L 4

i s Science
ELSEVIER Press

Available online at www.sciencedirect.com

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 32(2022) 2620-2633

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Improving oxidation resistance of porous FeAl-based intermetallics with
high boron/yttrium alloying

Hui-bin ZHANG, Hang YU, Jun-liang MA, Long-fei WANG, Sheng-hang XU, Guo-qu ZHENG

College of Materials Science and Engineering, Zhejiang University of Technology, Hangzhou 310014, China

Received 2 August 2021; accepted 29 December 2021

Abstract: The coalloying with high contents of chromium (Cr), boron (B) and yttrium (Y) for porous B2-structured
FeAl intermetallics fabricated through reactive synthesis was conducted. The oxidation behaviors of porous FeAl-based
materials were investigated by evaluating the pore-structure evolution, oxidation kinetics and oxide-scale configuration.
The results show that with the coalloying of high contents of Cr, B and Y, the oxidation mass gains of porous FeAl
materials at 600—800 °C are significantly reduced. The combination of B enriched on the surface of oxide scales and Y
located at the scale—metal interface promotes the formation of thin protective nodular a-Al,Os oxide scales. It is
indicated that introducing relatively high contents of reactive elements such as B and Y can benefit the selective growth
of a-Al,Os scales at relatively low temperatures without pre-treatment.
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1 Introduction

High-temperature filtration has been widely
used in steel, coal chemical, petrochemical, and
thermal power industries since it can better meet the
requirements of waste heat recovery, high-
temperature selective catalytic reduction (SCR) of
oxides, and avoiding liquid-phase
condensation [1,2]. The filter material is the key
component in any elevated-temperature filtration. In
addition to the finer pore structure and lower
filtration resistance, filter material selection and
development have been pursuing the increased
strength and better corrosion resistance to cope with
hotter  processes, thus improving filtration
performance and life-cycle costs [1]. Iron—
aluminium (FeAl) intermetallic is a special alloy
with the merits of low material cost, excellent
structural strength, and outstanding resistance to the
corrosive and erosive gas environment [3,4].
Therefore, FeAl has been introduced into the

nitrous

high-temperature filter material family in recent
years [3—6].

Binary Fe—Al intermetallics were firstly
developed into filter materials, and common FeAl
alloys are FesAl (22.5-33 at.% Al) and B2-
structured FeAl (33—51 at.% Al) [7]. Binary Fe—Al
porous materials can form protective Al,Os scales
against high-temperature oxidation. The ALOs3
formed at different temperatures with different
durations has different polymorphs, including
metastable 6-Al,O; and y-ALOs;, as well as low
defect a-Al,Os;, among which the hexagonal
a-AlbO; shows the lowest growth rate due to its
minimum defect mobility [8,9]. However, at
common service temperatures of 600—800 °C, the
defective metastable y/6-Al,Os3 is always mingled in
the oxide scales of porous FeAl [10]. Based on the
binary FeAl, the addition of Cr can produce the
so-called “third-element effect” [9,11], which can
decrease the critical Al content to form AlOs scales.
Cr alloying can also remarkably improve the
ductility and strength of FeAl filter material at the
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ambient and elevated temperatures [12]. Therefore,
FeAlCr filter material with the improved resistances
to corrosion and heat can be applied at temperatures
above 700 °C. In addition, boron (B) and yttrium (Y)
are common alloying elements in FeCrAl alloys and
their roles in modifying the mechanical properties
and anticorrosion performance of FeCrAl alloys
have been well confirmed [13—15].

Up to now, great effort has been made to
investigate the oxidation behaviors of dense
FeAl-based alloys developed for high-temperature
structural materials [8,11,16,17]. Traditional alloy
design for structural materials is more concerned
on the mechanical property, while as for porous
materials with high surface areas and interconnected
open-pore structures, the alloying strategy should
be more focused on the ability to form the thin
protective oxide scales. Oxidation is the most
extensive corrosion that possibly degrades the
mechanical performance and permeability of porous
metals. The sulfidation of metal materials is
sometimes more rapid than oxidation, but the oxide
scale formed under the mixed gas atmosphere is
still one of the primary mechanisms protecting
material against sulfidation corrosion [18]. Therefore,
a detailed knowledge of the oxidation behaviors of
FeAl-based filter materials is essential for the
reliable prediction of the material application.

