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The effect of additive manufacturing on the high temperature oxidation properties of FeCrAl materials was
investigated. For this purpose, additively manufactured Kanthal AM100 cut parallel and perpendicular to the
building direction and hot-rolled Kanthal AF as a reference were exposed to air at 900 and 1100 °C for 168 h.
AM100 performed slightly better than AF in terms of mass gain. Nevertheless, an oxide scale with local differ-
ences in thickness formed on AM100 due to the bimodal grain structure of the underlying metal, which was
composed of coarse-grained cuboidal repeating units (100 pm wide), separated by fine-grained rims.

1. Introduction

Fe-Cr-Al alloys are known for their excellent oxidation resistance and
are utilized in many high temperature applications, such as heating el-
ements for furnaces, construction materials for concentrated solar power
systems, catalyst support for automobiles, and cladding material against
fuel accidents in nuclear power plants [1-4].

The excellent oxidation resistance of Fe-Cr-Al alloys is related to the
formation of a slow-growing protective a-alumina (a-Al2O3) oxide scale.
The oxidation process of alumina-forming alloys starts at low tempera-
tures (T < 900 °C) with the formation of poorly protective outward-
growing transient Al,O3 phases, such as 5-Al;03, 6-Aly03, and y-Al0s.
With time, these transient phases might convert to the stable a-AlyO3
phase, depending on the temperature and oxidizing media [5-10]. The
formation of a-Al,O3 dominates at higher temperatures (T > 1000 °C)
even in the very early stages of oxidation [11]. The addition of Cr as a
third element facilitates the formation of a-Al,O3 with a much lower
content of Al in Fe-Cr-Al or Ni-Cr-Al alloys. This is accomplished by the
formation of a thin Cr,O3 layer in the transition stage, which provides
easy nucleation sites for a-Al,O3 since both phases crystallize in the
corundum structure [12-14].

Alumina-forming alloys are usually prone to spallation, especially
under cyclic oxidation conditions. Therefore, they are alloyed with very
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small amounts (in the ppm range) of reactive elements (RE), such as Y,
Hf, Zr, Ce, or their oxides, such as Y203, or ZrO,. The addition of reactive
elements improves scale adhesion and slows down the growth rate of the
oxide scale [6,15-18]. Oxides of reactive elements have been found to
enhance the creep strength of Fe-Cr-Al alloys through a
dispersion-hardening mechanism [19,20]. This is important since the Al
content of this alloy group is limited to 5 wt. %, as any further addition
of Al decreases alloy ductility, which would cause severe metallurgical
processing problems with conventional fabrication methods, such as
rolling [21,22].

Components traditionally made of Fe-Cr-Al alloys are manufactured
with casting and plastic deformation techniques, such as hot rolling and
powder metallurgy (ODS steels). However, manufacturing complex ge-
ometries for various applications with these processes is complicated
and might require extra processing, such as machining or welding [23,
24].

Additive manufacturing (AM) is a relatively new production method
where 3D objects are created by adding layer upon layer of a material
according to a 3D computer design. The advantage of this process is that
even very complex-shaped components can be produced without the
limitations of conventional manufacturing methods [23,24]. The most
common AM process for metals is powder bed fusion (PBF), where
subsequent metal powder layers are selectively melted or sintered into
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the desired shape. This is accomplished with a laser source, such as
either (laser beam melting, (LBM)) or (direct metal laser sintering
(DMLS)), or with an electron beam as the heat source (electron beam
melting (EBM)). Compared to EBM, LBM requires less expensive
equipment, provides a better surface finish (Ry: 4—11 pm vs Ry
25-35 pm), easy removal of loose powder, and a faster building rate
[25].

