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1. Introduction

FeCrAl alloys have been considered as promising
candidates for structural materials in various nuclear
reactors due to their excellent corrosion resistance and
mechanical properties, particularly in high-temperature
steam environments or light water rector environment [ 1,
2]. However, duplex stainless steels have limitations in
their use in the next-generation nuclear systems with
higher operating temperature and higher levels of
neutron irradiation. In particular, austenitic phase is
susceptible to void swelling under irradiation, leading to
unexpected mechanical degradation during operation [3].
Meanwhile, the spinodal decomposition in ferritic phase
can cause embrittlement under long-term thermal
exposure [4]. Furthermore, the requirement of reducing
thickness to mitigate the neutronics penalty [5] increases
the risk of structural instability and mechanical
degradation in thin-walled components in nuclear
reactors [6, 7].

In this regard, our research group has developed new
type of duplex stainless steel (Alumina-forming Duplex
Stainless Steel, ADSS), by incorporating a high Al
content balanced with Ni content, stabilizing the ferritic
and austenitic phases, respectively [8]. In addition, the
combination of Al and Ni content leads to the formation
of fine B2-NiAl precipitates in both austenitic and ferritic
phases, which enhances the high-temperature
mechanical properties and acts as Al reservoir to
facilitate the formation of alumina under specific
environments [9]. Moreover, B2-NiAl precipitates
improve mechanical properties through Orowan model-
based precipitate  strengthening [10], thereby
contributing to the long-term performance of these Fe-
based alloys in nuclear reactors. However, their role in
enhancing radiation resistance remains unexplored, and
further investigation is required to understand their
behavior under irradiation.

In this study, radiation resistance of ADSS was
evaluated through microstructural analyses and nano-
indentation tests under proton irradiation. In particular,
the microstructural changes in austenitic and ferritic
phase after proton irradiation were compared, and their
correlation with nano-indentation test results was
discussed to better understand the radiation-induced
microstructural evolutions in this developed duplex
stainless steel.

2. Methods and Results

2.1. Material and sample preparation

For this developed alloy with the target chemical
composition, a casting ingot of 1.2kg was made by
vacuum arc melting (VAR) and its accurate chemical
composition was analyzed through the inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
as shown in Table 1. After casting, the ingot was initially
forged at 1100 °C, followed by a 5-pass rolling with a
total thickness reduction of 90 %. Before the first pass,
the material was re-heated to 1100 °C for 10 min, while
each subsequent pass was preceded by re-heating at the

same temperature for 1 min.
Table 1 The chemical composition of ADSS (ICP-AES — KS D 1804/1803)
Chemical composition (wt.%)
Fe Ni Cr Al Nb Mn C Si
ADSS Bal. 19.2 16.76 5.84 0.33 0.84 0.087 0.11

2.2. Proton Irradiation test

The ADSS fabricated through the above-mentioned
process was cut into specimens of 20 mm X 2.5 mm X
1.5 mm by electrical discharging machining (EDM) for
proton irradiation. Prior to the irradiation test, the
specimens were mechanically polished with 0.05 pm
colloidal silica. The irradiation test was then performed
using 2 MeV proton at Michigan Ion Beam Laboratory
(MIBL). The radiation damage profile (in dpa) was
calculated using the Kinchin-Pease option in the SRIM-
2013 code, assuming a displacement energy of 40 eV for
all major elements, with the target damage of ~1.5 dpa
and dose rate of 1 X 1075 dpa/sec at depths up to ~1 pm,
as shown in Fig. 1.

Fig. 1. The radiation damage (DPA) as a function of penetration depth (um),
using the Kinchin-Pease model in SRIM simulation code. The boxed region (~ 5
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pm) with red dotted line is magnified to emphasize the radiation damage up to ~
1 pm, which is the primary region for this study

2.3. Microstructural analysis

After proton irradiation, cross-sectional transmission
electron microscopy (TEM) samples were prepared from
both unirradiated and irradiated ADSS using a focused
ion beam (FIB, Helios G4 FEI) technique. TEM analyses,
including scanning TEM (STEM) with energy dispersive
X-ray spectroscopy (EDS) and high-resolution TEM
were performed using Titan cubed G2 60-300 FEI at 300
kV.

In the unirradiated ADSS, B2-NiAl precipitates are
present in both regions with higher number density and
larger average size in ferritic regions as previously
reported in the journals from our research group.
Additionally, the ferritic matrix contains a high density
of nano-sized B2-NiAl precipitates (with the average
diameter of ~17 nm).

