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Herein, the isothermal oxidation of MnyAlB; and Fe,AlB, MAB phases in air was studied. When oxidized at 700
°C, the weight gain kinetics for MnyAlB; are sub-cubic up to 96 h as a result of the formation of a Mny 4Al,O3
protective layer. Severe spallation of the oxides formed was observed at 800 °C and 900 °C, limiting its service
temperature. The oxidation kinetics at 900 °C, for Fe3AlB, become sub-parabolic beyond 60 h due to the for-
mation of a passivating Al4B20g9 with excellent corner adherence. At both 800 °C and 1000 °C, however, the

oxidation is rapid and severe. Therefore, both Mn,AlB, and Fe,AlB, may be used in practical application up to
700 °C and 900 °C, respectively. As far as we are aware, FepAlB; is the second transition metal boride that is
oxidation resistant at 900 °C; the first, MoAlB, is also a MAB phase.

1. Introduction

Layered ternary transition metal boride (MAB) phases, where M is a
transition metal (mostly group 6-8), A is Al, and B is boron, have
garnered increasing attention owing to their unique properties [1]. They
crystallize with different structural chemistries. The MAB phases studied
herein, MnAlB, and FeyAlBy, have a MyAB, (space group Cmmm)
chemistry. Becher et. al [2] discovered Mn,AlBy; Jeitschko [3] and
Kuz'ma [4] discovered FepAlB,. According to Ade and Hillebrecht [5],
the MAB structure consists of M-B blocks of face-sharing BMg trigonal
prisms interleaved with either A-atom planes or intermetallic A layers.

We present the current, though limited, research related to the effect
of oxygen partial pressure on the thermal stability as well as the
oxidation behavior of the MnAlB, and FepAlB, phases, respectively.
Kota et al. [6] investigated the thermal stability of MnyAlB; and reported
it peritectically decomposed into the binary MnB and Al-based inter-
metallic Al;pMng at T > 1100 °C in nitrogen (N») and at T~1100 °C in
argon (Ar) atmospheres. Cedervall et al. [7] investigated (Fe;xMn-
»)2A1B5 substitutional solid-solution and showed a decrease in decom-
position temperature under Ar from 1242 °Catx =0, to ~1200°Catx =
0.5to ~1100 °C at x = 1. Said otherwise, the addition of Mn reduces the
stability of FeyAlBs.

Liu et. al. [8] reported that Fe,AlB, also peritectically decomposes in

an Ar atmosphere at T = 1236 °C into FeB, FeAls, and AlB;,. Verger et al.
[9] concluded that HCl-treated FeyAlB, powder decomposed - at tem-
peratures as low as 600 °C in N atmospheres - into FeB, AIN and some
small amounts of a—alumina, a-Al,O3. These results are consistent with
those of Kota et al. [10]. The large variations in decomposition tem-
perature between bulk samples and powders under different atmo-
spheres highlights that the thermal stability of FeyAlBy is
kinetics-limited.

There has been no work on the high-temperature oxidation behavior
of MnyAlB, or Fe,AlB,. Benamor et al. [11] demonstrated friction-wear
tribo-oxidation by dry-sliding MnyAlB, against different ceramic and
steel components. The dry sliding of MnyAlB, across WC, Al;O3, and
SigNy resulted in tribo-oxidation and Raman signals for Mn3gO4 and
MnOs; in the tribo-oxides.

One of the factors affecting the adhesion of oxide films is the thermal
expansion mismatch between the oxide and substrate. Using in situ high-
temperature, x-ray diffraction (XRD), Verger et al. [9] reported the
linear thermal expansion coefficients (CTEs) of Mn,AlB, and Fe,AlB; to
be 14.0 x 10°° K! and 10.3 x 107® K™}, respectively. For Al,05 and
AlsBOg the average CTEs are 8.5 x 10° K ! and 6.1 x 10°° K’l,
respectively [12,13].

The aim of this work is to report, to the best of our knowledge, for the
first time on the bulk isothermal oxidation behavior of the Mn,AlB, and
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Fe,AlB; MAB phases to evaluate their maximum service temperature in
practical applications.