However, the additive manufacturing of metallic alloys results in
unusual microstructures that are highly anisotropic, with respect to
parallel and perpendicular to the building direction (BD) [26-28].
Depending on the AM parameters and alloy composition, pore formation
and layer delamination occur during the solidification process [29,30].
A study by Shi et al. [31] has shown that a Zr-containing ODS Fe-Cr-Al
alloy produced with AM had an ultimate tensile strength (UTS) value of
370 MPa and a total elongation (TE) value of 3.6 % parallel to the BD.
This alloy also had a UTS value of 410 MPa and a TE value of 14 %
perpendicular to the BD. In addition to mechanical properties, the
oxidation properties of AM-produced Al;O3 and CryOs-forming mate-
rials are also extremely important as these alloys are designed to be used
at elevated temperatures.

The high temperature oxidation properties of additively manufac-
tured materials are a newly emerging field of research. Hence, a limited
number of studies have been published on the subject. To the best of the
authors knowledge, there is no study on the effects of additively man-
ufactured microstructures on the high-temperature oxidation of FeCrAl
alloys containing RE.

We report on the initial high temperature oxidation properties of an
LBM-produced RE-modified Fe-Cr-Al alloy (Kanthal AM100) exposed at
900 °C and 1100 °C. These exposure temperatures were chosen because
Fe-Cr-Al alloys typically operate between 900 °C and 1200 °C. A rela-
tively short exposure duration of 168 h was chosen to observe and
determine the effect of the microstructure in relation to the production
method of Fe-Cr-Al alloys. We compared the Kanthal AM100 alloy with
the wrought RE-containing Fe-Cr-Al alloy Kanthal AF, to investigate the
effect of microstructure on oxidation properties.

2. Experimental
2.1. Materials

Additively manufactured Kanthal AM100 and wrought Kanthal AF
(hereinafter referred to as AM100 and AF, respectively) alloys were
provided by Kanthal. The compositions of the alloys are given in Table 1.
C, O, and N contents were determined with combustion according to
ASTM E1019. Mg content was determined with ICP-OES, and the rest of
the elements were measured with XRF according to ASTM E572.

The AF material was produced with hot rolling and was provided as
metal strips with the dimensions of 1 m x 10 mm x 2 mm. The AM100
material was produced with LBM in the form of metal cubes with the
dimensions of 10 mm x 10 mm x 10 mm. The LBM process was per-
formed under a controlled argon atmosphere to minimize oxidation
during the melting and solidification cycles. A bidirectional laser beam
scanning strategy was used so that subsequent layers had a 90° rotation
with respect to each other. The following parameters were used for the
AM process: Energy density: 2-2.5 J/mm?, hatch distance (one scanning
step): 78 pm, and laser spot diameter: 50 pm.

Table 1
Chemical composition of Kanthal AF and Kanthal AM100.
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2.2. Preparation and characterization of alloys

Prior to the oxidation experiments, the AM100 alloy was heat treated
at 850 °C for 15 min to relieve the residual stresses formed during the
LBM process. The AM100 cubes were sectioned with a Struers Minitom
low speed saw to obtain samples with the desired dimensions for furnace
exposure, 10 mmx 10 mm x 1 mm. Samples were sectioned parallel and
perpendicular to the BD to account for the inhomogeneity of the
microstructure in different directions. Samples sectioned parallel and
perpendicular to the BD will hereinafter be referred to as AM100-Y and
AM100-Z, respectively. After cutting, the two large faces were gradually
polished with the final step being diamond paste of 1 pm, while the
edges (10 x 1 mm) of the samples were ground with SiC emery papers,
ending with 4000 grit. After polishing, each sample was rinsed with
deionized water and then placed in an ultrasonic bath of acetone and
ethanol twice for 10 min each time. One sample of each type was elec-
trolytically etched in a 0.1 g ml™! oxalic acid solution to reveal the
microstructure in the as-printed stress-relieved condition. Only polished
samples (not etched) were exposed. A ZEISS Leo Ultra 55 scanning
electron microscope (SEM) equipped with a Nordlys electron back-
scatter diffraction (EBSD) detector was used to determine the crystal-
lographic texture of some of the polished samples.

