated temperatures.
Steinbrück et al. [4] performed a series of steam

oxidation experiments on SiC/SiC composite cladding
up to 1 845 °C. Although a transient test at approxi-
mately 1 845 °C caused localized failure by consuming
the external CVD-SiC layer, two isothermal tests at
1 700 °C for one hour showed no macroscopic damage
or significant oxidation. The SiC seal-coat effectively
protected the fiber–matrix structure, keeping gas re-
lease rates low and mechanical degradation minimal.
Despite its outstanding oxidation resistance and

mechanical performance, SiC composite cladding in
LWRs faces several challenges. Reliable assessment re-
quires the fabrication of tubes with tightly controlled
and reproducible properties. In addition, the devel-
opment of robust joining techniques for end plugs [5]
and the mitigation of matrix microcracking remain
major technical obstacles [6, 7].
The SiC samples used in this study were provided

by CTP USA. The microstructure of the as-received
triplex SiC cladding (SiC-CTP) is shown in Fig-
ure 2. It consists of a monolithic SiC inner layer,
a SiC/SiC composite intermediate layer, and a mono-
lithic SiC outer layer. The SiC inner layer primar-
ily prevents radioactive fission products from escap-
ing into the coolant, the composite layer enhances
strength and fracture toughness, and the outer layer
protects against corrosive coolant water at high tem-
peratures.

Figure 2. Microstructure of SiC-CTP sample in as-
received state: cut (left) and surface (right).

2.2. FeCrAl (B136Y3)
Fe-based alloys such as FeCrAl combine superior ox-
idation resistance with good mechanical properties
compared to traditional Zr alloys [2]. Both oxide
dispersion-strengthened (ODS) alloys with reduced
Cr content [8] and conventional non-ODS nuclear-
grade FeCrAl alloys were developed as ATF concepts.
Compared to commercial Kanthal, nuclear-grade Fe-
CrAl alloys contain less Cr to mitigate formation of

the embrittling Cr-rich α′ phase under irradiation at
intermediate temperatures [9].
Figure 3 shows the parabolic oxidation rate con-

stants of the nuclear-grade FeCrAl alloys B136Y3 and
C26M2, based on the measurements reported by Kim
et al. [10], compared with literature data for alumina
and iron oxide formation. At temperatures above
1 200 °C, the alloys exhibited a significant increase
in oxidation kinetics, closely approaching those of
Fe oxides. This behavior indicates a breakdown of
the protective alumina scale and the onset of rapid,
non-protective oxidation.

Figure 3. Parabolic rate constants of B136Y3 and
C26M2 as a function of temperature, compared with
Fe oxides, α-alumina, and θ-alumina [10].

A limitation is that the higher neutron absorption
cross-section of Fe and Cr requires thinner cladding
wall thicknesses. The ferritic FeCrAl (B136Y3) sam-
ples used in this study were provided by the QUENCH-
19 experiment conducted at KIT. The alloy is highly
resistant to corrosion owing to the formation of a pro-
tective alumina layer. Its chemical composition and
manufacturing process are described in detail else-
where [10, 11]. The microstructure of the as-received
sample is shown in Figure 4.

Figure 4. Microstructure of FeCrAl (B136Y3) sample
in as-received state.

2.3. Experimental methods
The high-temperature oxidation experiments were per-
formed in an electric resistance furnace under an ar-
gon–steam atmosphere (Figure 5). Both surfaces of
the samples were exposed to the oxidizing atmosphere.
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Figure 5. Schematic of the high-temperature oxida-
tion experiment.

The temperature was measured in the middle of each
sample using a B-type thermocouple. After expo-
sure, specimens were directly quenched in a water–ice
mixture. For comparison, tests were also carried out
with successive cooling in air without quenching. Ex-
periments were performed on specimens of length
25mm at temperatures from 1 100 °to 1 550 °C for dif-
ferent times for SiC-CTP samples (Table 1) and from
1 300 °C up to 1 375 °C for FeCrAl samples (Table 2).

For zirconium alloys, the limiting temperature is
generally set at 1 204 °C, which corresponds to 17%
Equivalent Cladding Reacted (ECR) according to the
Cathcart–Pawel (CP) correlation for exposure times
around 5 minutes. In comparison with the ECR-CP
values for zirconium alloys, the test conditions for the
investigated samples were several times more severe.