2. Materials and methods
2.1. Synthesis

The samples were synthesized by mixing the appropriate reagents in
the molar ratios listed in Table 1. The detailed synthesis procedure for
Mn,AlB; has been described elsewhere [6]. In brief, the reactant pow-
ders with the molar compositions listed in Table 1 were ball-milled for
24 h with a 1:1 wt ratio of ZrO, milling balls. Fe, Al, and B powders were
mixed in the same method. The powders were inserted into a 38.1 mm
diameter graphite die, coated with boron nitride (BN) as a release spray
and layered with graphite foil. The MnAlB, powders were stacked on
top of their Fe counterparts, with a graphite spacer between them. The
powder mixtures were reactively hot-pressed (HPed) under a load cor-
responding to a pressure of ~ 36 MPa applied 15 min after reaching the
dwell temperature. The heating rate was 6.7 °C/min, with a dwell time
of 2 h at 1050 °C. After furnace cooling, the surfaces of the samples were
ground using coarse diamond pads (120 grit) to remove any residual
graphite foil bonded to the surface.

2.2. Oxidation tests

The HPed MnyAlBy and FeyAlB, samples were diamond cut and
electrically discharge machined (EDM) into 8.2 x 4.8 x 3.2 mm® and 8.4
X 4.4 x 2.9 mm?> rectangular slabs for the box-furnace tests, respec-
tively. The thermogravimetric analysis (TGA) test samples were
machined to 4.1 x 4.8 x 3.2mm>and 4.2 x 4.8 x 3.2 mm?, respectively.
Prior to the oxidation tests each slab was polished with 400-1200 grit
SiC paper to remove machining residue and improve the surface finish

Two types of oxidation tests were carried out: the first used a box
furnace, and the second used TGA. In the former, the samples were
placed in Al;O3 crucibles and heated, in air in a box furnace, at 5 °C/min
to 700, 800, 900, and 1000 °C. The heating rate was chosen to minimize
transient oxidation during heating while mitigating thermal shock. After
a prescribed oxidation time at the various temperatures, the alumina
crucible were removed from the furnace and weighed. Said otherwise,
we used one sample per time interval and temperature.

The TGA oxidation experiments were carried out at room tempera-
ture (RT) and above, utilizing Labsys by Setarem operating in contin-
uous mode, with a-Al,O3 crucibles. The measurements were carried out
in continuous mode at 800-1000 °C at 10 °C/min with a 15-96 h
isothermal hold at the soak temperature in simulated air (20/80 oxygen/
nitrogen mixture by volume). We used a faster heating rate for the TGA
than for the box furnace to minimize the rapid oxidation transient
during heating. The TGA samples were smaller, allowing for faster
heating without significant thermal gradients within the sample. The
TGA instrument provided precise and rapid thermal control, enabling
faster heating rates without overshooting the soak temperature. For each
oxidation experiment, two runs were carried out at each oxidation
temperature. The first run was carried out with an empty crucible as a
baseline correction, while the second run was carried out with a sample
in the crucible. TGA weight gain curves were corrected by subtracting

Table 1
Specifications of powders and processing parameters used for synthesis of
Mn,AlB; and Fe,AlB,, respectively. All powders were procured from Alfa Aesar.

Reagent Moles Purity (metal basis) Particle Size (um)
Al 1.2 99.5 % <44
B? 2 98.0 % < 44
Mn 2 99.6 % <10
Fe 2 98.0 % < 44

# Crystalline and amorphous.
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the first run from the second run.
2.3. Characterization

XRD patterns were obtained using a powder diffractometer (Smar-
tLab, Rigaku Corp., Tokyo, Japan) with Cu-Ka radiation in Bragg
Brentano scan mode. XRD patterns of the bulk MnyAlB, and FeyAlB,
samples were obtained before and after oxidation. The samples were
scanned in the 20 = 10-70 ° range, with a step size of 0.02 ° and a dwell
time of 4 s per step.

Rietveld refinement was conducted using the BGMN suite within the
Profex user interface in the 20 = 15-65° range [14,15]. The diffrac-
tometer’s instrumental peak-shape function parameters were deter-
mined by using a lanthanum hexaboride (LaBg) standard (NIST 660b).
Details of the BGMN refinement model are provided in the Supple-
mentary Information. The refined parameters are the background co-
efficients, profile shape, sample displacement, phase fractions, scale
factors with preferred orientation correction, crystallite size, and lattice
parameters, LPs. Refinement results were evaluated by weighted profile
R-factor, Ryp, statistically expected R-factor, Rexp and reduced
chi-squared, Xz (see Fig. S5-S12 and Table S2)