2.3. Oxidation tests

A Mettler Toledo XP6 microbalance with 1 pg resolution was used to
weigh the samples before and after the exposures. Isothermal exposures
were performed in tube furnaces at 900 °C and 1100 °C under 0.7 m/min
flow velocity for 168 h in filtered laboratory air. Temperature profiling
of the furnaces were accomplished by inserting an external S-Type
thermocouple in 2 cm steps from downstream to upstream of the
furnace. The thermocouple was equilibrated for an hour between each
step to ensure that it showed the correct temperature. The samples were
placed in the hottest zone where the temperature deviated by 3 °C
within 5 cm. Each sample type was exposed at least twice to check for
repeatability and to minimize statistical errors. The samples were
weighed again after the exposures to determine their mass gain.

2.4. Post exposure characterizations

A Siemens D5000 diffractometer (Cu K, radiation) was employed for
grazing incidence X-ray diffraction (GI-XRD). A grazing incidence angle
of 0.5—2° was used, and a 20 range of 20°-90° was measured with a step
size of 0.05°. SEM analyses were performed with an FEI ESEM Quanta
200 FEG equipped with an Oxford Instruments X-MAX 80 energy
dispersive X-ray spectroscopy (EDX) detector and a ZEISS Leo Ultra 55
SEM. SEM-EDX analysis were performed with 20 kV accelerating voltage
at a working distance of 10 mm, aperture 4, and a process time of 3,
which corresponds to 40 % dead time. It should be mentioned that SEM-
EDX analysis was only performed on polished samples prior to exposures
and as-oxidized (plan view) and BIB-milled cross-sections. Site-specific
cross-sections and lift-outs were made using a FEI Versa 3D focused
ion beam/scanning electron microscope (FIB/SEM) equipped with an
Oxford Instruments OmniProbe 100 micromanipulator system. Analyt-
ical scanning transmission electron microscopy (STEM/EDX) analyses
were carried out with an FEI Titan 80-300 TEM/STEM probe-corrected
microscope operated at 300 keV and equipped with an Oxford In-
struments INCA X-sight EDX system.

Element (wt.%) Fe Cr Al Si C N (o] Mg Minor elements (<1000 ppm)
Kanthal AF Bal. 21.3 5.5 0.3 0.01 0.02 <0.002* <0.009 Ti,Y,Zr
Kanthal AM100 Bal. 21.6 5.3 0.3 0.02 0.03 0.04 <0.001 Ti,Y,Zr

" Typical value.
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3. Results and discussion
3.1. Investigation of alloys prior to exposure

Results from the analyses of both AF and AM100 materials in un-
exposed conditions are presented in Figs. 1 and 2. Fig. 1 shows micro-
graphs from the SEM of the polished and etched AF, AM100-Z, and
AM100-Y samples. Fig. 2 shows the EDX analysis performed on
AM100-Z and the EBSD analysis performed on AM100-Z and AM100-Y.
As shown in Fig. 1c and f, AF had an isotropic microstructure consisting
of equiaxed grains around 10—20 pm in size with well-dispersed RE
particles. A previous study on AF has shown that most of the RE pre-
cipitates in AF vary in composition; some of them are rich in Zr, while
others are rich in Y [32].

The materials produced with the AM process have a unique and
unprecedented microstructure. The microstructural investigation of
AM100-Y (Fig. 1b and e) revealed that the material consisted of
repeating columns parallel to the BD, while the AM100-Z sample had a
square-shaped pattern perpendicular to the BD (Fig. 1a, d). The columns
were approximately 100 ym wide, which matched well the size of the
squares, indicating that they represented the top view of the columns.
Repeating narrow rims, approximately 5 pm in size, were visible be-
tween the columns and squares. These narrow rims consisted of
submicron-sized grains (Fig. 1d and e). In addition, melt pool lines,
characteristic of additively manufactured materials, were also visible
parallel to the BD on the AM100-Y (Fig. 1e) sample. It should be noted
that the features on the rims are etching pits as those regions were more
defective and more prone to react with the etchant. According to the
inverse pole figure (IPF) maps obtained with the EBSD analysis (Fig. 2b
and c), most of the narrow rims were oriented in the <001 > direction,
while the columns were mostly oriented in the <111> direction,
although some of them were also oriented in the <101> direction.
Interestingly, the orientation of the columnar grains and the narrow rims
was not interrupted by the melt pool lines that passed through them.
This behavior is explained in the literature as the epitaxial growth of
newly deposited material on previously solidified grains on columns and

