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ARTICLE INFO ABSTRACT

Keywords: Boron containing MoSis is a promising material for applications at high temperature, but the oxidation mech-
Bor.on i anism is still unclear. In this work, the high temperature (1100 °C) oxidation of B doped MoSij in synthetic air
Oxidation has been investigated. A (boro)silicate layer is formed on the surface of the alloy, which features a mixture of
riﬁlécs amorphous SiO, and cristobalite. After an initial transient period, the oxidation kinetics follows a parabolic

growth rate law. The growth rate constant of the oxide layer is enhanced by the boron in the alloy by 90 % per at.
% B. The increase in growth rate is associated with boron mitigating the formation of cristobalite thereby
promoting the formation of amorphous SiOs.

With a high melting point of over 2000 °C, moderate density (6.24 g/
em®) and outstanding oxidation resistance, molybdenum disilicide
(MoSiy) is one of the most promising high-temperature material used as
furnace elements, high-temperature heat exchangers and filters, gas
burners, components for hot-section jet engines and gas turbines [1,2].
However, it suffers from pest oxidation at temperatures of 400-600 °C
[3] through the diffusion of oxygen along grain boundaries [4], resulting
in rapid fragmentation and disintegration. It is suggested that having
crystalline cristobalite as the oxide scale for MoSi, can also accelerate
the pest oxidation. To resolve this problem, a minor amount of boron is
added to MoSiy, which also allows to enhance the fracture toughness of
the alloy [1]. A borosilicate layer with a lower viscosity than silica is
formed on the surface of Mo-Si-B alloy upon oxidation [4,5], which
promotes a faster coverage and provides a self-healing effect on the
surface of the alloy [6]. Also B-containing MoSi; particles are used for
crack-healing in yttria partially stabilized zirconia (YPSZ) [7], where the
presence of B significantly facilitates the formation of borosilicate as
crack-filling agent and thereby promotes the subsequent formation of
the mechanical load bearing phase of zircon [8].

Although the oxidation kinetics of MoSi, with and without boron
addition has been studied [9-15], the effect of boron on the high tem-
perature oxidation of MoSi, is still debated [3,9]. Moreover, electron
beam induced damage caused by high diffuse electron scattering as in
electron microscopy may result in transformation of crystalline into
amorphous SiO, hindering detailed microstructure analysis [16,17]. To
date, the evolution of the microstructure on an atomic scale to reveal the
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oxidation mechanism of MoSis with boron addition is still lacking [18].
Thus, the present study aims at understanding the effect of boron
addition on the oxidation of MoSi; at elevated temperature.

Pure MoSiy powder (<50 pum, ChemPUR GmbH, Germany) and
MoSiy with boron addition powder (<45 um, nominal 2 wt.% boron,
ChemPUR GmbH, Germany) were used as the starting material. Also, a
mixture of both powders, i.e., MoSi, without and with 2 wt.% B, with a
ratio of 1:1 was prepared to obtain MoSiy with 1 wt.% B particles. The
starting powders and their mixtures were milled using a planetary ball
mill (PM100, Retsch GmbH, Germany) to refine the microstructure of
molybdenum boride. The ball-milling of the powders was conducted in
around 20 ml isopropanol using ZrO, balls (100 and 8 balls with
diameter of 5 mm and 10 mm, respectively) and a 50 ml ZrOs jar. The
weight ratio of balls and powder was about 20:1. In order to confirm the
boron content of the material, the ball milled powders were analysed
using inductively couple plasma optical emission spectroscopy (ICP-
OES, iCAP 6500 Duo Thermo Fisher Scientific). The dissolution of these
powders was specifically designed for the Mo-Si-B system [19]. The
measured content of boron in the ball milled powders are 0 wt.%, 0.66
wt.% (3 at.%) and 1.29 wt.% (6 at.%), respectively; see Table S1 in
Supplementary Material.

Next, the above ball milled powders were densified by means of
spark plasma sintering (SPS) using a HP D 25 SD furnace (FCT Systeme
GmbH, Germany) with a sintering pressure of 50 MPa at 1500 °C for 30
min in a flowing argon atmosphere. The heating rate was 20 °C/min,
while natural cooling was used to cool down from the maximum
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Fig. 1. SEM back scattered electron images of the microstructure of Mo-Si-B alloys: (a) Mo-67Si, (b) Mo-64Si-3B and (c) Mo-61Si-6B; (d) X-ray diffraction patterns
of the Mo-Si-B alloys; (e) bright-field TEM image of Mo-61Si-6B; (f) SAED pattern of the area in (e) showing amorphous SiO,; (g) X-ray emission maps of the

elements in Mo-61Si-6B

temperature. The prepared alloys with 0, 3 and 6 at.% boron are denoted
as Mo-67Si, Mo-64Si-3B and Mo-61Si-6B, respectively.

The Mo-67Si alloy features a microstructure with a matrix of MoSiy
and small SiO2 inclusions, see Fig. la, while Mo-64Si-3B and
Mo-61Si-6B feature a microstructure also with a matrix of MoSi, and
homogeneous distributed MoB precipitates but with more SiO in-
clusions; see Fig. 1b and c. The diffractograms of the densified materials
with different amount of boron addition clearly show peaks of tetragonal
MoSi, as the main phase and small peaks of tetragonal MoB as the minor
second phase; see Fig. 1d. The inclusions of SiO, are not seen in the

diffractogram due to their amorphous nature; see Fig. le and f. The
elemental mapping, shown in Fig. 1g, confirms the indicated phases and
the contamination of Zr from the ball milling.