The fractured oxidized samples were cold-mounted in epoxy and
ground, first using 240-1200 SiC grit paper, and then down to 1 um with
a diamond suspension. Micrographs and elemental compositions, of
mostly cross-sectional maps, were obtained using a scanning electron
microscope, SEM (Zeiss Supra 50 VP, Carl Zeiss SMT AG, Oberkochen,
Germany), equipped with an energy-dispersive X-ray spectroscope, EDS,
(Oxford EDS, Oxfordshire, United Kingdom). The EDS was calibrated
using an Al,O3 reference. The EDS values reported represent a combi-
nation of spot and area scans selected from various regions on the
samples polished to 1 pm. An accelerating voltage of 12-20kV and a 60 s
dwell times were used for the EDS measurement at a 15 mm working
distance and 30-60 pm aperture size. The phase fractions of the various
phases were determined from SEM micrographs using the ImageJ soft-
ware package. The reported phase fractions represent the average of 3
measurements on various parts of the sample using image contrast,
which was then converted to weight percentages.

XPS spectra were recorded using a photometer (VersaProbe 5000,
Physical Electronics, Chanhassen, Minnesota, USA). The samples were
analyzed before and after Ar+ sputtering. The sputtering was carried out
using a 2.00 kV Ar+ ion beam for 60 s. The samples were mounted on an
Al stub via carbon tape. Monochromatic Al-Ka X-rays, with a pass energy
of 23.50 eV, a step size of 0.50 eV, 0.2 s step time and a spot size of 200
pm, were used to irradiate the sample surfaces. Five scans were obtained
for each region. The CasaXPS Version 2.3.23PR1.0 software was used for
peak fitting and chemical compositional analysis. The obtained spectra
were calibrated by setting the valence-band edge to zero. This was
performed by fitting the valence edge with a step-down function and
setting the intersection to 0.00 eV [16]. The C 1 s spectra were calibrated
to a binding energy, BE, of 285.00 eV. The oxide peaks were fitted using
a symmetric Gaussian/Lorentzian line shape. The background was
determined using the Shirley algorithm.

3. Results and discussion
3.1. Composition and structure

SEM micrographs of the polished, reactively HPed samples (Fig. 1)
confirmed that the samples were dense with small amounts of impurity
phases. In the Mn-based samples, the EDS chemistry is MnsAlg 92Bo and
the main impurities were 5+5 wt% Al,O3 and 2+5 wt% MnAl; g
(Fig. 1a). The composition of the B element is assumed to be in accor-
dance with its theoretical stoichiometry. The detected Al;03 was a result
of the aluminothermic reduction of native metal oxides present on the
precursor powders.

In the Fe-case, the EDS chemistry is FepAl; ¢2Bs. In this case, the main
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Fig. 1. Cross-sectional, backscattered electron SEM micrographs of hot-
pressed, a) MnyAlB,, and b) Fe,AlB, samples. * B composition is assumed to
be the stoichiometric value.

impurity was 845 wt% FeAl, g4 (Fig. 1b). Here again, the composition of
the B element is assumed to be in accordance with its theoretical
stoichiometry.

Before discussing the oxidation results in detail, it is important to
note that at temperatures > 700 °C, the MnyAlB; oxide layers spalled
quite readily (See Table 2). Thus, in what follows, most of the discussion
will focus on the 700 °C oxidation test, where no spallation was
observed. The other results are shown in Supplementary Information
(Figs. S3, and Table S1).

The XRD patterns of the Mn,AlIB, and Fe;AlB, samples oxidized in
the 700-1000 °C temperature range (see Fig. 2a-b and Figs. S1-52)
showed the formation of multiple oxides. Detailed phase fractions ob-
tained by Rietveld refinement are found in the Supplementary Infor-
mation (see Fig. S5). In the case of MnyAlB, oxidized at 700 °C for 6 h,
the main phase observed was MnyOs. Additionally, a smaller fraction of
Mn,BO4 was detected, as indicated by the ratio of the highest peak for
Mny03 (at ~32.9 °) to MnyBO4 (at ~33.5 °) in Fig. 2a and Fig. S1.

The presence of some Mn304 cannot be discounted at this time. This
oxide layer was thin enough that the underlying Mn,AlIB, substrate

Table 2
List of observed spallation for oxidized Mn,AlB, and Fe,AlB, samples at
700-1000 °C after 6-300 h.