RE particle :
RE particle

25 pm

Fig. 1. SEM backscattered electron images of the samples prior to exposures:
Polished and etched AF.
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narrow rims, which maintains the same orientation [33,34]. The IPF
maps (Fig. 2b and c¢) show that some of the squares were almost single
crystal, while others were composed of multiple grains. The peculiar
microstructure of the square-shaped columns was formed because of the
laser beam scanning strategy and processing parameters. As the beam
angle changed 90° sequentially in each scan, it formed a 3D array of
cuboidal columns that were separated by narrow rims acting as
boundaries between each square and/or column. This assertion is
further supported by the hatch distance and beam size used in this study,
78 and 50 pm, respectively, which matched perfectly with the sizes of
the squares and columns. A study by Pham et al. [35] has shown that
employing a similar scanning strategy to 316 L resulted in the same type
of microstructure.

It is also believed that the presence of small grains on the narrow
rims is related to the temperature of the melt and heat transfer during
solidification, which is a function of laser energy, scanning speed, beam
size, and hatch distance. During each scan, the narrow rims were less
heated by the laser than the columns, resulting in a lower melt tem-
perature [36,37]. As a result of low melt temperature combined with the
fast cooling, the narrow rims were subjected to a high thermal gradient
that mitigated the growth of nucleated grains during the solidification
process. This difference in thermal gradient not only affected the
morphology but also the orientation of grains, as shown in the IPF maps
(Fig. 2b and c), since the narrow rims were oriented differently than the
columns and squares.

The SEM analysis of RE particles in AF and AM material revealed that
these particles were bigger, approximately 20 pm in size, and less
numerous in the AM100 compared to AF, (Fig. 1a, b). An SEM-EDX
analysis of these RE particles showed that they were rich in Y, Al, and
O, and contained also small amounts of Zr (Fig. 2a, d). The alloy pro-
duced with the AM process was almost fully dense, with only a small
population of isolated pores in the submicron range.

RE particle

a, d) Polished and etched AM100-Z; b, e) Polished and etched AM100-Y; and c, f)



K.O. Gunduz et al.

Corrosion Science 188 (2021) 109553

Fig. 2. SEM-EDX and EBSD IPF maps of AM-processed samples prior to exposures: a) SEM image AM100-Z; b) IPF map of AM100-Y; c¢) IPF map of AM100-Z; and d)

EDX maps of the selected area shown in a).

3.2. Investigations after exposures

3.2.1. Oxidation kinetics

Fig. 3 shows the mass gain values of AF, AM100-Y, and AM100-Z
after 168 h at 900 °C and 1100 °C. The recorded mass gains after the
exposure at 900 °C, in particular, were very low, so that a meticulous
handling of the samples was required to achieve a high degree of

reproducibility. The mass gain values of AF matched well with earlier
published data [12,38]. AM100-Y and AM100-Z exhibited approxi-
mately 15 % lower mass gain than AF exposed at 900 °C and 1100 °C.
The reason for this difference could be related to the formation of the
MgAl,04 phase, as will be discussed in the microstructural in-
vestigations section. One of the important outcomes of the mass gain
data is that AM100-Y and AM100-Z had almost the same mass gain

0.9

0.8

0.7

0.6+

0.5

0.4

0.3

0.2+

Mass gain (mg/cmz)

11|00 °C

0.1+

0.0-

AM100-Z AM100-Y AF

AM100-Z AM100-Y AF
Fig. 3. Mass gains of AF, AM100-Y, and AM100-Z after 168 h at 900 °C and 1100 °C in dry air.
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values at both 900 °C and 1100 °C, suggesting that the overall oxidation
rate was not affected after 168 h by the differences in the orientation of
the sample surface, i.e., perpendicular or parallel to the BD.