The samples were weighed before and after exposure
using a Mettler Toledo XS 105 analytical balance with
a resolution of 0.01mg to determine the weight gain.
After oxidation, the samples were cut using a diamond
saw for subsequent analyses.
The microstructure of the samples was examined

using an optical microscope Nikon EPIPHOT 300 and
a scanning electron microscope (SEM) JEOL JSM-
5510LV. The thickness of the layers was measured at
four locations along the sample perimeter.

Surface XRD analysis was performed using a third-
generation Empyrean diffractometer with a cobalt
source, at an incidence angle of 10–70°. The maxi-
mum penetration depth of the X-ray radiation was
approximately 200 µm.
Transmission Mössbauer spectra (TMS) were

recorded at room temperature (RT) using a constant-
acceleration spectrometer equipped with a 57Co(Rh)
source. Oxidized fragments of the samples were
ground into fine powder, and the spectra were ac-
quired in transmission geometry. To investigate the
near-surface region with an information depth of ap-
proximately 100 nm, Conversion Electron Mössbauer
Spectroscopy (CEMS) was employed. All isomer shifts

Temperature
[°C]

Time
[min]

ECR-CP
[%]

1 100 30 14.4
1 200 5 10.3
1 200 15 16.0
1 200 30 23.3
1 200 60 32.7
1 200* 60 32.7
1 200* 30 23.3
1 200* 30 23.3
1 300 30 36.2
1 350 30 40.7
1 400 15 37.8
1 400 30 73.8
1 400 60 53.4
1 450 1 14.5
1 450 30 63.0
1 500 5 32.8
1 550 5 36.9
* samples without quenching

Table 1. Experimental matrix of SiC-CTP samples
compared to ECR-CP (Cathcart–Pawel Equivalent
Cladding Reacted) for zirconium alloys.

Temperature
[°C]

Time
[min]

ECR-CP
[%]

1 300 180 248
1 300 90 176
1 300 30 102
1 350 180 302
1 350 60 179
1 350 30 125
1 350 120 248
1 350 90 214
1 360 5 55
1 375 (RAMP) 6.5 –
1 375 5 59
1 375 30 137

Table 2. Experimental matrix of FeCrAl samples
compared to ECR-CP (Cathcart–Pawel Equivalent
Cladding Reacted) for zirconium alloys.
Note: RAMP = gradual heating from 900 to 1 375 °C
(6.5 min total).

(IS) are reported relative to a bcc-Fe reference foil
measured at RT. Mössbauer spectral parameters – in-
cluding isomer shift (IS), quadrupole splitting/shift
(QS), hyperfine magnetic field (Bhf), and component
areas (A), as well as the relative line intensities of mag-
netic sextets – were determined using the CONFIT
curve-fitting software [12].
Microhardness was measured using a Buehler MI-

CROMET 5114 (Vickers hardness test, ASTM E384).
Since neither the microhardness of the outer layer of
SiC-CTP nor of the composite layer could be mea-
sured, the test was carried out on the inner monolithic
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SiC layer. Ten indents were performed (HV1 for SiC-
CTP samples and HV0.1 for FeCrAl samples) in the
middle of the inner layer.

Mechanical tests were performed using RCT on an
INSTRON 1185 R5800 at 135 °C. The loading speed
was kept constant at 1mmmin−1.

3. Results
3.1. High-temperature oxidation
Figure 6 presents the time dependence of weight gain
for SiC-CTP in comparison with FeCrAl. For SiC-
based specimens, the net mass change resulted from
two competing processes: (1) volatilization of surface
oxides leading to mass loss, and (2) oxidation of the
substrate leading to mass gain. The measurement
therefore reflected only the cumulative effect of these
processes, while their individual contributions – po-
tentially varying with layer thickness – could not be
resolved. At shorter exposure times volatilization dom-
inated, whereas at longer durations oxidation became
prevalent.
For the SiC-CTP samples, changes in weight gain

or oxide thickness were negligible (on the order of
micrometers). In contrast, FeCrAl samples exposed
to temperatures above 1 300 °C exhibited markedly
reduced or even negative weight gains, indicating oxide
spallation. Under such conditions, oxidation kinetics
could not be reliably assessed without continuous mass
monitoring, even when accounting for detached fine
powder.
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Figure 6. Weight gain (WG) as a function of oxi-
dation temperature for SiC-CTP and FeCrAl (FCL)
samples.

Figures 7 and 8 show macroscopic images and mi-
crostructures of SiC-CTP after high-temperature ox-
idation at 1 200 °C and 1 550 °C. In Figure 7a, a sig-
nificant non-uniformity of the individual layers was
observed. After 15min (Figure 7b) and 30min (Fig-
ure 7c) at 1 200°C, the color of the samples changed
to purple and green. The dependence of thickness
growth for samples oxidized at 1 200 °C is shown in
Figure 9. From the images and subsequent measure-
ments, it was evident that the layers were not uniform

(a). 5 min. (b). 15 min.