Mn,AIB, Fe,AlB,

Temp. Time (h) Spallation Temp. Time Spallation
(9] (9] (h)
700 6,24 & 48 No 800 96 Minor
800 48, 96 & Yes 900 96,300 No

150
900 6, 48, 96 Severe 1000 96 Minor
1000 15 Reacted with

crucible
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Fig. 2. XRD patterns of unoxidized and oxidized samples of, a) Mn,AlIB, in the
700-900 °C temperature range at various times indicated on figure, and b)
Fe,AlB, at 900 C for 96 h and 300 h and after 1000 °C for 96 h.

peaks were detectable. After 96 h of oxidation at 700 °C (blue pattern in
Fig. 2a), the substrate and Mn3O4 peaks diminished with no major
changes in the oxide species formed. Peaks corresponding to MnyBO4
were also present (Figs. Sla and S1b).

For Mn,AlIB; and up to 96 h of oxidation, the oxide species at 800 °C
matched those at 700 °C, albeit with little Mn3O4 peaks at 800 °C
(Fig. 2a and Fig. S1c). Whereas for Fe;AlB,, at 800 °C and 1000 °C the
oxidation was severe and rapid (Fig. S4) with no detectable a—Al;O3
formation (Fig. 2b).

For MnyAlBy, at an increased temperature of 900 °C, after 6 h
(Fig. Sle) of oxidation, the dominant crystalline oxide phase became
Mn304 (Fig. 2a and Fig. Sle). After 96 h of oxidation at 900 °C (Fig. 2a
and S1f), the predominant oxide formed was Al;gB4O33 with some
Mn30;4 also present. Conversely, for Fe,AlB, at 900 °C, clear evidence of
the formation a—AlyO3 is present at all times, in addition to peaks cor-
responding to the substrate (Fig. 2b and Fig. S2a-b). However, some
peaks remained unidentified. After oxidation for 300 h, peaks corre-
sponding to the Al;gB4O33 phase became more prominent (Fig. 2b and
Fig. S2b). Remarkably, strong peaks corresponding to the substrate
persisted after 300 h of oxidation at 900 °C (Fig. 2b and Fig. S2b).

After oxidation at 1000 °C for 96 h, clear evidence for the formation
of the Al4B>09 and Fe;O3 phases was observed; the Al,O3 peaks dis-
appeared and the Al;gB4O33 peaks were greatly reduced (Fig. 2b and
Fig. S2c). The presence of Al4B2Og (i.e. 2Al,03-B203) and the disap-
pearance of Al;O3 (Fig. 2b and Fig. S2¢) is an important result because it
indirectly implies the presence of B,O3 followed by a subsequent reac-
tion between it and Al,Os.
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3.2. Oxidation kinetics

The time, t, dependence of the mass gain per unit area, AW/A, ob-
tained from the box furnace (Fig. 3a-b) and the TGA (inset of Fig. 3b)
was analyzed through power law kinetics, assuming the following
relationship was operative,

AW

1 Kt (€8]

where k’ and n are the power law rate constant and rate exponent,
respectively. The TGA oxidation results for MnyAlB, at 800-1000 °C
were severe and rapid and were therefore omitted. The area-normalized
weight gain curves of MnyAlB,, on a linear scale at 700 °C, are shown in
Fig. 3a. The same results plotted on a log scale are shown in the inset of
Fig. 3a. From the inset, the rate exponent is calculated and listed in
Table 3 to be 0.13, which is remarkably low, suggesting that the
oxidation halts at 700 °C. It follows that at this temperature, Mn,AlB; is
oxidation resistant for at least 96 h.

As discussed later, from XPS analysis (Table 4) we conclude that after
6 h, the oxide formed is Mn; gsAly 1503. If that is the case, then it is
reasonable to conclude that the oxidation reaction at the lower tem-
peratures is:

MnyAIB; + 3.73 O3 — Mnj gsAlg 1503 + 0.075 MnyBO4 + 0.425 Al,O3 +

0.96 ByO3 @)
4 ] T T 2 'l T . T T
. 1a mo°c
83} I
oh
g
= “r 10 Time (h) 100 |
-
(11% l I i
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Fig. 3. Weight gain per unit area for, a) Mn,AIB, and b) Fe,AlB,. Furnace runs
are shown as solid lines linking individual data points. Insets show the same as a
and b in logarithmic scale. The TGA results are shown by red dashed lines.