3.2.2. Phase analysis

The XRD diffractograms of oxidized AF and AM100-Z after 168 h at
900 °C and 1100 °C are presented in Fig. 4. The following phases were
identified on AF after exposures at 900 °C and 1100 °C: MgAl,04 (JCPDS
file # 04—016-4047), a-Al,03 (JCPDS file # 00—046-1212), and the
alloy substrate (JCPDS file # 00—034-0396). a-Al,O3 and the alloy
substrate were also visible on AM100-Z. The difference between the AF
and AM100 alloys is that the TiOy (Rutile, JCPDS file # 04—003-0648)
phase was observed on AM100-Z and MgAl,0O4 was absent. This differ-
ence is probably related to a slight variation in trace element content
between AM100 and AF (Table 1).

3.2.3. Microstructural investigations

Fig. 5 shows the plan-view SEM micrographs of oxidized AF, AM100-
Y, and AM100-Z after 168 h at 900 °C and 1100 °C, and Fig. 6 shows the
SEM-EDX elemental distribution on the surfaces of the same samples.
Results from the cross-sectional analyses of the oxide scales formed on
the investigated materials are presented in Figs. 7 and 8. They show the
oxide scale microstructure and elemental distribution over the samples
exposed at 1100 °C. Details on the oxide scale structures after the two
exposures will be presented and discussed in this section.

The plan-view image of AF exposed at 900 °C (Fig. 5¢) shows that the
surface was covered with a uniform base oxide. The EDX analysis shows
that the base oxide was rich in Al and Mg, confirming the XRD results. In
addition to the base oxide, 2-10 pm-large RE particles, which appear
bright in the back-scattered image, were found.

Similar to the AF material, a uniform base oxide was visible on both
the AM100-Z (Fig. 5a) and AM100-Y (Fig. 5b) samples. Both samples
also exhibited RE particles and some transient alumina nodules on their
surfaces. Note in Fig. 5 that there is a difference in contrast between
individual oxidized squares (Fig. 5a) and columns (Fig. 5b). Most of the
narrow rims in Fig. 5a are also darker than the squares. SEM-EDX
analysis showed that the darker rims are more enriched with Al and O
at 900 °C (Fig. 6a, b) than the squares and columns. This difference in
contrast and the enrichment of Al and O indicate a difference in oxide
scale thickness and is discussed in the FIB and TEM-EDX sections below.

After exposure at 1100 °C, the oxide scale formed on AF was similar
to the one formed at 900 °C, i.e., it consisted of a base oxide and oxidized
RE particles. SEM-EDX analysis showed that the surface of the base oxide
was rich in Al, Mg, and O.

The surface of AM100 was composed of a base oxide (a-Al,O3) on
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which small bright particles were uniformly distributed. The bright
particles were identified as TiO5 (rutile) according to XRD and SEM-EDX
analyses (Figs. 4, 6). TiO, particles were coarser than at 900 °C, prob-
ably due to faster outward diffusion of Ti at higher temperatures. There
was no image contrast on the surface between the large squares and
columns at 1100 °C. However, the thicker oxide ridges on the narrow
rims between the columns and squares remained visible for both
AM100-Y and AM100-Z.

