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FeCrAl alloys are a leading candidate material for accident tolerant fuel
cladding due to their good performance in both normal light-water reactor
operating conditions as well as their resilience to high-temperature accident
scenarios. For commercial-scale production, new fabrication techniques need
to be investigated. In this study, the effects of fabrication methods on the high-
temperature steam oxidation performance of C26M (Fe12Cr6Al2Mo in wt.%)
were investigated. Three variants of C26M were manufactured: wrought (cast
and forged) (WC26M), powder metallurgy hot isostatic pressing (PMC26M),
and laser powder bed fusion additive manufacturing (AMC26M). All three
variants were exposed to steam at 1200�C for 2 h. Results showed no signifi-
cant variation in mass change between the variants after steam exposure. All
three variants effectively formed stable protective alumina films with �0.6–
1.3 lm thickness. This study suggests FeCrAl alloys have excellent resilience
to high-temperature steam in nuclear reactor accident scenarios regardless of
the fabrication method.

INTRODUCTION

In nuclear power generation, fuel elements
release energy incessantly through chain nuclear
fission, and they are contained in cladding tubes.
Thus, the fuel cladding is the first barrier between
fuel and coolant, which also plays an important role
in preventing the leakage of fission products.
Therefore, high reliability and integrity of cladding
tubes should be maintained for the safe operation of
nuclear reactors. Zr-based alloys have been widely
used as fuel cladding in nuclear reactors for a long
time because of their low neutron absorbing cross
section, good mechanical properties, and high cor-
rosion resistance in normal operation conditions
(light water coolant with operating temperatures in
the range of 300�C).1 However, in 2011, the
Fukushima accident highlighted weakness of stan-
dard Zircaloy cladding, including hydrogen produc-
tion rate, rapid oxidation at elevated temperatures,

and significant heat production from oxidation
during high-temperature steam exposure associated
with accident scenarios.2 All these issues led to
development of an enhanced accident-tolerant fuel
with superior oxidation resistance at high temper-
atures.3 The nuclear community is considering two
main strategies to develop new fuel technology4: (1)
application of coatings to Zircaloy cladding and (2)
development of non-Zircaloy monolithic alternative
materials. A number of studies have demonstrated
that ceramic coatings such as SiC,5 TiAlCrN,6 and
CrN,7 and metallic coatings such as FeCrAl8 and
Cr9–12 have excellent resistance to oxidation at
higher temperature. Similarly, FeCrAl alloys have
shown outstanding high-temperature (£ 1000�C)
oxidation resistance,13–15 remarkable stability of
microstructural and mechanical properties at dif-
ferent radiation doses,16 and high ultimate tensile
and yield strength at different temperatures.17

FeCrAl alloys as a lead ATF candidate material
can form a protective alumina film during high-
temperature steam exposure.14,18 In addition to
their accident tolerance, FeCrAl alloys also exhibit
good hydrothermal corrosion behavior because of
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their Cr and Fe content enabling the formation of a
protective oxide film.13,19 Moreover, ferritic alloys
tend to have enhanced stress corrosion cracking
resistance in nuclear reactor environments com-
pared to austenitic steels or Ni-based alloys.20

The manufacture, however, of FeCrAl alloys on a
commercial scale can be difficult because of both Cr
and Al’s decreasing ductility in ferritic alloys.21,22

Additionally, Al can act to stabilize thermal vacan-
cies in ferritic alloys requiring slow cooling to avoid
embrittlement because of trapping of thermal
vacancies after casting or high temperature work-
ing.22 Thus, other alternative routes of fabrication
are being investigated for commercial production of
FeCrAl fuel cladding and structural materials for
nuclear reactor applications. Among routes of inter-
est are powder metallurgy methods such as hot
isostatic pressing, which does not require slow
cooling or hot working to prevent cracking. Additive
manufacturing is also of interest to produce near-
net-shaped parts. These two methods have yet to be
compared, however, to conventional wrought alloys.
In this study we compared the accident tolerance of
three variants of FeCrAl alloys fabricated using
wrought methods (casting and forging), powder
metallurgy, and additive manufacturing.