It is well known that B2-structured FeAl phase
has relatively high solubility for various alloying
elements [7]. Thus, improving the oxidation
performance of porous FeAl is expected to be
realized by special alloying. The self-healing
properties as well as the service life of porous
materials also depend on the reserve of reactive
elements [19]. That is to say, the high-alloying
strategy may serve better for porous FeAl
Regarding the possible benefits of reactive elements
Cr, B, and Y, in this work, a series of FeAl-based
porous materials (FeAl, FeAlCr, FeAICrB, and
FeAICrBY) were prepared and their oxidation
behaviors were investigated. Especial attention was
paid to the roles of relatively high contents of B and
Y in the oxidation behaviors of porous FeAl-based
materials.

2 Experimental

2.1 Materials and synthesis
The elemental powders of Fe (mean particle

size of 40 um, purity >99.5%), Al (mean particle
size of 40 um, purity >99.5%), Cr (mean particle
size of 8.0 um, purity >99.5%), B (particle size of
1.0-3.0 um, purity >99.99%) and Y (mean particle
size of 1.0 pm, purity >99.5%) were used as raw
materials. The raw powders were put into the
V-type mixer after being weighed according to the
assigned proportions (Fe—25Al, Fe—22.5A1-10Cr,
Fe—22.5A1-10Cr—0.2B, Fe—22.5A1-10Cr-0.2B—
0.2Y, wt.%). Zirconia balls were added to the raw
powders to enhance the mixing efficiency and
obtain uniform mixtures. Each batch of powders
was blended for 12 h and then mixed with 2.0 wt.%
octadecanoic acid using ethanol as solvent. After
drying and second shattering with 40 mesh sieves,
the pelletized coarse particles were formed into
sheet compact (d20 mm x 2.0 mm) by mold
pressing under a pressure of 200 MPa. A step-
sintering schedule was used to conduct the reactive
synthesis of green compacts in a vacuum sintering
furnace with a vacuum degree lower than
1.0 x 102 Pa. The holding temperatures were
respectively 150, 450, 600, and 1250 °C to remove
the adsorbed gas molecules, pyrolyze the binder,
and assure the complete inter-diffusion of elements
and well-grown porous skeletons. The synthesized
porous materials were obtained after cooling in the
furnace.

2.2 Oxidation tests

Constant-temperature oxidation experiments
were carried out according to HB 5258—2000, a
method for determination of oxidation resistance of
steels and superalloys, and the samples burned to
constant mass in advance were placed in a quartz
crucible. Samples were kept in line or point contact
with the crucible to ensure that the sample could
fully contact with air. The oxidation was carried out
in a muffle furnace (temperature accuracy £5 °C) at
600—800 °C. The samples were taken out and
weighed at regular intervals to obtain the oxidation
mass gain curves. The total time of oxidation was
100 h, and the resolution of the analytical balance
was 1.0x107" kg.

2.3 Characterization

Microstructures and compositions of the
prepared and oxidized samples were observed using
SEM (Zeiss Merlin, operated at 20 kV) equipped
with energy dispersion spectroscopy (EDS). The
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cross-section view was prepared in an epoxy mount
and polished before SEM and BSE observation. The
phase composition was investigated using X-ray
diffraction (XRD, RIGAKU D/Max 2550 PC,
Cu K, 40 kV, 40 mA, scanning rate 5 (°)/min). The
bubble point method was used to measure the pore
size of porous materials [20]. Porosity was
determined by the Archimedes method as specified
in the ASTM B962-08 standard. X-ray photo-
electron spectroscopy (XPS) was tested with
Thermo Fisher Scientific ESCALAB 250Xi (Al K,
X-ray source, h1v=1486.6 eV).