(c). 30 min. (d). 60 min.

Figure 7. Microstructure of SiC-CTP after high-
temperature oxidation at 1 200 °C for different expo-
sure times.

(a). At 1 500 °C. (b). At 1 550 °C.

Figure 8. Microstructure of SiC-CTP after high-
temperature oxidation for 5min.
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Figure 9. Dependence of thickness growth of outer,
inner CVD layer, and SiC/SiC composite thickness
with time for samples oxidized at 1 200 °C.

and that the dissolution rate could not be reliably
determined.
The FeCrAl samples were tested at 1 300 °C to

1 375 °C. Images of the samples after the tests are
shown in Figure 10. Samples oxidized between
1 300 °C and 1 350 °C showed no visible changes com-
pared to the as-received state (Figure 10a). After
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5min at 1 360 °C (Figure 10b), the sample completely
oxidized, turned black, and began to disintegrate. Af-
ter 30min at 1 375 °C (Figure 10c), only fragments of
the disintegrated sample remained. Above 1 360 °C,
iron oxides with fast growth kinetics formed, lead-
ing to rapid degradation. By contrast, the RAMP
test (gradual heating from 900 °C to 1 375 °C, total
exposure time 6.5min) produced an intact sample
(Figure 10d), indicating that sufficient time had been
available for the formation of a protective alumina
(Al2O3) layer.

(a). 1 350 °C, 30 min. (b). 1 360 °C, 5 min.

(c). 1 375 °C, 30 min. (d). RAMP test to
1 375 °C, total 6.5 min.

Figure 10. FeCrAl after high-temperature oxidation.

3.2. Microstructure analysis
Figure 11 shows SEM images of SiC-CTP: (a) in the
as-received state and (b) after oxidation at 1 400 °C for
30min. After exposure, crystals of SiO2 were observed
on the surface.

(a). (b).

Figure 11. SEM images of SiC-CTP: (a) as-received
state, (b) after high-temperature steam oxidation for
30min at 1 400 °C.

XRD analysis confirmed these changes. Propor-
tional representation of phases from surface XRD
measurement is shown in Table 3. In the as-received
state (Figure 12), the phases included elemental sil-
icon, cubic (3C-SiC) and hexagonal (6H-SiC) SiC,
and SiO2 in the form of coesite. After oxidation at
1 550 °C for 5min (Figure 13), cristobalite was de-
tected instead of coesite, while Si and SiC remained.

Phase As-received 1 550 °C/5min
Si 76.9 wt.% 71.0 wt.%
SiC-3C 14.2 wt.% 26.9 wt.%
SiC-6H 5.2 wt.% –
SiO2 (cristobalite) – 2.1 wt.%
SiO2 (coesite) 3.7 wt.% –

Table 3. Proportional representation of phases from
surface XRD measurements of SiC-CTP.

Figure 12. XRD of SiC-CTP in the as-received state.

Figure 13. XRD of SiC-CTP after high-temperature
oxidation at 1 550 °C for 5min.

This transformation reflected the instability of coesite
under oxidizing high-temperature conditions. The per-
sistence of Si and SiC peaks suggested that oxidation
primarily affected the near-surface region.
The microstructure of the FeCrAl alloy after

high-temperature oxidation tests was investigated
by transmission Mössbauer spectroscopy (TMS)
and CEMS, which allowed us to focus on the local
environment of 57Fe. Figure 14 shows the RT CEMS
spectrum of a FeCrAl sample exposed to 1 350 °C for
180min. The spectrum displayed a relatively broad
six-line pattern, which was fitted using a distribution
of hyperfine magnetic fields. The distribution reached
a maximum around 30 T and gradually decreased
toward lower fields, resulting in a mean hyperfine field
of approximately 26 T. The corresponding average
isomer shift was about 0.01mms−1. These features
are consistent with the presence of the α-Fe or α′-Fe
phase, where the local environment of Fe atoms is
modified by substitutional Cr and Al atoms in the
nearest coordination shells, leading to a modification
of the hyperfine magnetic field. No spectral features
indicating the presence of iron oxides were detected,
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Figure 14. CEMS spectrum of the FeCrAl sample
exposed to 1 350 °C for 180min recorded at RT.

suggesting that the near-surface region probed by
CEMS remained free of significant oxide formation
under the applied conditions.

