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1. Introduction

Structural materials employed in nuclear systems are
required to tolerate extreme service conditions,
including elevated temperatures, intense radiation
exposure, and highly corrosive environments.
Consequently, these materials must exhibit a
combination of essential properties, such as low thermal
expansion, high creep resistance, strong radiation
tolerance, and excellent corrosion resistance [1]. In this
context, FeCrAl-based nitride dispersion-strengthened
(NDS) and oxide dispersion-strengthened (ODS) alloys
have emerged as promising candidates owing to their
outstanding high-temperature mechanical performance,
superior oxidation and corrosion resistance, and
enhanced irradiation stability [2]. The incorporation of
nanoscale nitride and oxide precipitates plays a crucial
role in strengthening these alloys by hindering
dislocation motion through dispersion strengthening,
thereby significantly improving their elevated-
temperature strength and long-term microstructural
stability. Furthermore, the addition of alloying elements
such as Ti and Y-Os facilitates the formation of core—
shell-type complex precipitates. Notably, the presence
of complex oxide—nitride precipitates has been
demonstrated to substantially enhance multiple material
properties, including oxidation and corrosion resistance,
as well as resistance to radiation-induced degradation
[3.4].

The fabrication of FeCrAl alloys by Laser Powder
Bed Fusion (LPBF), an additive manufacturing process,
provides several notable advantages. In particular,
LPBF enables precise control of the processing
atmosphere, which facilitates the in-situ formation of
secondary phases such as nitrides and oxides. The
homogeneous  distribution of these nanoscale
precipitates within the matrix contributes to significant
improvements in mechanical performance, including
enhanced hardness, strength, wear resistance, creep
resistance, and corrosion resistance, thereby enabling
the design of materials with properties tailored for
specific service requirements [5,6].

Microstructural evolution plays a decisive role in
governing the high-temperature performance of alloys.
Accordingly, a thorough understanding of the effects of

thermal exposure duration on precipitate evolution,
microstructural stability, and mechanical behavior is
essential for tailoring material properties to meet
application-specific demands. In this work, a Fe-12Cr—
6Al-1Ti-0.25Y20s alloy was initially fabricated by
LPBF under a nitrogen-rich (N2) atmosphere to promote
the in-situ formation of nitride precipitates. The
influence of subsequent thermal exposure on precipitate
characteristics,  microstructural  evolution,  and
mechanical properties was then systematically
examined.

2. Experimental Methods

Fe—12Cr—6Al and Ti powders were supplied by MK
Co. (South Korea) and produced by gas atomization.
The particle size ranges of the Fe—12Cr—6Al and Ti
powders were 15-45 um and 5-15 um, respectively.
Y20: nanopowders, also obtained from MK Co.,
exhibited particle sizes in the range of 50-100 nm. The
powder mixture was prepared by blending Fe—12Cr—6Al
powder with 1 wt.% Ti and 0.25 wt.% Y:0s using a
high-speed mixer (KM Tech Co., South Korea)
operated at 10,000 rpm for 6 min to achieve a
homogeneous distribution. The samples were printed
using an L-PBF machine (Metalsys-250, WINFORSYS)
in a nitrogen (N2) atmosphere. The LPBF process was
performed using a laser power of 200 W, a scanning
speed of 400 mm s, a layer thickness of 30 um, and a
hatch spacing of 100 um, with a 90° rotation applied
between successive layers. Cuboidal specimens with
dimensions of 30 x 10 x 10 mm?® were fabricated for
subsequent  high-temperature testing. For each
experimental condition, three samples were prepared
and subjected to thermal exposure. Heat treatments were
carried out in air at 1200 °C for durations of 1 h and 10
h. Following thermal exposure, the specimens were
removed from the furnace and allowed to cool naturally
in air. The cross-sectional morphology, size distribution,
and chemical composition of nitride precipitates were
characterized using a field-emission scanning electron
microscope (SEM; JSM-7900F, JEOL). For each
condition, tensile tests were performed on three dog-
bone—shaped specimens with a gauge length of 6.4 mm
and a gauge width of 2.5 mm. The specimens were
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precisely machined from the additively manufactured
material along the build direction. Room-temperature
tensile properties were evaluated using a universal
testing machine (Instron-582, INSTRON) at a constant
strain rate of 10 s™'. Accurate strain measurement
during testing was achieved using a three-dimensional
digital image correlation (DIC) system (ARAMIS M12,
GOM, Germany).