All specimens in the SEM cross-section images (Fig. 7) exhibited
outward- and inward-growing double-layered oxide scales, separated by
the original surface of the steel, typical for Aly,Os-forming ferritic
stainless steels [5,10,13]. The thickness ratio between these two oxide
scales was approximately 1 at 900 °C for all specimens, while this ratio
was 5-6 at 1100 °C. The higher ratio at 1100 °C was a result of the
enhanced oxidation kinetics of RE-containing Fe-Cr-Al alloys. Hellstrom
et al. [38] have reported similar behavior with the inner part of the scale
becoming more dominant after longer exposure times on AF at 1100 °C.
In addition to these findings, the cross-section images revealed that the
concentration of pores in the outward-growing part of the oxide scale
was much higher for AF than for AM100. The oxide scale was somewhat
thicker for AF than for AM100, which is consistent with the mass gain
data (Fig. 3), although there was substantial lateral variation in thick-
ness. Fig. 7 clearly shows that the oxide scale was substantially thicker at
1100 °C than at 900 °C.

SEM-EDX elemental mapping was only performed on samples
exposed at 1100 °C, as the spatial resolution was too poor to adequately
analyze the thinner scales obtained at 900 °C. The EDX cross-section
maps (Fig. 8) revealed that the outer scale of AF consisted of a Mg-
rich band, while TiO, particles were found on the surface of AM100.
A line scan (not given here) performed on AF revealed that the outer
region where the Mg enrichment observed was composed of 9 at. % Mg,
32 at. % Al, and 59 at % O. The inner region was composed of 42 at. % Al
and 58 at. % O. A line scan was performed on the outer scale of AM100-Z
where a line coinciding with a Ti-rich particle was composed of 11 at. %
Ti, 19 at. % Al, and 70 at. % O, and the inner region was composed of 41
at. % Al and 59 at. % O. The amount of Mg found on the Kanthal AF
matched well with the XRD diffractograms (MgAl,04) shown before in
Fig. 4. However, the Ti content in the outer part of the oxide scale of
AM100-Z was lower than the expected value when compared to XRD
diffractograms (TiO). This was caused by the small size of the particle
(around 600 nm) combined with the low spatial resolution of SEM,
which resulted in a collection of Al signals near that region.

The occurrence of Mg-rich oxide on alumina has been observed
before. Mayer et al. [39] have clearly shown that even small amounts of
Mg (80 ppm) in Al;Os3-forming stainless steels result in the formation
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Fig. 4. XRD diffractogram of AF and AM100-Z sample after 168 h at 900 °C and 1100 °C in dry air.
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oxide nodule -

oxide nodule—_

Fig. 5. SEM plan-view images of samples exposed at 900 °C for 168 h in dry air: a) AM100-Z; b) AM100-Y; and c) AF. SEM images after exposure to 1100 °C for
168 h: d) AM100-Z; e) AM100-Y; and f) AF.

Fig. 6. Surface SEM secondary electron imaging and EDX analysis of samples exposed at 900 °C and 1100 °C for 168 h in dry air: a) AM100-Z; b) AM100-Y; and c) AF
exposed at 900 °C. d) AM100-Z; e) AM100-Y; and f) AF exposed at 1100 °C.

MgAl,04 on the surface of these steels. The formation of MgAl;04 results the formation of the MgAl,O4 phase. The first mechanism relies on the
in a change in volume, which causes the formation of the pores shown in formation of transient y-AlyOs. In the early stages of oxidation, when the
Fig. 7c and f [39]. There are two possible mechanisms that might trigger transient y-Al,O3 phase is formed at the outermost layer of the scale, Mg
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1 pm |

e) AM100-Y; and f) AF exposed at 1100 °C.