The TMS spectrum of an alloy fragment from a Fe-
CrAl sample annealed at 1 375 °C for 30min is pre-
sented in Figure 15. The spectrum exhibited an
asymmetric sextet extending to higher velocity val-
ues, indicating the presence of components with larger
hyperfine magnetic fields. Two relatively sharp sex-
tets, shown in blue (IS = 0.24± 0.02mms−1, QS =
−0.07± 0.04mms−1, Bhf = 48.2± 0.5T) and green
(IS = 0.66 ± 0.02mms−1, QS = 0.05 ± 0.04mms−1,
Bhf = 46.0 ± 0.5T), are likely associated with non-
stoichiometric Fe3O4 phases [13]. In addition, two
broader six-line components – depicted in light-blue
and light-green – exhibited slightly lower hyperfine
fields and may correspond to more disordered regions
within the Fe3O4 structure. The broad underlying
contribution, shown in gray, may originate from very
small iron oxide nanoparticles undergoing superpara-
magnetic relaxation at room temperature, or from
structurally disordered iron oxide phases. It should
be noted, however, that a precise identification of
individual iron oxide phases in such a complex and
overlapping spectrum is inherently challenging and
often non-unique without complementary characteri-
zation techniques.
The CEMS spectrum of the FeCrAl sample sub-

jected to a rapid thermal annealing (RAMP) proce-
dure at 1 375 °C is shown in Figure 16. Similar to
the FeCrAl sample exposed to 1 350 °C for 180min,
the spectrum exhibited a broad magnetic sextet con-
sistent with the α-Fe or α′-Fe phase. In addition to
this magnetic component, the spectrum also revealed
two paramagnetic doublets. The first, depicted in
blue, was characterized by hyperfine parameters IS =
0.36 ± 0.02mms−1 and QS = 0.70 ± 0.04mms−1.
According to Cotica et al. [14], this doublet may be
attributed to Fe3+ in an “iron-poor” solid solution of
α-(FeAl)2O3. Very similar hyperfine parameters were
also reported by Waanders et al. [15] for FeCr2O4
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Figure 15. TMS spectrum of the FeCrAl sample
fragment exposed to 1 375 °C for 30min recorded at
RT.
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Figure 16. CEMS spectrum of the FeCrAl sample
fragment exposed to 1 375 °C for 6.5min (RAMP test)
recorded at RT.

(IS = 0.28mms−1, QS = 0.64mms−1), suggesting
that this signal might originate from mixed Cr–Al iron
oxides formed during oxidation. The second doublet,
shown in yellow, was significantly broader and exhib-
ited hyperfine parameters of IS = 0.93 ± 0.02mms−1

and QS = 1.53 ± 0.04mms−1. The large linewidth
suggests a poorly ordered phase rather than a well-
crystallized compound. The relatively high isomer
shift and quadrupole splitting are indicative of Fe2+,
and the parameters closely match those reported for
hercynite (FeAl2O4) by Cotica and Paesano [14, 16].
The presence of both Fe2+ and Fe3+ species in the
near-surface region indicates partial oxidation and
spinel-related phase formation during the short but
intense thermal treatment. Given the complexity and
overlap of the spectral features, unambiguous phase
identification remains challenging and may benefit
from complementary techniques.

3.3. RCT and microhardness
Tables 4 and 5 summarize the RCT results. All SiC-
CTP samples were very brittle, with offset strain
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Temp.
during
RCT [°C]

Temp. [°C] /
exposure
time [min]

Offset
strain
[%]

Max.
load
[N]

20* – 0.12 144
135* – 0.70 3
135 1 200/60 0.08 3
135 1 200/30 0.31 38
135 1 200/30 0.47 64
20 1 200/60 0.34 94
20 1 200/30 0.19 135
20 1 350/30 0.68 6
20 1 500/5 0.04 16
20 1 300/30 0.30 6
20 1 400/15 0.06 48
20 1 400/30 0.04 27
20 1 400/60 0.87 27
20 1 450/1 0.32 24
* as-received state

Table 4. Results of RCT test for SiC-CTP samples –
Offset strain and maximal load.