3 Results and discussion

3.1 Characterization of synthesized materials

Figure 1 presents the XRD patterns of the
four synthesized porous materials. After high-
temperature sintering, all groups of FeAl-based
porous materials alloyed with Cr, Cr/B, and Ct/B/Y
have the characteristic of a single FeAl phase with a
B2 structure (PDF #33-0020, primitive cubic, space
group Pm3m ) [21]. No minor phases or elemental
metals (Cr or Y) are detected, indicating that the
alloying elements have been well dissolved in FeAl
phase. The differences in atomic radii of Fe
(0.124 nm), Cr (0.125nm), Al (0.143 nm), B
(0.095nm), and Y (0.227 nm) can explain the
deviations of the (110) peak of these Fe—Al
materials. As shown in Fig. 1, the solid solution of
10 wt.% Cr leads to the left shift of diffraction peak
position. Cr atoms with a bigger atomic radius
mainly occupy the positions of Fe atoms, leading to
increased pacing of crystal. The main peaks of the
sintered FeAlCrB are slightly shifted to the
direction of the high angle due to the substitution
of Al/Fe vacancies by B atoms with the smallest
atomic radius [13]. As for FeAlCrBY, the addition
of Y with the largest atomic radius slightly
neutralizes the rightward shift of the (110) peak
caused by B alloying.

Figure 2 shows the cross-section and surface
morphologies of porous FeAl, FeAlICr, FeAICrB,
and FeAlCrBY intermetallics. The well-developed
sintering necks and porous structures are obtained
in all samples. Compared with the sintered metal
porous materials using pre-alloyed powders [6],
reactively synthesized porous materials
possess mellow skeletons and abundant porosities.
A partial pore volume generated by partial diffusion

these
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Fig. 1 XRD patterns of synthesized porous FeAl, FeAlCer,

FeAlCrB, and FeAICrBY materials

and phase transformation improves the connection
among the powder—interstitial pores, making the
synthesized materials have a smaller tortuosity
factor, thus helping to reduce the filtration pressure
when applied in gas—solid filtration. With the
successive addition of Cr, B, and Y, it has been
shown that the pore size and porosity of FeAl-based
porous materials are increased. To be specific, the
mean pore size of FeAl-based porous materials
increases from 28.95 to 40.38 um, and the porosity
rises from 35.17% to 49.87% (Table 1). The
addition of Cr to the Fe—Al binary system
aggravates the volume expansion due to the
significant orientation growth of the Al4Cr phase
formed by diffusion reaction between Al and
Cr [21]. The growth of intermetallic compound
phases among compacted powders can promote the
connectivity of the initial interstitial pores,
Kirkendall pores, and phase-change pores [22], thus
increasing the porosity and equivalent pore size.
The enlarged porosities and pore sizes of porous
FeAICrB and FeAlCrBY materials are probably
attributed to the growth of neonatal intermediate
intermetallic phases at temperatures around the
melting point of Al, which has been revealed in the
Fe—Al-Si system [4,5].

3.2 Oxidation Kinetics

Figure 3 reveals the cyclic oxidation kinetics
of the synthesized porous materials. Figure 3(a)
shows that, after 100 h of oxidation, the oxidation
mass gain of porous FeAl increases from 0.75 to
3.50 wt.% with the temperature increasing from 600
to 800 °C. With the addition of ternary element Cr,



Hui-bin ZHANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2620—2633 2623

Fig. 2 Sectional-view and surface morphological (insets) images of porous FeAl (a), FeAlCr (b), FeAlCrB (c), and

FeAICrBY (d) materials

Table 1 Pore parameters of porous FeAl, FeAlCr,
FeAlCrB, and FeAICrBY materials

Material Mean pore size/pm  Open porosity/%
FeAl 28.95 35.17
FeAlCr 33.68 38.51
FeAlCrB 35.75 44.94
FeAlCrBY 40.38 49.87

the mass gains of porous FeAlCr at 600, 700, and
800 °C reduce to 0.19, 0.25, and 1.50 wt.%,
respectively, which are much lower than those of
porous FeAl (Fig.3(b)). This indicates that the
“third element effect” [23] of Cr on the oxidation
resistance of FeAl is quite arresting. The oxidation
mass gains of porous FeAlCrB are comparable to
those of porous FeAlCr at 600 and 700 °C
(Fig. 3(c)), but less than those of porous FeAlCr at
800 °C (0.99 wt.%), indicating that B alloying
modifies the oxidation resistance of porous FeAlCr
at 800 °C. As shown in Fig. 3(d), porous FeAICtBY
gains the minimum mass increments at 600—800 °C
among the four materials. Particularly, the mass
gain of porous FeAICrBY is 0.39 wt.% after 100 h
of oxidation at 800 °C, only 26% that of porous
FeAlCr, indicating that the coalloying of B and Y
based on FeAlCr is beneficial to the antioxidant

property. Besides, it is noted that the oxidation mass
gains for porous FeAlCr and FeAlCrB at 800 °C
increase drastically, implying that an abnormal
oxidation takes place. Fortunately, the coalloying of
B and Y can well suppress such rapid oxidation.

