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ABSTRACT.

UJP Praha a.s., Nad Kaminkou 1345, 156 00 Prague, Czech Republic

This study investigates the corrosion and high-temperature oxidation behaviour of

ATST 348 stainless steel under normal and extreme conditions for potential nuclear applications.

Plate specimens were exposed to simulated WWER primary water conditions in an autoclave at
360 °C for extended duration, reaching up to 1659 days. In addition to long-term exposure testing,
short-term high-temperature oxidation experiments were performed at temperatures up to 1400 °C
to evaluate oxide scale formation, spallation behaviour, and structural integrity. Characterization
techniques included Mossbauer spectroscopy for oxide phase identification, microhardness measurements,
and optical microscopy for grain size evaluation. Mechanical testing, including ductility assessment
and microhardness measurements, was conducted after high-temperature exposure to evaluate the
material’s ability to retain mechanical integrity under accidental conditions.
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1. INTRODUCTION

Austenitic stainless steels, particularly stabilized
grades like AISI 348 or AISI 321, are widely em-
ployed in nuclear reactor systems due to their excellent
high-temperature strength and corrosion resistance.
In pressurized water reactors such as the WWER
(Water-Water Energetic Reactor), structural materials
are exposed to aggressive conditions including high-
temperature water, dissolved boric acid, lithium or
potassium hydroxide, oxygen, hydrogen, and intense
neutron irradiation. These factors can lead to complex
corrosion phenomena such as inter-granular attack,
stress corrosion cracking, and irradiation-assisted cor-
rosion.

In recent years, stainless steels have also gained at-
tention as potential candidates for Accident Tolerant
Fuel (ATF) cladding due to their high-temperature
oxidation resistance and superior mechanical perfor-
mance under severe accident conditions. Their ro-
bustness and ability to retain structural integrity
during transient high-temperature events make them
promising alternatives to zirconium-based alloys. This
study investigates the corrosion behaviour under sim-
ulated WWER primary circuit conditions and high-
temperature oxidation resistance of AIST 348 stainless
steel, with a focus on understanding material degrada-
tion mechanisms and assessing the suitability of this
alloy for long-term service in nuclear environments.
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2. MATERIALS AND METHODS

These specimens were tested as part of the IAEA CRP
ACTOF project, in which the results of a long-term
corrosion experiment lasting up to 164 days were previ-
ously presented [I]. In this article, results from an ex-
tended exposure period of up to 1659 days are reported.
Moreover, extended results of high-temperature ox-
idation are shown. The AISI 348 specimens were
provided by USP, Brazil. The chemical composition
provided by the supplier is shown in Table

2.1. LONG-TERM CORROSION

Specimens for long-term corrosion had dimensions
of 20 x 20 x 5mm and included a 2mm hole for sus-
pension on a holder and were tested in a simu-
lated WWER environment consisting of demineralized
and deaerated water containing 1050 ppm boron (as
H3BO3), 16 ppm potassium (as KOH), and 1ppm
lithium (as LiOH). The corrosion experiment was con-
ducted in a static autoclave with an internal volume
of 4.4dm? at a temperature of 360°C and a corre-
sponding pressure of 18.6 MPa. Testing intervals typi-
cally lasted 21 days. The temperature was set higher
than that of WWER-1000 outlet water to acceler-
ate corrosion, to simulate potential elevated cladding
temperatures, and to allow comparison with results
from other laboratories conducting tests at the same
temperature.

After each interval, the autoclave was shut down
and opened. The specimens were washed with distilled
water, dried, and weighed using a laboratory balance
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Element C Mn P S Si Cr

Ni Nb N Co Ta B Fe

Wt. % 0055 1.70 0.017 0.003 041 17.5

11.0 0.85 0.018 0.021

<0.005 0.0008 Bal.

TABLE 1. Chemical composition of AISI 348 stainless steel.

with a precision of 10~° g. They were then returned to
the autoclave, and the next testing period commenced.