3. Results and discussion

3.1 Influence of Thermal Exposure Time on Precipitate
Evolution

SEM was used to investigate the effect of thermal
exposure duration on the morphology and distribution
of in-situ formed nanoscale precipitates in Fe—12Cr—
6Al-1Ti—0.25Y.0; alloys under as-built and high-
temperature—exposed conditions (Fig. 1). In the as-built
state (Fig. 1a), SEM—EDS mapping revealed a uniform
distribution of TiN precipitates throughout the matrix,
along with nanoscale Y-rich particles. After 1 h of
thermal exposure at 1200 °C (Fig. 1b), TiN remained
the dominant phase, while additional Y.Os; and Al:Os
precipitates were observed. SEM—EDS analysis further
indicated preferential nucleation of TiN on Y.0;
particles, suggesting that Y20s acts as an effective
heterogeneous nucleation site [2]. Following 10 h of
thermal exposure (Fig. 1c), TiN precipitates continued
to dominate the microstructure, accompanied by the
formation of complex Al-Y-—O oxide precipitates.
Overall, the precipitate population evolved from TiN
and Y-rich particles in the as-built condition to TiN,
ALOs, and TiN@Y20s core—shell structures after 1 h,
and finally to TiN and Al-Y—O oxides after 10 h of
exposure.

Fig.1. Backscattered electron (BSE) images and
corresponding EDS elemental maps of the Fe—12Cr—
6Al-1Ti—0.25Y20s alloy in the (a) as-built condition,
(b) after 1 h of thermal exposure, and (c) after 10 h of
thermal exposure at 1200 °C.

3.2 Microstructural Evolution as a Function of Thermal
Exposure Duration

Fig. 2 presents a comparative analysis of the
microstructural evolution of the Fe—-12Cr—6Al-1Ti—
0.25Y:0s alloy, illustrating the effects of thermal

exposure on grain orientation, morphology, and size.
The inverse pole figure (IPF-X) map of the as-built
sample is shown in Fig. 2a, revealing the initial grain
structure along the scan direction. After 1 h of thermal
exposure at 1200 °C (Fig. 2b), the alloy exhibited
minimal changes in grain orientation and morphology,
indicating a high degree of microstructural stability
under short-term thermal exposure. In contrast,
prolonged exposure for 10 h (Fig. 2c) resulted in
evident grain growth and the onset of recrystallization.
Kernel average misorientation (KAM) maps (Fig 2.
(al,bl,cl), which reflect local lattice distortions and
internal  strain, revealed a relatively uniform
misorientation distribution in the as-built condition,
consistent with the fine microstructure produced by
rapid LPBF cooling (~10° °C s™') [7]. After 10 h of
thermal exposure (Fig. 2(cl)), grain coarsening and
irregular  grain  morphologies were  observed,
accompanied by localized regions of -elevated

misorientation, indicating thermally activated recovery
and recrystallization. Quantitatively, the average grain
size increased by approximately 4 pum after 1 h (Fig.
2(b2)) and by 7 um after 10 h (Fig. 2(c2)) of thermal
exposure compared to the as-built condition.
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Fig.2. Scan direction IPF-X maps, KAM Maps, and
grain size distribution analysis results of the Fe—-12Cr—
6Al-1Ti-0.25Y20s alloy in the (a,al,a2) as-built
condition, (b,b1,b2) after 1 h of thermal exposure, and
(c,cl,c2) after 10 h of thermal exposure at 1200 °C.

3.3 Mechanical Property Evolution with Thermal
Exposure Duration

Fig. 3 summarizes the mechanical properties of the
Fe-12Cr—6Al-1Ti-0.25Y20s alloy in the as-built
condition and after thermal exposure at 1200 °C for 1 h
and 10 h. Following 1 h of thermal exposure, the yield
strength (YS) and ultimate tensile strength (UTS)
decreased from 461 MPa to 378 MPa and from 680
MPa to 551 MPa, respectively, while the elongation to
failure increased from 26% to 36%. Extending the
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exposure time to 10 h resulted in a further reduction in
YS and UTS to 328 MPa and 451 MPa, respectively.
The observed strength degradation after thermal
exposure is primarily attributed to grain coarsening,
which reduces grain boundary strengthening, as well as
to a decrease in dislocation density [8]. In contrast, the
enhanced ductility observed after 1 h of thermal
exposure is likely associated with reduced dislocation

density, which facilitates plastic deformation [9].
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Fig.3. Tensile stress—strain curves of Fe—12Cr-6Al-
1Ti—0.25Y20s; samples in the as-built condition, after 1
hour of thermal exposure, and after 10 hours of thermal
exposure.

4. Conclusion

High-temperature thermal exposure at 1200 °C for 1
and 10 h significantly influenced the precipitate
characteristics, microstructural stability, and mechanical
performance of L-PBF-fabricated Fe—12Cr—6Al-1Ti-
0.25Y:0:s alloys processed under a nitrogen atmosphere.
Prolonged exposure led to precipitate coarsening,
redistribution, and partial dissolution, accompanied by
microstructural evolution. In the as-built condition, TiN
and Y-rich precipitates were predominantly observed,
whereas extended thermal exposure promoted the
formation of complex Al-Y—O and Y—O-N precipitates.
Mechanical testing revealed that a 1 h heat treatment
resulted in a pronounced increase in ductility despite
reductions in yield and ultimate tensile strengths, while
further exposure to 10 h caused additional degradation
in both strength and elongation.
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