Table 3
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Oxidation weight gain rate constants and exponents derived by least-squares
regression fitting of experimental results (Fig. 3) for Mn,AlB, and Fe,AlBo.

Power Law
Sample Time (h) T (°C) k€ n R?
Mn,AlIB, ? >6 700 6.0+ 1.0 0.13+ 0.02 97 %
Fe,AlB, ? > 96 900 2.6+ 0.1 0.42+ 0.01 -
Fe,AlB, b > 60 900 3.3+ 0.1 0.46+0.01 99 %
FeoAlB, b < 60 900 0.7+ 0.1 0.85+0.01 99 %
@ Furnace
> TGA

€ x 103 kgm—2""

Table 4

XPS surface chemical composition after sputtering for oxidized Mn,AIB, at 700
°C after 6 h and Fe,AlB, at 900 °C after 24 h as compared to corresponding EDS
composition (last column).

Substrate  Element  After Sputter Matched phase
(at%) From XPS From XRD and
SEM
Mn,AIB, C 7.1 Mny ,Al,O3 + small Mnj ,Al,O3
[¢] 57.1 amount of B,O3 +MnyBO4
B 5.0
Al 4.3
Mn 26.6
Fe,AIB) 01s 62 AlB;0g + By05 Fe,03 +Al,03
Al 2p 25 +
B1s 13 Al4B>0g

1 The Fe signal in the XPS after oxidation was quite low.

or more generally,

MnsAlIBs + 1/8 (30-x) O5 — Mny.xAlO3 + x/2 MnoBO4 + (1/2 — x/2)
Al,O3 + (1 - x/4) BoO3 3)

At 900 °C, and presumably higher temperatures, the Al,03 and ByO3
react to yield Al4B,09 which modifies the reaction to:

MnAIB; + 3.73 Oy — Mnj gsAlg.1503 + 0.075 MnyBO4 + 0.21 Al4B2Og
+ 0.75 B203 )]

Note these reactions cannot be balanced without the formation of
B,03 and Al,O3. The absence of any XRD evidence for Al,O3 suggests
that it dissolves in the Mny xAl,O3 phase. At 700 °C, the solubility of Al in
MnyO3 is ~ 34+2 at% [17,18].

At higher temperatures, the Mn oxidation state shifts from +3 to-
wards +2.67; a shift that is consistent with the fact that at 1 atm, Mn3Oy,
rather than Mn,0s, is the stable oxide [19-22]

Reactions 2-4 account for the fact the majority phase, at short times,
is Mny 4AlyO3, with smaller amounts of MnyBO4 (Figs. 2a and 4a). At
longer times, a de-mixing of sorts occurs, where a Mn-rich oxide phase is
found near the surface and an Al-rich one is found near the oxide/sub-
strate interface (Fig. 4c). It is currently unclear whether these oxides
have the same structure. Demixing also takes place in other oxides like
(Ni,Co)O and (Mg,Co)O, as described by Yurek and Schmalzried
[23-26].

Schmalzried explained that when a homogeneous solid solution of
(A,B)O is exposed to an oxygen activity gradient, it leads to a flux of
cation vacancies, causing kinetic demixing. This defect flux results in
two outcomes: (1) the entire crystal shifts towards the side with higher
oxygen activity, even though the oxygen ions are practically immobile.
(2) Because the hopping frequency of a vacancy to a neighboring cation
site is higher for one cation species than the other, the vacancy flux
transports the faster cations towards the side with higher oxygen ac-
tivity, where vacancies are formed at the sample surface, leading to
demixing. A steady-state demixing profile is established after a period of
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—
50 pm
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Mn, ¢O4

700 °C, 48 h

MngyAlg30;5 %

®
Mn,,Al, ;0;

700 °C, 96 h

Fig. 4. Backscattered electron SEM micrographs of oxidized Mn,AlB, polished
cross-sections after oxidation in ambient air at 700 °C after 6 h to 96 h as
indicated in the panels. Insets are lower magnification micrographs.

incubation. The diffusional flux of cations down their concentration
gradient is counterbalanced by the uphill flux of the faster cations
caused by the vacancy flux in the oxygen potential gradient.