2.2. HIGH-TEMPERATURE OXIDATION

High-temperature oxidation tests were conducted on
tubular specimens in an electric resistance furnace
in argon-steam atmosphere (1100, 1200, 1300, and
1400°C) for predetermined time intervals and then
quenched in a water-ice mixture. These conditions
were defined based on considerations for the standard
DBA fuel safety criteria such as 17 % ECR limit and
cladding embrittlement calculated using the Cathcart-
Pawel correlation [2]. Additionally, previous experi-
ence with testing of ATF cladding materials was used
to define the test duration [3].

Subsequently, the specimens were sectioned and
subjected to ring compression testing, microhardness
measurements, metallographic analysis, and hydrogen
content measurement.

Ring compression tests were performed on an IN-
STRON 1185 R5800 at 135°C (displacement rate
I mmmin~!), Vickers microhardness (HVM 0.1) was
measured using Buehler MICROMET 5114. Mi-
crostructure of the specimens was analyzed using
a light optical microscope Nikon EPIPHOT 300 and
scanning electron microscope JEOL JSM-5510LV
equipped with EDS detector. Bulk hydrogen content
was measured using the Bruker G8 Galileo Analyzer.

2.3. MOSSBAUER SPECTROSCOPY (CEMS)

Surface of samples after corrosion exposure in the au-
toclave for 63 and 1659 days was analyzed using Con-
version Electron Méssbauer Spectroscopy (CEMS).
Sample after 63 days of exposure is displayed in Fig-
ure [

CEMS spectrum was recorded at room temperature
(RT) using a constant acceleration spectrometer with
a °"Co(Rh) source. The resulting isomer shifts are
quoted relative to the MS spectrum of a bee-Fe foil
recorded at RT. All the MS spectral parameters such
as isomer shift (IS), quadrupole splitting (QS), hy-
perfine magnetic field (Byt) and area (A) of spectral
components including relative intensities of the lines
in sextets were refined by the CONFIT curve-fitting
software [4]. Mossbauer spectroscopy is a technique
that uses the ®"Fe nucleus as a probe and is extremely
sensitive to changes in its local environment. In con-
version electron Méssbauer spectroscopy (CEMS), sec-
ondary electrons generated by resonant absorption are
detected instead of y-photons, making the method
highly surface-sensitive, typically probing a depth of
up to approximately 200 nm, depending on the matrix
composition.

55-PS-15a
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FIGURE 1. Sample of AIST 348 steel after exposure in
simulated WWER conditions at 360 °C for 63 days.

3. RESULTS

3.1. LONG-TERM CORROSION

The results of the weight gain measurements during
long-term exposure are presented in Figure [2] (left).
The weight gain of AIST 348 specimens ranged from
approximately 1 to 2mgdm™2 over the entire testing
period. This relatively low mass increase indicates
stable oxide layer formation and limited corrosion
progression, even after prolonged exposure under sim-
ulated WWER primary circuit conditions. A distinct
increase in WG between 816 and 841 days of exposure
is noticeable in the graph, which may be attributed to
the presence of an adhered impurity. Following this
increase, the WG gradually decreased as the impurity
dissolved. However, all WG values are close to the
resolution limit of the balance, which contributes to
the observed data scatter.

For context, the graph also includes previously ob-
tained data for Zircaloy-4 tested in the same environ-
ment, Figure [2| (right), using historical results from
UJP. The comparison clearly illustrates that AIST 348
exhibits significantly lower weight gain compared to
Zircaloy-4. This suggests superior corrosion resistance,
which is a critical factor in evaluating candidate ma-
terials for Accident Tolerant Fuel (ATF) cladding.

These findings further support the viability of
austenitic stainless steels as long-term structural ma-
terials in nuclear environments and reinforce their
potential role as an alternative to zirconium-based
alloys in ATF applications.

Figure [3] shows images of specimen SS-PS-13 af-
ter 21 days and after 1659 days of exposure in the
simulated WWER environment. Both images were
taken from the same side of the specimen. As evident
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FIGURE 2. Weight gain after exposure in autoclave in simulated WWER environment. Left — AISI 348 specimen,

Right — Comparison with Zry-4 specimen.
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FIGURE 3. Pictures of the same specimen from the
same side after 21 days (top) and 1659 days (bottom)
of exposure in the WWER environment.

from the comparison, a protective oxide layer formed
during the initial exposure period (21 days) and its
appearance remains almost unchanged throughout the
entire testing duration. This suggests the oxide layer
is stable and does not undergo significant changes
over time. The images were taken at least five years
apart under different lighting conditions. Although
the specimen after 1659 days appears darker than
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the 21-day sample, this does not necessarily indicate
more extensive oxidation. Color differences depend
on lighting, operator, and specimen illumination, so
oxidation should be assessed primarily from weight
gain.