As shown in Fig. 3, the cyclic oxidation of
these porous FeAl-based materials shows the
characteristics of two stages. At the initial stage of
oxidation with a time less than 30 h, the oxidation
of these porous materials follows a parabolic rate
law. A modified Wagner rate law [21] is used in the
present case for porous material evaluation:

(Am/my)* =kt (1)

where Am is the mass change after oxidation, my is
the initial mass of the sample, &, is parabolic law
constant, and ¢ is the oxidation time. The
parabolic-rate  oxidation is related to the
construction of the oxide film and the porous
structure of porous materials, while a linear rate
law indicates the generation of the intact oxide
scales on the tested materials with the oxidation
behaviors carried out in a stable diffusion-
controlled stage [24]. The rate constants and
determination coefficients for the data fitting of
these two stages of these materials are listed in
Table 2. Specifically, the oxidation rates of porous
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FeAICrBY at the stable stage become quite slow,
indicating its excellent antioxidant performance
during the stable oxidation period at 600—800 °C.
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Fig. 3 Oxidation mass-gain curves of porous FeAl (a), FeAlCr (b), FeAICrB (c), and FeAICrBY (d) materials at 600,

700, and 800 °C for 100 h

Table 2 Rate constants of oxidation and determination of coefficients R? for initial (<30 h) and subsequent stable
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oxidation stages of porous FeAl, FeAlCr, FeAlCrB, and FeAICrBY materials

100

Such oxidation resistivity of porous FeAl-based
intermetallic compounds is much superior to that of
other reported porous stainless steel [25] and Fe—Cr

Initial oxidation stage

Stable oxidation stage

Sample
Parabolic rate constant, ki/(%>-h™")  R? Linear rate constant, k»/(%-h™") R?
FeAl (600 °C) 1.4x107* 0.85 1.0x1073 0.73
FeAlICr (600 °C) 3.4x10°3 0.87 1.3x10°° 0.87
FeAlICrB (600 °C) 4.6x107° 0.98 1.2x10°° 0.97
FeAICrBY (600 °C) 2.4x1073 0.79 1.2x10°8 0.93
FeAl (700 °C) 5.6x107 0.90 8.5x1073 0.90
FeAlCr (700 °C) 4.1x107° 0.95 1.2x1073 0.89
FeAlCrB (700 °C) 5.4x1073 0.99 1.1x1073 0.97
FeAlICrBY (700 °C) 8.2x1073 0.91 7.9x10°¢ 0.91
FeAl (800 °C) 3.6x1072 0.90 1.7x107* 0.91
FeAlCr (800 °C) 7.4x1073 0.84 7.1x1073 0.96
FeAlICrB (800 °C) 1.9x1073 0.89 5.6x1073 0.98
FeAlCrYB (800 °C) 3.2x107™ 0.73 1.4x1073 0.99
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alloys [26] (Table 3). The evolutions of parabolic
rate constant (k1) as a function of temperatures are
depicted as the Arrhenius plot (Fig. 4). From the
slopes of the linear fitting of the natural logarithm
of ki as a function of 1/T, the values of the apparent
activation energies for each material can be
calculated. As revealed by the three separate
straight lines of alumina polymorphs in the
Arrhenius diagram [10], the activation energy for
the oxidation of porous FeAlCrBY is comparable to
that of a-Al>Os, while that of porous FeAlCr and
FeAICtB is close to that of metastable Al,Os. The
activation energy for the oxidation of porous FeAl
is the lowest, suggesting that formed oxide scales
provide poor protection against oxidation [11,17].
As shown in Fig. 3, Cr alloying provides very

Table 3 Comparison of parabolic rate constants of some
porous materials tested by cyclic oxidation at different
temperatures