After oxidizing Mn,AlB; at 900 °C for 96 h, two ternary compounds,
Al1gB4033 and Al4B209, were formed. In our previous work we showed
the structural similarity between various MAB phases [1]. In the MoAIB
case, the oxidation product was also identified as Al;gB4O33, and the
formation and evaporation of BoO3 was assumed [12]. There is no evi-
dence to suggest otherwise in the MnyAlB; case as well. Details on the
influence of B,O3 evaporation as predicted by the chemical reactions are
found in the Supplementary Information and Fig. S13. This comment
notwithstanding, the exact contribution of B5Os3 to the oxidation kinetics
presented herein would require mass spectroscopic investigation and is
outside the scope of this work.

In most of our work on the MAX phases [27-29], and now the MAB
phases, the main reason why some of them are oxidation resistant is the
selective oxidation of Al, which leads to the formation of an Al,O3 layer.
It is thus interesting to note that, reactions 2-4 notwithstanding, at short
times, the oxides formed — Mny 4Al;O3 and MnyBO4 — are not alumina
based. In that sense, this is new.

For FeyAlBy, somewhat surprisingly, at 900 °C, a passivating oxide
did form. The oxidation kinetics (Fig. 3b) of this compound appear to
change at t ~ 60 h. At shorter times, n = 0.85, and is thus relatively high
(inset in Fig. 3b). At t > 60 h, with n values between 0.42 and 0.46 (inset
of Fig. 3b, Table 3) the kinetics are subparabolic and consistent with the
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formation of a passivating a—Al,O3 up to 300 h of oxidation (Fig. 5a and
d).

According to the XRD results, at shorter times and lower tempera-
tures, Al,O3 and FeyOs are present. If one also ignores Fe-based oxide
solid solutions, then a simplified oxidation reaction for Fe;AlB, at 900
°Cis

4 FesAlBy + 15 Oy — 4 FesO3 + 2 Al,O3 + 4 BoO3 (5)

At 1000 °C, Al,03 and B,O3 reacted to form Al4B5Og for the overall
reaction:

4 FeoAlBy + 15 Oy — 4 FesO3 + AlyB50g + 3 BoO3 (6)

At temperatures of 900 °C, and higher, B,Oj3 is presumed to evapo-
rate. [30,31]

3.3. Scale morphologies and phase composition

For the MnyAlB, composition after 6 h of oxidation at 700 °C, a
multiphasic oxide layer formed. For the most part, the thickness of that
layer was 3+2 um (inset of Fig. 4a). In some regions, however, thicker
mounds, ~ 10 um thick, formed (Fig. 4a). After 48 h of oxidation, a 9
+2 um thick oxide layer formed (Fig. 4b). Extending the oxidation to
96 h, slightly increased the thickness of the multiphase oxide layer
(Fig. 4c). At longer oxidation times, the thicknesses of the oxide layer
were more uniform (e.g. inset of Fig. 4c)

Before discussing the scale compositions determined by EDS, it is
important to note that the oxide scales formed are multiphasic, and at
such a fine scale, it is difficult to pinpoint the exact phases formed. The
presence of B in some of these oxide layers (see Fig. 2 and Fig. S1), which
cannot be quantified using EDS, adds another layer of complexity. To
address this problem in what follows, and in the various micrographs
shown herein, we simply list the chemistries obtained from EDS. This
comment notwithstanding, the darkest regions shown in Fig. 4a, b and ¢
tentatively match AlyOs.

The results of the EDS measurements are shown on Fig. 4 and Fig. S3.
For reasons that are not understood, some compositions appear to be
improbable. Looking at the totality of the results (Fig. 4 and Fig. S3) the
following are important points: i) the outer oxides are Mn-rich and Al-
poor; ii) layers adjacent to the substrate are Al-rich and in many cases
can be identified as Al;Os; iii) the intermediate layers contain roughly
equal amounts of Al and Mn.

Comparing these results with the XRD patterns (Fig. 2a), we
conclude that, at short times, the Mn atoms react with O first forming
Mny03/Mng xAlyO3 and MnyBO4. At higher temperatures and longer
times, MnyBO4 disappears and is replaced by Mn3O4 (Fig. 2a and
Fig. S1). Simultaneously, alumina-rich phases, Al;gB4O33 and/or
Al4B20g form near the oxide/substrate interface. Based on the oxidation
kinetics these oxide layers render MnyAlB, oxidation resistant at 700 °C.

Analysis of the substrate grains underneath the oxide (Fig. S3g)
shows the formation of columnar grains that are depleted in Al and O but
rich in Mn (e.g. MnAl 30 3 in Fig. S3g). The diffusion of O and deple-
tion of Al induces near axial grain growth consistent with diffusion-
induced grain boundary migration [32,33]. Much more work, that is
beyond the scope of this paper - is needed if proper understanding is
sought after.