3.1.1. MOSSBAUER SPECTROSCOPY

The CEMS spectrum has been recorded at room tem-
perature for specimens after 63 and 1659 days of
exposure in simulated WWER environment.

The spectrum after 63 days is shown in Figure [
(left). The dominant contribution to the spectrum
arises from a broad sextet that corresponds to the
martensitic o’-Fe phase. Due to the presence of vari-
ous minor alloying elements in the local environment
of ®"Fe nuclei, the hyperfine magnetic field is not dis-
crete but rather distributed. Therefore, the marten-
sitic component was modeled using two distributed
sextets. The mean hyperfine magnetic field of this
component is 31.8 0.5 T, and the mean isomer shift
is ~0.03£0.02mms~!. The corresponding hyperfine
field distribution is shown in Figure@l (right), which il-
lustrates the inhomogeneous local atomic environment
in the martensitic phase.

A central singlet, also visible in the spectrum, is
attributed to the paramagnetic v-Fe phase, charac-
terized by an isomer shift of ~0.13 £0.02mms™!. In
addition, a weak doublet with a relative spectral area
of 2.8 % was identified. Its hyperfine parameters, IS
=0.344+0.02mms ! and QS = 0.66+£0.04mms~!,
closely resemble those reported for FeCraO4 by Waan-
ders et al. [5].

No other iron oxides were observed. Notably, Fe-
based oxides such as magnetite or hematite typically
exhibit much higher hyperfine magnetic fields (around
50T), and would therefore produce sextets located
near the velocity regions indicated by red arrows in
Figure [4] (left). While no distinct sextet pattern ap-
pears in these regions, a slightly elevated baseline is
noticeable, potentially indicating the initial stages of
Fe oxide formation.

A follow-up CEMS measurement was performed
after 1659 days of exposure at 360 °C in simulated
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FIGURE 4. CEMS spectrum of the sample annealed at 360 °C for 63 days. The spectrum shows a distributed
sextet corresponding to the o’-Fe martensitic phase (gray), a singlet corresponding to y-Fe (green), and a minor
doublet likely due to FeCra04. Red arrows indicate expected regions for sextets of Fe-based oxides with Bns ~ 50 T.
Hyperfine magnetic field distribution of the o’-Fe martensitic phase.
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FIGURE 5. CEMS spectrum of the sample after 1659 days of annealing at 360 °C (left). Hyperfine field distribution
showing contributions from both martensitic and oxide phases (right).

WWER environment. The corresponding spectrum
and hyperfine magnetic field distribution are shown
in Figure [5| (left). In addition to the retained marten-
sitic o/-Fe and ~-Fe phases, sextet features (displayed
in blue) emerged in the high-field region fitted with
hyperfine parameters: IS = 0.2840.02mms™!, By
=49.04+05T and IS = 0.454+0.02mms™!, By =
46.2£0.5 T, both having negligible quadrupole shift.
Such components might suggest formation of non-
stoichiometric magnetite [6].

In addition to the previously observed FeCroOy4-
like doublet, a new paramagnetic doublet (displayed
in purple) with IS = 0.794+0.02mms~! and QS =
1.48+0.04mms~! was detected. This component
might be associated with Fe?t in a mixed oxide
spinel-type structure [7]. The relative spectral ar-
eas of the oxide-related components were 0.15 4 0.03
for non-stoichiometric magnetite, 0.06 £ 0.01 for Fe3*
in mixed oxides, and 0.1240.01 for Fe?T in mixed
oxides.

3.2. HIGH-TEMPERATURE OXIDATION

Four tubular specimens were tested under simu-
lated Loss-of-Coolant Accident (LOCA) conditions
in a steam—argon environment at four different tem-
peratures: 1100°C, 1200°C, 1300°C, and 1400°C.