Porous  Temperature/ K/ Porosity/

material °C (%*h™) %
FeAl-5%Cr 600 3.59x10°5 40.2-40.9 [21]
FeCrAl 600 5.89x105  27-30  [6]
s This
FeAICIBY 600 241x10°  49-51
work
316L 800 872x102 - [25]
FeCr 800 0.13 25-40  [26]
FeAl 800 3.60x102  34-36  LMS
work
FeAICr 800 742x10° 3639 LM
work
FeAICtB 800 191x103  44-4¢  LDIS
work
FeAICTBY 800 320x10%  49-5] LM
work
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Fig. 4 Arrhenius diagram for porous FeAl, FeAlCr,
FeAlCrB, and FeAlCrBY materials during oxidation

good oxidation protection for porous FeAl only at
low temperatures of 600—700 °C. The role of
chromium oxides in the formation of protective
scales was reported in many researches [11,17]. Cr
improves the oxidation resistance of FeAl alloys at
low temperatures due to the formation of composite
chromic oxides with Fe/Al oxides [27]. At high
temperatures above 800 °C, the Cr,O3 transforms to
volatilizable CrOj; [23], which can be the reason of
the enhanced oxidation occurring on porous FeAlCr
and FeAICrB at 800 °C (Figs. 3(b, ¢)). This also
proves that at high temperatures the oxidation
resistance mainly depends on the formability of
stable aluminum oxide scales. It is noteworthy that
coalloying of Cr, B, and Y reduces the oxidation
mass gain of porous FeAl oxidized at 800 °C for
100 h from 3.5% to 0.39%, suggesting that the
configuration of the protective oxide scales has
been substantially ameliorated. Therefore, this work
is focused on the radical improvement of the
antioxidation property of porous FeAl with the
coalloying of Cr, B, and Y at 800 °C.

3.3 Changes of pore parameters

Pore size and open porosity are the prime
parameters of filter materials, which need to be
evaluated during high-temperature oxidation.
Figure 5 shows the changes of the mean pore size
and open porosity of these materials oxidized at
800 °C. With the duration of oxidation, the mean
pore size of these materials decreases gradually.
After 100 h of oxidation, the pore sizes of porous
FeAl, FeAlCr, FeAICrB, and FeAICrBY decrease to
88.15%, 89.85%, 90.13%, and 90.28% of initial
values, respectively, and the change ratio of open
porosity varies from 24.94% to 6.92%. Obviously,
with the sequential introduction of Cr, B, and Y,
porous FeAl-based materials show the promotional
resistance to oxidation.

3.4 Oxide-scale configuration formed at 800 °C
The oxidation kinetics and long-term structural
stability of porous materials during oxidation often
depend on the configuration of the oxide scales.
Therefore, the oxide-scale configuration needs to be
investigated comprehensively. Figure 6 shows the
XRD patterns of these oxidized materials. After
oxidation at 800 °C for 100 h, a-Al,O3 phase can be
observed in all samples. Meanwhile, weak peaks of
metastable y-Al,O3 and 6-Al,O; can be found on the
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100 h

curves of porous FeAl and FeAlCr, but cannot be
indexed in porous FeAICrB and FeAICrBY. This
suggests that the alloying of B or B/Y probably
restrains the formation of y-Al,O; and 6-Al,Os, or
facilitates the growth of a-AlO;. Fe;Os is only

detected in porous FeAl. The diffraction peaks of
chromic oxides are usually superposed with those
of Al,Os3 and Fe;Os;, and thus cannot be identified
directly on the XRD patterns. Accordingly, it can be
speculated that the enhanced oxidation resistance of
porous FeAICrBY is due to the preferential growth
of a-Al,O; and the restraint of less protective Fe,Os,
y-A1203, and 9-A1203.

The XPS was carried out to analyze the
compositional and chemical states of superficial
oxide scales. As shown in Table 4, the surface of
these samples appears to be enriched in Al
compared to the bulk composition. With the further
addition of reactive elements (Cr/B/Y), the contents
of Fe and Cr in the superficial layers of oxide
scales decrease, while Al content increases. It is
noteworthy that the contents of B and Y elements
obtained by XPS are much higher than the nominal
compositions, which indicates that B and Y
elements may be enriched on the surface layers of
oxidized porous FeAlCrB and FeAICrBY samples.
Figure 7 shows the 2p core levels of Al, Cr, and Fe
for these materials. The Al 2p peaks with typical
values of 73.7-74.1 eV are identified as various
forms of Al,O; [28]. The Fe 2ps» XPS spectra of
the materials are found at 711.1-712.3 eV [29]. The
Cr 2p spectra can be divided into 4 peaks, 576.8,
579.2, 585.1 and 588.0 eV, corresponding to Cr,03,
CrO;, FeCr,04 and FeCr,O7, respectively [29].
Therefore, the oxide scales of porous FeAl are
mainly made up of Al,O; and Fe,Os (Fig. 7(a)),
while in the oxidized porous FeAlICr (Fig. 7(b)) and
FeAICrB (Fig. 7(c)), the dissolved FeCr,Os and
FeCr,O7 oxides can be detected. An additional
AlO3 shoulder peak with large shifts of 2.6—2.8 eV
is observed in the oxidized porous FeAlCrB and
FeAICrBY samples. Such phenomenon, usually
observed in the initial stages of oxidation of the
Al (111) surface [30], indicates that the selective