SEM micrographs of an oxidized Fe,AlB, sample at 900 °C for 96 h
show a continuous Al; 2303 layer, 5+2 pm thick (Fig. 5a and c). The EDS
O:Al ratio of 3:1.23 is less than expected for Al;O3, even though the EDS
was calibrated with an Al,O3 reference. The oxide composition is
revealed by XPS to be Al4B20g and not Al,O3 (Table 4). As discussed in
the next section, the measured XPS Al:B molar ratio, at ~ 2:1 (Table 4), is
that of Al4B50o.

When combined with the XRD, EDS, and SEM results, it is reasonable
to conclude that the passivating phase in this case is arguably Al4B,Og
and not Al,O3. This, in turn, suggests that the Al and B are selectively
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Fig. 5. Backscattered electron SEM micrographs of oxidized Fe,AlB, polished cross-sections after isothermal oxidation in natural air at 900 °C for 96 h (left column)

and 300 h (right column).

oxidized by diffusing outward. The lack of a Fe signal, in the outermost
protective layer implies that oxidation did not occur by O diffusion
inwards.

This layer also protected the corners; excellent adherence is observed
at the corners with no sign of spallation (Fig. 5c¢). However, this layer
was not uniform in thickness. In some sporadic locations, quite large, 50
+20 ym nodules formed (Fig. 5b and e). According to EDS, their
chemistry appeared to be Fej g3Aly.1503 (~Fey03) (Fig. 5e) and/or a
solid solution between Fe;O3 and Al,Os3 viz. Fej 1Al 403 (Fig. 5b).

Localized regions of FeAlj 30 4 (Fig. 5a) are also detected between
the outer oxide layer and the substrate. Chemical inhomogeneities in the
substrate most probably contribute to formation of the nodules (see
Fig. 1), though more investigation is needed to confirm this conclusion.
For example, Fe-rich regions could interfere with the formation of a
protective Al4B,Og layer. The presence of Fe in the nodules implies that,
in this case, the oxidation occurs by the inward diffusion of oxygen.

Most notably extending the oxidation time to 300 h at 900 °C
(Fig. 5d-f) resulted in little growth of the baseline Al4B2Oq layer to 5
+2 um (Fig. 5d). The same is true of the nodules; they do not appear to
grow much with time (compare Fig. 5b and e).

The Al content in Fe-Al alloys must exceed 9 at% to form continuous
AlyO3 layers [34,35]. Xu et al. and others further showed that the Al
content must exceed 15-20 at.% to suppress Fe,O3 nodule formation at
800 °C [36,37]. Those findings are consistent with ours for Fe,AlB, with
a 20 at% Al (17 wt% Al) concentration. FeoAlB, formed continuous
Al503 but sustained some Fe,O3 nodules.

The parabolic rate constants are k= 3.1+0.3 x 107 and 6.2 x
107° kg?m *s~! for Fe,AlB, at 900 °C and Fe-10Al (i.e. 10 at% Al) at
1000 °C, respectively. The Al,O3 thicknesses were 5+2 and 10+2 pm for
Fe,AlB; after 96 h and Fe-10Al after 50 h, respectively [38]. The FepO3
nodules in Fe;AlB; and Fe-10Al were 50+20 ym and 100+20 um thick,
respectively. Notably, k,,,, is highly dependent on the Al content of Fe-Al
alloys and ranges from 1.47 x 107 t0 1.20 x 107° kg?m *s~! [34,36,
39,40]. We note in passing, that the presence of Fe;O3 nodules in Fe-Al
alloys indicates an inability to supply sufficient aluminum for the
exclusive formation of Al,O3 scales [35].

After oxidation at 1000 °C for 96 h (Figs. S4a and b), the oxidation is
catastrophic. EDS of the resulting oxides indicated a combination of an
external bright Fe;Os-based (Fes13Alp1602.8) layer below which a
darker ~ AlsFe;015 layer formed. The latter resulted from the combi-
nation of Al4B20g and FepO3. The peaks for the former were prominent
in the XRD patterns (Fig. 2b). In this case, thermal competition between
the axial and lateral growth of Al4B20g9/a—Aly0O3 inhibits passivation,
such that a continuous lateral layer is not formed quickly enough to be
protective.