Exposure times were adjusted accordingly to 60, 30,
5, and 2 minutes, respectively. Following exposure,
all specimens were quenched in a water—ice mixture.
Strong oxide spallation was observed on all samples,
as illustrated in Figure[6] After testing, weight gain
(WG) and remaining wall thickness were measured;
results are summarized in Table|2] The highest weight
gain was recorded after exposure at 1400°C — almost
three times greater than the values obtained from
significantly longer exposures at 1100 and 1200 °C.
A decrease in remaining wall thickness was observed
with increasing temperature; for all four specimens,
the final wall thickness ranged from 40 % to 60 % of
the original.

High-temperature exposure affected not only the ox-
ide layer but also the microstructure of bulk material.
Microstructural evolution is documented in Figure [f]
(right). The average grain size of the as-received ma-
terial was in the range of ASTM grain size number
8-9 (per ASTM E112) according to supplier. This
grain size corresponds to CSN EN ISO 643 [8] grain
size number G 8-9. Grain size after high-temperature
exposure was measured according to CSN EN ISO 643
standard. After exposure at 1100°C, a slight grain
refinement was observed (grain size number G 10.5).
However, at higher temperatures, significant grain
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FIGURE 6. Pictures of tubular specimens after high-temperature tests (left) and corresponding microstructure (right).
Top down 1100, 1200, 1300, and 1400 °C.
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Exposure WG Wall thickness HVM H RCT Grain size
[°C/min] [mgdm™2] [nm] 0.1 [ppm] (%] (ISO 643)
As-received - 928 150-200 - - 89
1100/60 737 538 162 9.2 11.49/10.60 10.5*
1200/30 619 516 145 8.3 17.06/18.24 6
1300/5 1122 485 150 5.9 17.04/18.12 3
1400/2 2174 418 160 12.1 18.55/19.59 4

* excluding coarse areas

TABLE 2. Results of high-temperature oxidation experiments. Two rings were used for ring compression test, therefore

two values are presented.

FIGURE 7. Areas of SEM-EDS analysis of specimen
after high-temperature exposure at 1100 °C.

Area C Cr Mn Fe Ni Nb

1 422 1465 1.06 5135 7.84 20.88
2 5.22 1527 142 5454 877 14.78
3 546 1.09 0.17 2.66 029 90.32
4 893 210 0.26 5.02 085 82.84
5 0.00 1730 1.45 69.78 10.75 0.71

TABLE 3. Results of SEM-EDS analysis of specimen
after high-temperature exposure at 1100 °C.

coarsening occurred. After exposure at 1300 °C and
1400°C, grain sizes were measured in the range of
G 3—4. Additionally, localized areas with coarse grains
were observed even after exposure at 1100°C (Fig-
ure @ top right), occurring on both inner and outer
surfaces of the specimen wall. These areas were ex-
cluded from average grain size measurements. Across
all images, small particles — identified by EDS as
niobium-rich carbides — are visible within the grains
(Figure[7] and Table[3). In the bottom image of Fig-
ure [6] some grain boundaries appear to show signs of
intergranular corrosion (in detail Figure .
Mechanical properties were evaluated using the ring

FIGURE 8. Specimen after 1400 °C/2 minutes expo-
sure, secondary electrons, topographic mode.

compression test (RCT). Two ring samples were cut
from each tubular specimen and tested at 135 °C. Most
samples exhibited elongation of approximately 18 %,
except for the specimen exposed at 1100 °C, which
showed reduced ductility with elongation around 11 %.

Microhardness of the as-received material ranged
from 150 to 200 according to supplier. After all expo-
sures, hardness values remained near the lower end
of this interval (measured according to [9] standard).
Hydrogen content after high-temperature oxidation
remained low, with a maximum measured value of
12.1 ppm after the 1400 °C/2-minute test.

The low hydrogen uptake suggests that most of the
hydrogen produced during oxidation escaped to the
environment. Released hydrogen has been evaluated
in the TAEA report [I], in the section contributed by
KIT. The mass of released hydrogen was found to be
approximately eight times lower than the correspond-
ing weight gain. While the weight gain of AIST 348 is
relatively high compared to other ATF concepts, this
also leads to higher hydrogen generation.