Table 4 Surficial chemical compositions (wt.%) of
porous FeAl, FeAlCr, FeAlCrB, and FeAlCrBY
materials after oxidation at 800 °C for 100 h by XPS
analysis

Material Fe Al Cr B Y O

FeAl 1.7 37 - - - 613
FeAlCr 1.5 376 1.6 - - 593
FeAICrB 0.8 384 124 18 — 577

FeAICrBY 02 433 02 09 03 551
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oxidation of Al and the preferred growth of Al,Os3
may occur during the oxidation of porous FeAICrB
and FeAICrBY. Interestingly, an intensive Al
metallic peak (Al°) is also found on the Al spectrum
of porous FeAICrBY, while the Fe 2p and Cr2p
spectra only show a poor signal-to-noise ratio,
suggesting that these signals are not from the
exposed zones where the protective oxide scale is
partially peeled off during the cooling stages. Given
the XRD analysis result, at least the superficial
layer of oxide scales mainly consists of a-Al,Os.
Figure 8 shows the surface morphologies of
these oxidized materials. The skeleton of porous
FeAl is covered with oxides and has a rough

appearance. Some “whisker-like” oxides [10] grow
epitaxially toward the skeleton surface, as marked
in Fig. 8(a). The evolution of the surface
morphology of porous FeAl is shown in Fig. S1.
After oxidation for 10 h, a fine equiaxed micro-
structure is observed, indicating that Fe and Al are
synchronously oxidized. The surface of the sample
oxidized for 50 h shows a “cabbage-like” structure,
probably formed by the sintering of mixed Fe
oxides and platelet y-Al,O; precursors [10]. It is
suggested that the platelets are the results of an
outward diffusion and oxidation of Al across
the Fe-oxide grain boundaries [31]. In the sample
of FeAl oxidized for 100 h, the sintering of the

Fig. 8 SEM images of porous FeAl (a, b), FeAlCr (c, d), FeAICrB (e, f), and FeAICtBY (g, h) materials oxidized at

800 °C for 100 h
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“cabbage-like” oxides is further developed, and
some platelet-shaped oxide crystals can still be
observed (Fig. 8(b)). According to the XRD
retrieval, the oxide scales of porous FeAl are
actually composed of defective Fe,Os, y-Al,Os3, and
0-Al,03, which explains the high oxidation kinetic
of porous FeAl.

Porous FeAlCr after 10 h oxidation also shows
overall flat oxide scales on the surface of the porous
framework (Fig. S2(a)). However, some oxide
protrusions appear in some regions where the
contents of Al and O are higher than those in flat
regions, indicating the outward diffusion and
oxidation of Al. The flaky characteristics of the
oxides suggest these oxides can be the nucleated
y-AlL,Os [10] (Fig. S2(b)). After 50 h, these oxide
platelets occupy nearly the entire surface of the
porous skeleton (Fig. S2(c)). After 100 h oxidation,
although porous FeAlCr gains less oxidation mass
increment compared with porous FeAl, the integrity
of the oxide scales is poor and the peeling occurs
extensively on the porous skeleton surface
(Fig. 8(c)). At higher magnification (Fig. 8(d)), it is
seen that the oxide platelets increase in size with
oxidation time. EDS analysis (Table S1) reveals
that these platelet-like crystals are composed of Al,
O as well as trace Fe and Cr. The regions of oxide
scales peeled off display the relatively higher
contents of Fe and Cr, showing a duplex oxide-
scale structure with the compact inner layer and
the supercrust platelets. These observations are in
good agreement with those reported by KADIRI
et al [10]. In the Fe—Cr—Al system, it has been
confirmed that the presence of Cr can produce the
Cr-induced Al-pump [17], accelerating the outward
diffusion of Al and the preferential formation of
AlLO; scales. However, the outer AlLO; scales
comprosed of highly defected plate-like y-Al,O3
provide limited resistance to oxidation. The
improved antioxidation property of porous FeAlCr
should be the result of the inner dense layer of
oxide scales.