In austenitic region, proton irradiation induces the
dissolution of B2-NiAl precipitates, leading to the re-
distribution of Ni and Al elements within austenitic
matrix. As a result, formation of fine y’ precipitates are
observed (Fig. 2), which is expected to contribute to the
radiation hardening effect, as discussed in the nano-
indentation test results in Sec. 2.4. On the other hand, in
the ferritic region, large B2-NiAl precipitates remain,
while nano-sized B2-NiAl precipitates within the ferritic
matrix exhibit coarsening, with an increase in their
average diameter to ~31 nm, as shown in Fig. 3. This
microstructural evolution in the ferritic region is also
expected to contribute to the radiation hardening
observed in nano-indentation test results.
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Fig. 2. (a) STEM micrograph with a white dotted line indicating the line scan
region. Corresponding (b) fast Fourier transform (FFT) pattern showing
diffraction spots of austenitic matrix and y’-precipitates. (¢) EDS mapping data
for Fe (blue), Cr (red), Ni (yellow), and Al (sky-blue) element. (d) Line
scanning profile (in wt.%) from the white dotted line in (a), showing the
presence of y'-precipitates, indicated by the fluctuation of Ni element
distribution.
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Fig. 3. (a) STEM micrograph with a white dotted line indicating the line scan
region. Corresponding (b) fast Fourier transform (FFT) pattern showing
diffraction spots of ferritic matrix and nano-sized B2-NiAl precipitates. (c) EDS
mapping data for Fe (blue), Cr (red), Ni (yellow), and Al (sky-blue) element. (d)
Line scanning profile (in wt.%) from the white dotted line in (a).

2.4. Nano-mechanical properties via nano-indentation

To evaluate the changes in mechanical properties
within locally proton-irradiated region, a small-scale
property measurement technique is required. Nano-
indentation is a well-established method to assess the
radiation hardening in the proton irradiated materials.
Nano-indentation tests were performed on both
unirradiated and irradiated specimens using a Hysitron
TI-950 instrument equipped with a diamond Berkovich
tip, aligned with the irradiation beam direction. The tip
was calibrated using a standard quartz specimen before
the tests. Indentation tests were arranged in 10 X 10
matrices with a separation distance of 10 um to prevent
plastic zone interaction between adjacent indents. The
indentation tests were conducted using a nano-dynamic
mechanical analysis (nano-DMA) mode, where the
applied load was incrementally increased through 60
segments, each lasting for 2 sec until reaching a
maximum load of 13,000 uN with oscillating frequency
of 200 Hz. The maximum load was then held for another
2 sec, followed by the unloading process within 5 sec.
The nano-indentation matrices were then analyzed using
SEM to distinguish between austenitic and ferritic region,
and the corresponding hardness data were separately
processed for each region, as shown in Fig. 4a and Fig.
4c, respectively with the indentation hardness as a
function of depth.

Meanwhile, the indentation size effect (ISE), which
refers to the increase in measured hardness with
decreasing indentation depth, must be accounted for
when evaluating the nano-hardness changes in the
irradiated austenitic and ferritic regions. In that sense, the
degree of ISE can be estimated according to the well-
known Nix-Gao model [11]

*

where H is the indentation hardness at a certain depth (%),
measured from nano-DMA mode with the Oliver-Pharr
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method [12], H, is the bulk hardness eliminating the
effect of ISE, and 4" is the characteristic depth,
representing the transition depth beyond which ISE
becomes negligible. Therefore, to determine H,, the
square of the indentation hardness (H?) was plotted as a
function of inverse indentation depth (1/4), and a linear
fitting was applied beyond 4" to extrapolate H,, as
shown in Fig. 4b and Fig. 4d.
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Fig. 4. Nano-hardness profiles as a function of indentation depth for (a) the
austenitic region and (c) the ferritic region. The corresponding Nix-Gao plots,
showing the square of the nano-hardness as a function of inverse indentation
depth for (b) the austenitic region and (d) the ferritic region.

According to the above-mentioned process, the effect
of proton irradiation on the bulk hardness of each region
is summarized in Fig. 5. As discussed in the previous
section (Sec. 2.3), the formation of fine y'-precipitates in
austenitic matrix leads to a significant increase in bulk
hardness (~ 0.87 GPa), compared to the ferritic region (~
0.31 GPa). This relatively small degree of radiation
hardening in the ferritic region is likely attributed to the
combination effect of coarsened nano-sized B2-NiAl
precipitates in the ferritic matrix and the growth of Fe-Cr
rich phase inside the large B2-NiAl precipitates during
proton irradiation, which will be further analyzed
through detailed microstructural investigations.
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Fig. 5. Changes in bulk hardness (Hy) of the austenitic region and ferritic
regions in ADSS after proton irradiation. The irradiation hardening values
(AH ) are also calculated and presented together.

3. Conclusion

In this study, a proton irradiation test (~ 1.5 dpa at the
depth of ~ 1 pum) was conducted on the developed alloy
from our research group (Alumina-forming duplex
stainless steel, ADSS). By comparing the unirradiated
and irradiated samples, the distinct microstructural
evolution in the austenitic and ferritic regions was
discussed in correlation with changes in nano-hardness
using nano-indentation tests. While the coarsening of
nano-sized B2-NiAl resulted in a small increase nano-
hardness in the ferritic region, the formation of fine y’
precipitates in the austenitic matrix led to a relatively
higher degree of radiation hardening effect. To elucidate
underlying mechanism of this microstructural evolution
after proton irradiation, further analyses should be
performed.
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