4. DISCUSSION

The weight gain after autoclave exposure was very
low, between 1 and 2mg dm ™2, which is close to the
resolution limit of the balance. This proximity to
the measurement accuracy likely contributed to the
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scatter observed in the data. The sudden increase in
WG recorded during the test may also be attributed
to an impurity attached to the specimen or another
experimental artifact.

Mossbauer spectroscopy primarily identified
FeCrs 03 in the oxide layer after 63 days of exposure,
with only weak indications of Fe-based oxides. After
1659 days in the simulated WWER environment,
mixed iron oxides were confirmed. These results sug-
gest either a slow evolution of the oxide composition
or a limitation of the detection method, as Mdssbauer
spectroscopy can indicate but not unambiguously
confirm the presence of iron oxides.

In contrast, XRD analysis reported by INCT in [I]
detected FeoOg after only 42 days of autoclave ex-
posure. The discrepancy may therefore arise from
methodological differences between the two techniques
as well as from variations in testing conditions.

For the high-temperature oxidation study, all avail-
able specimens were used in the experiments. As
a result, no specimens remained for characterization
in the as-received state. Consequently, measurements
such as ring compression test (RCT), hydrogen con-
tent, and initial grain size were not performed prior
to exposure. Although mechanical properties were
provided with the specimens, they are not directly
comparable due to differences in specimen geometry
(standard tensile test vs. ring compression test). Ac-
cording to the supplier, the average grain size in the
as-received condition was G 8-9. However, after ex-
posure at 1100°C, a finer grain size of G 10.5 was
observed. Since grain size reduction is not typically
expected after annealing at 1100 °C, it is likely that
the actual initial grain size was closer to G 10.5.

One of the key challenges in employing AIST 348
stainless steel as a cladding material is the signifi-
cant hydrogen generation under accident conditions.
During normal operation, the measured weight gain
remains relatively low. However, high-temperature
oxidation tests revealed a marked increase in weight
gain at elevated temperatures. If the oxidation pro-
cess proceeds only through the reaction with water,
oxygen from water decomposition contributes to oxide
layer growth. The corresponding hydrogen is either
absorbed by the material or released into the sur-
rounding environment. Direct measurements showed
only a small amount of hydrogen absorbed in the ma-
terial. It can therefore be concluded that most of the
hydrogen formed during high-temperature exposure
was released into the environment.

The estimated hydrogen release relative to WG
is presented in Table [dl The absorbed fraction was
subtracted from the total hydrogen release, which
was calculated using the molar masses of oxygen and
hydrogen.

For comparison, PVD Cr-coated Zircaloy-2 plate
specimens tested under the same conditions [I] exhib-
ited a weight gain of around 8 gm~2 at 1100 °C and
12-13 gm~—2 at 1200 and 1 300 °C, and correspondingly
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much lower hydrogen release than AIST 348.

Exposure WG Released hydrogen

[°C/min] [gm™?] [gm™?]
1100/60 73.7 9.2
1200/30 61.9 7.7
1300/5 112.2 14.0
1400/2 217.4 927.1

TABLE 4. Estimated hydrogen released to the envi-
ronment during high-temperature oxidation tests.

5. CONCLUSIONS

Long-term corrosion and high-temperature oxidation
experiments were performed on stabilized stainless
steel AIST 348.

Under simulated WWER primary circuit conditions,
ATSI 348 showed stable oxide formation and limited
corrosion progression. This confirms its suitability for
standard operational use.

At elevated temperatures, oxidation accelerated and
caused significant hydrogen release into the environ-
ment. Despite this, the mechanical integrity of the
material was largely preserved. Ductility after high-
temperature oxidation remained high, and microhard-
ness (HVM 0.1) values stayed close to the initial state.
Microstructural changes were, however, evident: grain
coarsening occurred after high-temperature exposure,
and intergranular corrosion appeared after oxidation
at 1400°C.

These findings suggest that while AISI 348 is suit-
able for standard operational use, its behaviour under
accident scenarios requires further investigation, par-
ticularly with respect to hydrogen management and
cladding integrity.
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