ﬁ-
. 5 pm Ti

[ 1 pim |

Fig. 7. SEM cross-section images of samples exposed at 900 °C and 1100 °C for 168 h in dry air: a) AM100-Z; b) AM100-Y; and c) AF exposed at 900 °C. d) AM100-Z;

1 pm_

Fig. 8. Cross-sectional SEM-EDX analysis of samples exposed at 1100 °C for 168 h in dry air. a) AM100-Z, b) AM100-Y, C) AF.

is enriched in this layer due to its fast diffusion along the alloy grain
boundaries and forms y-Aly 4MgyOs.(x/2). With time, the y-AlyMg-
x03.(x/2) grains convert to a stable a-Al;03 and MgAl,O4 spinel phase
[13]. An alternative mechanism has been suggested by Mayer: Mg can
diffuse through the grain boundaries of a-Al;03 and react with it to form
MgAl,04 at the gas-oxide interface without relying on the formation of
v-Al203 [39]. The first mechanism is not valid at high temperatures
(>1100 °C) since transient AlpO3 phases would immediately be con-
verted into a-Al,O3 We believe that both mechanisms contribute to
spinel formation in the present study, as the temperatures were lower
(900 °C, 1100 °C) than in the study by Mayer (1200 °C).

Further in-depth microstructural characterization of the AM100

samples was carried out with scanning transmission electron microscopy
(STEM) coupled with (EDX). Two site-specific cross-sectional samples
were prepared using the FIB/SEM lift-out technique: one from AM100-Z
900 °C and the other from AM100-Z 1100 °C (see areas marked in Figs. 9
and 10).

Thin (500 nm on average) and thick (900 nm on average) parts of the
oxide scale were distinguishable in the STEM high angle annular dark
field (HAADF) micrograph taken from the AM100-Z 900 °C sample
(Fig. 9b). The thicker part of the scale also appears in the figure to have a
more undulating surface. The thickness of the oxide scale contained on
the rims between the two squares is comparable to thickness of the oxide
scale on the right square in Fig. 9, at least for the scale close to the rim. A
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FIB lift-out sample

oxide

Rim with thick Square with thick

Square with thin 5
oxide scale : oxide scale (~ 900 nm)

oxide scale (~ 500 nm)

1um

Al Cr Fe Si Ti Y Zr

Fig. 9. FIB lift-out and cross-sectional STEM-EDX analysis of the AM100-Z sample exposed at 900 °C for 168 h. a) FIB lift-out region. b) STEM HAADF micrograph
showing the oxide scale grown on two squares separated by a rim. ¢) Higher magnification STEM HAADF micrograph with corresponding EDX maps from the
boxed region.

tesssssssssnssnnnnnnnn

Inner oxide

Pt

Outer oxide

Inner oxide

FeCrAl

Fig. 10. FIB lift-out and cross-sectional STEM-EDX analysis of the AM100-Z sample exposed at 1100 °C for 168 h. A) FIB lift-out region. b) STEM HAADF cross-
section micrograph. EDX analysis (boxed region) of the oxide scale formed on the right square in a).

closer look at the thinner oxide scale at higher magnification (Fig. 9¢c) (Fig. 9¢). Some heavy-element-containing particles (bright particles in
revealed a porous outward-growing oxide and a fairly dense inward- the HAADF micrograph, Fig. 9c) dispersed mostly in the inward-growing
growing oxide. A Cr-enriched band at the boundary between the inner oxide scale were visible. EDX elemental mapping showed that these
and the outer part of the oxide scale can be seen in the EDX Cr map bright particles mainly contained Ti and Zr. An isolated Y-rich RE
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particle was also found in the outward-growing oxide scale. The RE
particles in the oxide scale were most likely oxidized, however, it is not
possible to confirm this with EDX due to the presence of the oxygen X-
ray signal from the surrounding oxide scale. The Ti EDX map in Fig. 9
shows the presence of Ti in the inner part of the oxide scale, indicating
that Ti diffused through the grain boundaries of the oxide to the surface-
forming TiO, phase on the surface, as confirmed with XRD (Fig. 4) and
seen in the SEM-EDX data (Figs. 7e, 8b). Similar results have been re-
ported in the literature [40,41]. Ti is not soluble in the alumina scale,
and TiO5 is less stable than a-Al,O3 [42,43]. Therefore, during the
oxidation, Ti rapidly diffused through the grain boundaries, was
enriched at the gas-oxide interface, and formed TiO; particles owing to
the high oxygen affinity and small cation size of Ti [44-47].