EXPERIMENTAL PROCEDURE

Three variants of C26M were manufactured. The
first, wrought C26M (WC26M), was fabricated using
conventional casting followed by rotary forging and
then stress relief annealing. The second, powder
metallurgy C26M (PMC26M), was fabricated by
consolidating powders (purchased from Kanthal)
using hot isostatic pressing followed by extrusion
and stress relief heat treatment. The third, addi-
tively manufactured C26M (AMC26M), was fabri-
cated using laser powder bed fusion additive
manufacturing followed by a stress relief heat
treatment at 800�C for 2 h. Powder used for additive
manufacturing was purchased from Oerlikon Metco
(US) Inc. and was sieved to a particle size of �45
lm/+15 lm. Samples were printed in a SLM Solu-
tions Single Laser SLM-125 machine. AMC26M
samples were sliced perpendicular to the build
direction such that the largest exposed surface area
plane was normal to the build direction. Table I
provides chemical composition of all three types of
C26M.

Prior to steam testing, samples were mechani-
cally polished to 600 grit finish and ultrasonically
cleaned in de-ionized water and isopropyl alcohol,
and weighed. Two samples from each pedigree of
C26M (total six samples) were tested. As-manufac-
tured samples were exposed to steam using a high-
temperature vertical tube furnace which was
purged with argon, brought up to 1200�C, and after
reaching the peak temperature high-purity steam
was added for 2 h followed by argon purging and gas
cooling. Two hours was selected as previous studies

have shown that within 2 h FeCrAl alloys will form
a stable protective aluminum oxide film, and little
additional oxidation occurs.14,23 It should be noted,
however, that slight additional weight gain has
been observed after formation of the stable surface
oxide.24 Samples were weighed on an analytical
balance (Mettler Toledo XS205) before and after
steam exposure, each weight measurement was
performed three times, and the average was used
for the ultimate weight value. Electron backscatter
diffraction (EBSD) was performed on a Hitachi SU-
70 FEG-SEM using an Oxford Aztec Symmetry
EBSD detector with a 20-kV accelerating voltage,
step size of 0.5 lm, and scan area of 1.25 9 0.94 mm.
Transmission electron microscopy (TEM) samples
were prepared using focused ion beam (FIB) on an
FEI Helios Dual Beam SEM/FIB. TEM was per-
formed using a Tecnai Osiris S/TEM with an
accelerating voltage of 200 kV.

RESULTS

Figure 1 shows the microstructures for WC26M
and PMC26M with equiaxed grain structures and
average grain size of 52.3 ± 21.4 lm and 15.1 ± 1.6
lm, respectively, measured using the average grain
intercept method. Figure 2 shows the microstruc-
ture of the AMC26M sample, and even after stress
relief heat treatment there is a high-volume fraction
of low-angle grain boundaries/dislocation cells that
formed during fabrication. Additionally, the
AMC26M material had some cracks/defects from
printing, and future optimization of printing param-
eters will be used to minimize these fabrication
defects.

Mass change and images of WC26M, PMC26M,
and AMC26M after exposure to 1200�C steam for 2
h are shown in Fig. 3. Overall, weight gain was
between 0.1 mg/cm2 and 0.2 mg/cm2. This weight
gain is similar to that observed by others for other
Fe12Cr6Al alloys.14,18 This weight gain under high-
temperature steam exposure is significantly less
than that of zirconium alloys, which have a weight
gain on the order of 2 mg/cm2 under the same
conditions.19 Variation of the AMC26M weight gain
compared to PMC26M and WC26M can be attrib-
uted to the AM process-induced surface defects
(cracks and voids/pores), which could not be
accounted for in total surface area measurements.

Figure 4 shows the surface morphology for all
three variants of C26M after steam exposure test-
ing. All three surface morphologies differ slightly
with the PMC26M alloy showing a flakey texture on
top of the uniform Al2O3 film. All three alloys form a
uniform Al2O3 film across the surface of samples
with a thickness which varied between �0.6–1.3
lm. Table II shows the average measured oxide
thickness for all three pedigrees of C26M. AMC26M
showed the largest variation in oxide thickness,
PMC26M showed some variation in oxide thickness,
and WC26M showed very uniform thickness in the
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oxide layer. Interestingly, a unique oxide morphol-
ogy was found in the AMC26M material (shown in
Fig. 4g). This morphology shows a raised structure
composed of tetrahedron- and cuboid-shaped crys-
tals, which is atypical for Al2O3 oxide formation on
FeCrAl alloys. This oxide morphology was found
only along fabrication defect cracks (AM defects)
with a crack width of �5–15 lm. Other fabrication
defects (such as surface voids/pores) did not form
this unique oxide formation.