Temp.
during
RCT [°C]

Temp. [°C] /
exposure
time [min]

Offset
strain
[%]

Max.
load
[N]

135 1 300/30 22.46 68
135 1 300/180 22.47 94
135 1 300/90 22.38 75
135 1 350/90 22.93 56
135 1 350/180 23.19 86

Table 5. Results of RCT test for FeCrAl samples –
Offset strain and maximal load.
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far below the 1% permanent strain criterion used for
zirconium alloys [17]. By contrast, FeCrAl maintained
offset strain above 20% even after exposure at 1 300 °C.
Representative trends are shown in Figures 17 and 18.
Microhardness measurements of the inner CVD

layer of SiC-CTP (Figure 19) remained consistently
high (19GPa to 23GPa) with no significant depen-
dence on temperature, indicating microstructural sta-
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bility. FeCrAl hardness was much lower (∼2GPa),
with slight increases after prolonged exposure at-
tributed to the formation of surface alumina rather
than bulk changes.

4. Discussion
High-temperature oxidation experiments were car-
ried out on SiC samples in the temperature range of
1 100 °C–1 550 °C and on FeCrAl alloy samples from
1 300 °C to 1 375 °C. The results demonstrated the su-
perior oxidation resistance of SiC-CTP, as the weight
gain remained minimal even at the highest test tem-
peratures. In contrast, FeCrAl samples exhibited sig-
nificantly higher mass changes above 1 350 °C. Some
samples even showed negative weight gain, indicating
oxide spallation or volatilization. These observations
suggest that once a critical temperature was exceeded,
oxidation kinetics were dominated by the breakdown
of the protective alumina layer.

Figure 10d shows the RAMP test, in which the sam-
ple was gradually heated from 900 °C to 1 375 °C over
a total of 6.5 minutes. This provided sufficient time
for the formation of a continuous Al2O3 layer. The
protective oxide prevented rapid oxidation and dis-
integration. However, above approximately 1 375 °C,
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this protective behavior was no longer observed. In-
stead of alumina, iron-rich spinel oxides with much
faster growth kinetics were formed, offering insufficient
protection and leading to rapid degradation. These
results highlight the importance of heating rate and
oxide formation kinetics in determining the stability
of FeCrAl alloys under accident-like scenarios.

Microstructural analysis supported these trends. In
SiC, SEM and XRD revealed the formation of a SiO2
surface layer, which likely acted as a diffusion barrier
and contributed to the observed stability. In FeCrAl,
distinct phases of both aluminum and iron oxides were
detected. Their evolution with increasing temperature
was consistent with the loss of protective behavior at
high temperatures. Mössbauer spectroscopy, including
both TMS and CEMS, further revealed the presence of
magnetic α-Fe phases and complex iron oxide species
in the near-surface regions, providing deeper insight
into the oxidation mechanisms.
Mechanical testing highlighted the contrasting be-

havior of the two materials. FeCrAl maintained a post-
exposure offset strain above 20% even after oxidation
at 1 300 °C, suggesting that the alloy retained good
mechanical integrity under these conditions. By con-
trast, SiC remained brittle, with values well below
1%, limiting its tolerance to mechanical stress de-
spite its excellent thermal and oxidation resistance.
This trade-off underscores the key challenge of SiC:
although thermally robust, its brittleness restricts its
practical application as cladding without additional
engineering solutions.
Overall, these findings emphasize that both mate-

rials have complementary strengths and limitations.
SiC offers outstanding thermal and chemical stability
but suffers from intrinsic brittleness, while FeCrAl
provides mechanical robustness yet loses oxidation
resistance above a critical temperature. A deeper
understanding of these mechanisms is essential for
designing next-generation ATF cladding systems.

5. Conclusion
This study compared the high-temperature oxidation
behavior of SiC-CTP composites and FeCrAl alloys
as candidate ATF cladding materials.
SiC-CTP exhibited excellent thermal resistance,

withstanding exposure up to 1 550 °C with only mini-
mal mass change. The formation of a protective SiO2
surface layer contributed to its stability. However,
its intrinsic brittleness, with offset strain values well
below 1%, remains a major drawback for practical
applications.
FeCrAl retained its mechanical integrity up to

1 350 °C, maintaining offset strain above 20%. Its
protective behavior was linked to the formation of
a continuous Al2O3 layer, particularly under slow
heating conditions. At higher temperatures, however,
this protection was lost due to the rapid growth of
iron-rich spinel oxides, leading to accelerated degra-
dation.

In conclusion, SiC offers superior oxidation resis-
tance but limited mechanical tolerance, while FeCrAl
provides mechanical robustness with reduced high-
temperature stability. These complementary strengths
underline the importance of tailoring protective oxide
formation and combining materials knowledge with
engineering design to optimize ATF cladding perfor-
mance in severe accident scenarios.
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