3.4. Boron content of oxides formed on MnyAlB, and Fe,AlBy

To confirm the presence of B in the oxide layers, XPS spectra after
1 min of Ar sputtering were obtained for an oxidized Mn,AlB, sample at
700 °C after 6 h. The Mn 3 s orbital peaks shown in Fig. 6a and e, before,
and after, sputtering, respectively, display two peaks at binding
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energies, BE, of 83.50 eV and 89.00 eV, with a peak separation of
5.50 eV, which is consistent with MnyO3 [41,42]. In the Mn 2p region
(Fig. 6b and f), two peaks at BEs of 641.00 eV and 653.00 eV are present.
These results were consistent with the presence of MnyOs.

The Al spectra (Fig. 6¢ and g) show a peak at BE 73.75 eV consistent
with Aly;O3 peaks in the 74.00-75.00 eV range [43,44]; the Al metal
peak is typically at 72.50-73.00 eV [45,46]. The B spectra (Fig. 6d and
h) show a peak at BE of 192.84 eV, consistent with ByO3 [47].

The XPS chemical compositions of the sputtered oxidized MnyAlB,
sample at 700 °C after 6 h are listed in Table 4. The majority element is
Mn, with smaller amounts of Al and B. If one assumes the Al is in solid
solution in the MnyOs phase, then the final oxide composition is
MnyyAl40s57 (Table 4). This implies that x in Mny4Al,O3 is =~ 0.2.
Therefore, B is present as ByOg.

The XPS spectra (not shown) of the Fe-containing sample oxidized at
900 °C for 24 h only showed peaks for B, Al, and O at a molar ratio of
13:25:62 (Table 4), which is consistent with the chemistry of the
ternary, Al4B209. The lack of an Fe signal simply reflects that it is below
the surface. The XRD results (Fig. 2b) are unambiguous as to the pres-
ence of Fe;O3

3.5. Predicted weight gains

To shed more light on the oxidation process, the scale thicknesses, A
x, were estimated from the micrographs shown in Figs. 4 and 5, con-
verted to a predicted weight gain, and compared to the measured weight
gains. The results are shown in Fig. 7a and b for MnyAlB; and FepAlB,,
respectively. The Oy weight fraction of each individual oxide listed on
Fig. 2a was multiplied by the average density of that oxide. For Mn,AlB,,
Mny03, and Al4B209/Al;1gB4O33 thicknesses AXppm,0,and  Axay,p,0,5
measured from Fig. 4, were multiplied by their respective densities and
0O, weight fractions then summed together to predict the weight gain.

For FesAlBy, a similar procedure was followed for Fep,O3 and
Al4B209/Al1gB4O33 listed on Fig. 2b using thicknesses Axpe,0,and
AXal,p,0,, measured from Fig. 5. However, Fe;O3 forms isolated nodules
instead of a continuous layer; therefore, the nodule thickness is multi-
plied by its total area fraction, average density and O, weight fraction to
estimate its weight gain contribution before summation to the contri-
bution of Al4B50q.

The results showed that, in general, the predicted weight gain for
MnyAlB; at 700 °C was in good agreement with the measured weight
gain (Fig. 7a). This implies that there was little solubility of O in the
substrate.

For Fe,AlB, at 900 °C, predicted weight gain is in agreement with the
actual weight gain within the uncertainty (Fig. 7b). The Fe;O3 nodules
vary in thickness which leads to uncertainty in the predicted weight
gain. Note that the a-AlyO3 and FeyO3 peaks in Fig. 2b arise from the
nodules.

4. Conclusions

In this present work, the isothermal oxidation of bulk Mn,AlIB; in air
in the 700-900 °C temperature range for up to 150 h was investigated.
After oxidation at 700 °C, a pseudo-protective layer of Mny Al,O3
forms. At 0.13, the oxidation rate exponent at 700 °C is exceedingly low.
At 800-900 °C, oxidation is catastrophic owing to the oxide spallation.

The FeAlB, samples oxidized at 900 °C form a passivating Al4B20g
layer based on XPS chemistries and EDS compositions. This layer does
not appear to spall and is protective even at the corners. Beyond 60 h of
oxidation at 900 °C, the oxidation rate exponent, n, is 0.42-0.46.
Oxidation at 800 °C and 1000 °C is rapid because no such layer forms for
reasons that are not clear.
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