The morphologies of oxide scales formed on
porous FeAlCrB and FeAICrBY skeletons at
800 °C are quite different from those on porous
FeAl and FeAlCr. The oxide scales of these two
materials consist of nodular oxides (Figs. S3 and
S4) [17]. In the initial oxidation process, nodular
oxides, with higher Al content than the nearby flat
oxidized region (Tables S2 and S3), grow

epitaxially on the surfaces of porous FeAICrB and
FeAICrBY skeletons. As oxidation proceeds, these
nodular oxides increase both in size and number.
After oxidation for 50 h, the nodular oxides are
predominant. The composition analysis shows that
the proportion of Al element in both nodular and
flat regions is also improved. Furthermore, the
contents of Fe and Cr in the Al-rich oxide scales of
porous FeAICrBY are lower than those of porous
FeAlCrB, which agrees with the XPS analysis
results.

As shown in Figs. 8(e, f), after oxidation for
100 h, the overlying oxide scales on porous
FeAICrB skeleton are dense and integral. The oxide
scales are made up of nodular oxides adjacent to
each other. However, some micro-cracks can be
found among the nodular oxides (Fig. 8(f)), which
can be attributed to the growing stress of thickened
oxide scales during cooling stage or volatilization
of boron oxides at high temperature [32,33].
Figures 8(g, h) show that the distribution density of
nodular oxides and the thickness of the oxide scales
of porous FeAlCrBY are lower than those of porous
FeAICrB, indicating the lower oxidation kinetics
and the effective role of reactive element Y.

These isostructural nodular oxides are verified
as a-AlbOs; by XRD (Fig.6). Some researches
reported that Fe-oxide nodules formed at the initial
stage of oxidation can serve as crystallographic
templates for the subsequent oxides [10,11,17].
When considering the evolution of oxide-scale
morphologies of porous FeAICrB and FeAlCrBY,
it is speculated that the corundum-structure
AlOs3 should be directly generated rather than
transformed from the metastable oxide phases.
Some research [14,34] also revealed that a-Al,O3
could be formed at the interface between the metal
and oxide scales at relatively low temperatures after
the formation of continuous covering oxide scales,
benefitting from the reduced oxygen partial
pressure and the crystallographic template effect of
0-Fe;0O3 or a-Cr;03. Obviously, the formation of
protective a-AlO; scales on porous FeAlCrB and
FeAlICrBY is mainly due to the introduction of B.
Meanwhile, coalloying of B and Y further modifies
the integrity of a-Al,O; oxide scales via eliminating
the micro-cracks between nodular oxides, which
can account for the reduced oxidation rate of porous
FeAICrBY.
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3.5Rolesof Band Y

Figure 9 shows the element distributions of the
four oxidized materials along the thickness
direction. With the introduction of Cr, B, and Y, the
thickness of the oxide scales decreases from about
2.0 to 1.0 um, which corresponds to the mass gain
results. The oxide scales of these materials can all
be partitioned into the inner layer composed of Al,
Cr, and Fe oxides and the outer layer mainly
composed of Al,O; with a trace amount of Fe or
Fe/Cr oxides. With the addition of reactive elements
(Figs. 9(b—d), the contents of the doped Fe or Fe/Cr
in the ALO; scales of porous FeAICrB and
FeAICrBY are significantly reduced, consistent
with the XPS (Fig. 7) and EDS (Tables S1, S2 and
S3) analysis results. This suggests that the
formation of less defective external Al,O; scales
protects the gracile porous skeleton against
oxidation.