The AM100-Z 1100 °C sample did not show any distinct variation in
the thickness of the oxide scale among the different squares. However,
the oxide scale formed on the narrow rims between the squares was
noticeably thicker (Fig. 10a). These results obtained with detailed mi-
croscopy clearly show that, at 900 °C, the contrast difference between
individual squares/columns, and between narrow rims and squares in
the plan view images (Fig. 5a, b) occurred because of the formation of
thin and thick oxide scales. More backscattered electrons were gener-
ated from the underlying metal of the thinner section of the oxide scales,
so these areas appear brighter in the image. As mentioned in investi-
gation of alloys prior to exposure, the IPF maps (Fig. 2) revealed that
there exists a variation in orientation from grain to grain, which could
cause the differences in oxide scale thickness by affecting the oxide grain
size and short circuit diffusion paths, as shown by Tyagi et al. [48].
However, our results obtained at 1100 °C show that the only noticeable
difference in thickness was between the oxide scale formed on the rims
and the oxide scale formed on squares and/or columns. Thus, due to the
enhanced kinetics at 1100 °C and after 168 h, the effect of the differ-
ences in orientation on oxide scale thickness was negligible. Therefore,
the oxide scale formed on the rims was thicker probably because of the
fine-grained nature of the alloy on the rims at both 900 °C and 1100 °C.
The mechanism of the formation of thin and thick oxide scales on
AM100 will be investigated in subsequent work.

The STEM HAADF micrograph in Fig. 10b shows the typical oxide
scale morphology for inward- and outward-growing oxides with a thick
scale (about 3.7 pm) and high inward-to-outward ratio. This was the
result of faster kinetics at the higher temperature, as noted in Fig. 7. The
outer part of oxide layer was composed of equiaxed grains, while the
inner part consisted of coarser columnar grains. This is typically found in
the literature on RE-containing Fe-Cr-Al alloys [13,38,49-51]. TEM-EDX
elemental mapping showed a Cr-enriched band at the boundary between
inward- and outward-growing oxide scales, which corresponds to the
original surface of the steel. Similar to the AM100-Z 900 °C sample, Ti
and Zr were joined in the form of small RE particles within the inner
oxide layer. An oxidized, relatively large (<1 pm) RE particle rich in Ti
and Zr was visible at the gas-oxide interface.

4. Conclusions

This study investigated the effect of additive manufacturing on the
oxidation properties of RE-containing FeCrAl alloys. The oxidation
properties of surfaces parallel (Y cut) and perpendicular (Z cut) to the BD
at 900 °C and 1100 °C were compared with conventionally manufac-
tured AF. The mass gain values did not show any substantial difference
between exposed Y and Z cut, but the AM materials exhibited slightly
lower mass gains than the conventionally produced material. It is sug-
gested that this difference is due to a slight variation in the chemical
composition of the materials used. The analysis of the oxide scales
revealed a variation in scale thickness. The variation correlates with the
underlying metal microstructure. It is suggested that the difference in
thickness found among the different squares after exposure at 900 °C is
because the underlying metal grains have a difference in orientation.
This contrast was absent at 1100 °C because of the larger overall
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thickness of the oxide. There was also a difference in thickness among
the scales formed on the narrow rims and the squares. This is probably
because of the fine-grained nature of the underlying metal in these re-
gions; this difference was also apparent after exposure at 1100 °C. The
AM-processed FeCrAl material behaved very similar to the conven-
tionally produced AF. Although some local differences in oxidation rate
were observed, these seemed to stem mostly from the initial stage of the
formation of an oxide scale and would probably have no effect on the
overall oxidation kinetics and lifetime of a component over its service
life. However, further tests for longer durations and cycles should be
conducted for a more detailed investigation into the lifetime of AM
components.
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