Figure 5 shows TEM bright-field (BF) and asso-
ciated energy-dispersion spectroscopy (EDS) maps
for WC26M after steam exposure tests. The Al2O3

formed is extremely uniform in thickness across the
surface, and alumina grains that are formed tend to
have a large grain width (> 1 lm). This large grain
width can also be observed in Fig. 3a where large
grains on the surface of the WC26M are seen.
Additionally, Fig. 5 shows that the WC26M forms a
very uniform Al2O3 oxide layer with only a few Cr
oxide particles as seen in Fig. 5f and h. These Cr-
enriched particles have also been observed in pre-
vious steam oxidation studies of FeCrAl.14,23–25 No
Y-enriched particles were observed in the WC26M
shown in Fig. 5.

Figure 6 shows TEM bright-field and associated
energy-dispersion spectroscopy (EDS) maps for
PMC26M after steam exposure tests. Within the
TEM lamella region, the oxide thickness is uniform,
but unlike the WC26M the oxide grain structure is
refined (< 1 lm) as can be seen in Fig. 6a. This more
refined structure is likely influenced by the
increased yttrium particle density observed in the

PMC26M, which is a consequence of the powder
metallurgy process. Small Cr2O3 particles are also
observed (Fig. 6i) with a similar size and morphol-
ogy as seen in the WC26M (Fig. 5i.). The bright
regions in Fig. 6g are porosity within the oxide
layer.

Figure 7 shows TEM BF and associated energy-
dispersion spectroscopy (EDS) maps for the uniform
Al2O3 film formed on AMC26M. Like the PMC26M,
the AMC26M alumina has a more refined grain
structure though not to the extent as that seen in
PMC26M. This is also likely due to the amount of
Y2O3 particles as observed in Fig. 7j. The yttrium
content in AMC26M is significantly higher than
that of PMC26M, so the reason for increased Y2O3
content in the PMC26M compared to the AMC26M
still remains to be investigated.

Figure 8 shows TEM BF and associated EDS
chemical maps for the oxides formed along the cross
section of an AM defect crack in AMC26M. Inter-
estingly the ‘‘ridged’’ structure shown in Fig. 4g is
explained through the TEM results in Fig. 8 with
the tetrahedron and cuboid oxide crystals showing
the formation of Cr2O3. Additionally, the formation
of Si oxide is also observed. Interestingly, along the
transition region, the Cr2O3 forms on top of the
Al2O3. The Cr2O3 also forms within the crack itself
in addition to the ridged region observed in Fig. 4g.

DISCUSSION

There are many studies on oxidation behavior of
FeCrAl alloys after high-temperature air and steam
exposure showing excellent performance due to

Table I. Chemical composition of C26M generated from specimens fabricated by three different
metallurgical processing methods

Material

Elemental concentration (wt.%)

Fe Cr Al Mo Y Si

WC26M Bal 11.90 7.00 2.05 0.002 0.13 0.04 Mn, 0.30 Ni
PMC26M Bal 12.2 5.6 2.02 0.0026 0.025 0.03 Mn, 0.01 Ni
AMC26M Bal 12.25 5.95 1.99 0.06 0.21 –

Fig. 1. Microstructure of (a) WC26M and (b) PMC26M.
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protective Al oxide film formation at temperatures
> 600�C.24–31 However, there are limited studies on
FeCrAl alloys produced using additive manufactur-
ing.32 Additionally, few comparisons of manufactur-
ing route on high-temperature oxidation behavior of
FeCrAl alloys have been performed. In this study
the three manufacturing variants WC26M,
PMC26M, and AMC26M exhibit very similar behav-
ior in both weight gain and oxide morphology. This
agrees with the previous study by Gunduz et al. of
high-temperature oxidation of additively manufac-
tured FeCrAl alloys in dry air.32

First, the AMC26M material showed slightly
higher weight gain compared to the wrought and
powder metallurgy alloys. This difference could be
due to slight differences in chemistry and
microstructure as Fe and Cr can play a role in the
oxidation mechanism of FeCrAl and the kinetics of

a-Al2O3 establishment.33,34 Compositionally, Cr in
particular has a large beneficial effect on promoting
the establishment of a-Al2O3. This typically attrib-
uted to a ‘‘template’’ effect35,36 because a-Cr2O3

shares the same rhombohedral structure a-Al2O3. It
is thought that the formation of a-Cr2O3 in the
transient stages of oxidation and encourages the
formation of a-Al2O3 opposed to metastable forms of
alumina. Additionally, there is some evidence that
the presence of Cr can enhance Al diffusion to the
oxidation front in the early stages of FeCrAl oxida-
tion by increasing the chemical potential gradient
for Al diffusion in the alloy substrate.37,38 It should
be noted, however, that minor chemistry changes in
alloy composition are only expected to alter the
kinetics of a-Al2O3 establishment as the oxidation of
Al to Al2O3 has the highest priority in this environ-
ment.33 The difference in weight gain of the
AMC26M alloy could also be due to either unac-
counted increased surface area due to small fabri-
cation defects or the formation of Cr2O3 ridges along
AM defects.