Moreover, it is noted that B is enriched on the
surface of oxide scales of porous FeAlICrB
(Fig. 9(¢c)), indicating that during oxidation boron
diffuses from the bulk to the surface and
participates in the formation of oxide scales. In
FeAl-based alloys, boron tends to segregate in and
strongly interact with the grain boundary, vacancy,
dislocation, and other defects to reduce the
diffusion of alloying elements [35]. During
oxidation, the contents of Fe, Cr, and Al are much
higher than the content of B, so the in-situ oxidation
of Fe, Cr, and Al at the initial stage is inevitable.
In general, the outward transport of Al to the
surface is mainly accomplished by the vacancy
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mechanism [36]. Meanwhile, above 800 °C, the
diffusion rate of B is faster than that of vacancies.
Hence, an enriched layer of boron can be formed on
the surface of porous FeAlCrB or FeAICrBY, which
hinders the absorption of oxygen atoms and sharply
reduces the oxygen partial pressure. Thus, the
proliferation of Fe/Cr oxides is difficult and only Al
with stronger oxygen-binding ability can be
oxidized. As a result, the external oxide layers of
porous FeAlCrB or FeAICrBY samples are almost
single alumina layers.

In Fig. 9(d), it is seen that Y is enriched on the
interface of the inner layer and outer layer, which
accords with a theoretical study [37] which states
that due to the large ionic radius of yttrium
compared with that of aluminum ions, yttrium ions
are located at the scale—metal interface and can
block cation vacancy diffusion in the scale.
Compared with Y-free alloys, yttrium alloying can
suppress the outward lattice transport of aluminum
ions through the scale and allow inwardly
transporting oxygen to reach the scale metal
interface via the grain boundaries of a-Al,Oj3 scales.
Thus, less stress is produced in oxide scales and the
adhesivity of oxide scales to the substrate can be
increased, which contributes to the reduced
oxidation rate.

Table 5 summarizes the phase compositions of
the oxide scales of a series of FeAl-based alloys
during oxidation at high temperatures. Whether for
FeAl, FeCrAl alloys or FeAlCr alloys with the
minor additions of various reactive elements such
as Zr, B, Y, Ti, and Si, the single a-Al,Os scales are
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Table S Comparison of phase compositions of oxide scales of FeAl-based alloys during oxidation at high temperatures

Alloy composition Oxidation temperature/°C Phases of oxides Ref.
900 9-A1203, OC—A1203
B2-FeAl (38]
1000 o-AlL O3
950 0—A1203, a—A1203
B2-ODS FeAl [38]
1000 o-AlL O3
Fe—15Cr—10Al, Fe—13Cr—17Al, 1100 ALO [39]
Fe—11Cr—25Al, Fe~7Cr—40Al (at.%) s
800 9—A1203, y—A1203
Fe—25.27A1-5.48Cr—
900 -ALOs, 0-ALOs, a-AlLO 8
0.068Z1—0.012B (wt.%) Jrs, AR, GRAR 8]
1000 o-AlL O3
Fe—21.3Cr-5.1A1-0.08Ti—0.03Y—
900 -Al, O3, y-AlL,O 40
0.06Zr—0.3Si-0.03C—0.01Mg (wt.%) A, PR [40]
Fe—10Cr—22.5A1-0.2B
’ 800 -AlL,O Thi k
Fe—10Cr—22.5A1-0.2B—0.2Y (wt.%) aARs 18 wot
only found at oxidation temperatures above  Acknowledgments

1000 °C [8,38—40]. In this study, with the aid of
relatively high contents of Cr, B, and Y, porous
FeAl intermetallics can produce single a-AlO;
oxide scales when oxidized at about 800 °C in air.

4 Conclusions

(1) Alloying elements Cr, B, and Y were
introduced into the synthesis of porous
B2-structured FeAl intermetallics after sintering
these alloying elements are well dissolved in FeAl
phase. The addition of Cr, B, and Y to the Fe—Al
binary alloy also facilitates the pore forming
process.

(2) The oxidation mass gain of porous FeAl
alloyed with Cr, B, and Y can be reduced to 0.39%
after being oxidized at 800 °C for 100 h. Porous
FeAICrBY shows a preferable pore-structure
stability and resistance against high-temperature
oxidation.

(3) The nodular a-Al,O; oxide scales are
formed on the 800 °C-oxidized porous FeAlCrB,
while the coalloying of B and Y further modifies
the integrity of a-Al,O; oxide scales via eliminating
the micro-cracks.

(4) The oxide scales of porous FeAICrBY have
a duplex structure. B is enriched on the surface of
oxide scales and Y is located at the scale—metal
interface. The coalloying of B and Y promotes the
formation of thin protective alumina layer.
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