Second, the oxide film thickness varied the most
in the AMC26M alloy. A similar behavior was
observed in additively manufactured Fe21Cr5.5Al
oxidized in dry air at 900�C and 1100�C. Gunduz
et al. showed in the study that these differences in
film thickness were linked to the crystallographic
orientation of the grains.32 Although in this study
only one primary surface (the surface normal to the
build direction) was examined, future studies
should be done to investigate the effect of texture
on steam oxidation. Gunduz also noted that at
1100�C microstructure effects on the overall oxida-
tion behavior are less pronounced as the kinetics are
rapid at 1100�C. In this study, we expect kinetics to
be even faster at 1200�C in a steam environment
than that experienced in air at 1100�C. Although
the AMC26M alloy did still contain a microstructure
with a high-volume fraction of low-angle grain
boundaries (as seen in Fig. 2), there is no evidence
of oxide ridges forming in Fig. 4e. This consequently
has been attributed to the rapid kinetics at 1200�C
in this study. TEM also did not show any signs of
ridges or inhomogeneous chemistry within the

Fig. 2. EBSD maps of AMC26M before steam exposure showing (a) the grain boundary misorientation map and (b) the inverse pole figure with
respect to the z-direction as annotated.

Fig. 3. Images of WC26M, PMC26M, and AMC26M with weight gain
comparison of all three C26M variants after 2 h steam exposure at
1200�C.
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surface oxide layer aside from small Y2O3 particles.
Although we did not observe ridges, the low angle
grain boundaries could still act as effective diffusion
channels for enhanced passivation within a local-
ized region contributing to local differences in the
passive layer oxide.39

Third, the AMC26M material showed extremely
unique behavior in the fabrication defect cracks.
The formation of Cr2O3 ridges on and within the
cracks is contradictory to expected behavior as
Cr2O3 will evaporate in high-temperature steam
environments.40 Although the authors cannot

Fig. 4. SEM secondary electron images for surface morphology and cross sections of the protective Al2O3 film for WC26M (a–b), PMC26M (c–
d), and AMC26M (e–f). (g) SEM of unique oxide formation along AM defects in AMC26M.

Table II. Average oxide thickness of WC26M,
PMC26M, and AMC26M after steam exposure for 2
h at 1200�C

Sample Oxide thickness

WC26M 1.04 ± 0.11 lm
PMC26M 1.13 ± 0.20 lm
AMC26M 0.86 ± 0.24 lm
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currently provide an explanation for this behavior,
it provides an interesting topic of investigation for

the community to study the impact of AM process
defects on high-temperature corrosion behavior.

Fig. 5. (a,g) TEM BF of WC26M with (b–f) and (h–l) showing associated EDS chemical maps.

Fig. 6. (a) and (g) TEM BF of PMC26M with (b–f) and (h–l) showing associated EDS chemical maps.

Fig. 7. (a) and (f) TEM BF of AMC26M with (b–e) and (g–k) showing associated EDS chemical maps.
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From an applications standpoint, the Cr2O3 ridges
along cracks can be avoided through optimization of
build parameters for future manufacturing of
AMC26M and thus are expected to have little
impact on commercial applications of additive
FeCrAl alloys.

CONCLUSION

Three variants of C26M (wrought, powder metal-
lurgy, and additively manufactured) were exposed
to steam at 1200�C for 2 h. After steam exposure all
samples showed similar weight gain. Protective
alumina films formed on all three fabrication vari-
ants with a similar thickness of 0.6–1.3 lm. Surface
morphologies of the alumina films were also similar
among all three variants. Interestingly, fabrication
defects within the AMC26M sample showed unique
formation of chromia within the defects causing a
ridged oxide morphology along AM defects. Overall,
it can be concluded that FeCrAl alloy high-temper-
ature steam oxidation resistance has little sensitiv-
ity to microstructural impacts of the fabrication
route.
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