The isothermal oxidation kinetics of the Mo-Si-B material in dry
synthetic air (N3 with 20 vol.% O3) at a temperature of 1100 °C in terms
of mass change was assessed via thermogravimetric analyses, using a
dual furnace balance (Setaram TAG 16/18, France). To this end, the
sintered discs were cut into rectangular bars of 15 x 8 x 2 mm via
electric discharge machining (EDM). The initial mass of the sample was
weighed using a Mettler Toledo balance (accuracy + 1 pg). A dummy
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Fig. 2. Thermogravimetric analysis of the oxidation of Mo-Si-B at 1100 °C in synthetic air as a function of oxidation time in terms of (a) weight gain per unit area;

(b) squared weight gain per unit area; (c) exponent n of a power law (cf. Eq. 1);
content (red dashed line only to guide the eyes).

sample of alumina with the same dimensions was mounted onto a sap-
phire rod of the counter part of the balance to eliminate any buoyancy
effect. The gas mixture was admitted to the TGA analyser via mass flow
controllers (Bronkhorst, the Netherlands) such that the total gas flow
matches 50 sccm, which was equally divided over both furnace tubes, i.
e., 25 sccm gas in each furnace. To flush the gas lines, balance and
furnaces, the TGA system was pumped to vacuum (< 50 Pa) and refilled
with Ar three times. Then, the dual furnaces were heated up from room
temperature to the target temperature with 10 °C/min. When the target
temperature for isothermal oxidation was reached, the gas composition
was switched to the oxidation atmosphere while maintaining a total gas

and (d) parabolic oxide growth rate constant k;, as a function of the alloy boron

flow of 50 sccm for 20 h. After oxidation, the furnace was cooled down
to room temperature with 10 °C/min while flushing with pure Ar. De-
tails of the oxide scale composition and microstructure analyses
methods can be found in the Supplementary Material.

The weight gain per unit surface area of the Mo-Si-B alloys recorded
during oxidation at 1100 °C in synthetic air is shown in Fig. 2a. Although
the weight gain during this oxidation process is very small, it can be
observed clearly that the weight gain increases with increasing boron
content of the Mo-Si—(B) alloys. The linear fits of the mass gain versus
oxidation time in Fig. 2b suggest that the oxide layer growth obeys a
parabolic growth rate law after an initial transient oxidation period. This
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Fig. 3. (a) XRD patterns recorded with grazing incidence geometry and (b) Raman spectra of Mo-Si-B alloys after oxidation at 1100 °C in synthetic air for 20 h.
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Fig. 4. STEM image (HAADF) of cross-section of Mo-Si-B alloys after oxidation at 1100 °C in synthetic air for 20 h: (a) Mo-67Si, (b) Mo-64Si-3B and (c)
Mo-61Si-6B; and (d) image of area indicated by the red box in (c) with (e), (f) and (g) the corresponding X-ray emission maps of B, Mo and O, respectively.

indicates that the oxidation is dominated by diffusion during the steady
state regime. The growth of the silica or borosilicate layer occurs by
diffusion of oxygen through the developing layer. It has been reported
that two main mechanisms are possible: O permeation through the
structure and 02~ self-diffusion through the network of bonded oxygen
via point defects, respectively [20]. Thus, the rate-limiting step in the
oxidation of MoSi, is the inward diffusion of 0% or Oy through the
developing continuous SiOs layer [8,18].

In an attempt to describe the oxidation process quantitatively, the
oxidation kinetics was formulated as a power law with exponent n [21]:

(5" = ko o)

where Am is the weight change; A is the surface area of the sample and ¢
the isothermal oxidation time; k;,, denotes the oxidation rate constant.
The exponent n versus time t can be derived from the mass change data
with [22]:

1 dlog(m)

AW WA (2)
n  dlog(r)

Analysis of the exponent n as a function of oxidation time of the oxide
growth curves shows that the oxide growth proceeds a transition from an
initial linear growth rate to a parabolic growth rate regime; see Fig. 2c. A
slightly shortened transient stage in the Mo-61Si—6B than Mo-67Si alloy
can be seen in Fig. 2¢, indicating a faster complete coverage of boron
doped SiO5 (borosilicate). The parabolic growth rate constant increases
proportional with the boron content of Mo-Si—(B) alloy; see Fig. 2d. In
practice, the enhanced rate is still acceptable, since it promotes the
complete coverage of the MoSi; alloy by a protective oxide scale which
is the key to oxidation resistance.

After oxidation of the alloys in dry synthetic air at 1100 °C for 20 h,

their surfaces are covered with an oxide scale of SiO9; see Fig. S1 in
Supplementary Material. It can be observed that the boron promotes the
formation of a smooth and glassy film on Mo-Si-B. Cristobalite with a
tetragonal crystal lattice in the silica layer formed on Mo-Si—(B) alloys
was identified with XRD using a grazing incidence geometry; see Fig. 3a.
In addition, the peaks at 230 and 410 em ™! in the Raman spectra
(Fig. 3b) of the oxidized Mo-Si—(B) alloys can be assigned to the A;
modes from cristobalite [23,24]. Further, two Raman active lattice
modes are clearly seen in Fig. 3b, namely an A;; mode and an E, mode at
326 and 440 cm !, respectively, both pertaining to -MoSiy [25]. A
significant band in the 610-680 cm™! region can be observed in the
Raman spectra of the oxidized Mo-64Si—3B and Mo-61Si-6B alloys, but
not in the spectrum of oxidized pure MoSiy; see Fig. 3b. The band in the
610-630 cm ™! region is associated to vibrations of metaborate anions of
the ring type [26]. The band near 680 cm™' is associated with the
bending motion of oxygen bonds contributing to defect structures [26].
These defect structures have been reported to consist of broken oxygen
bridges within the silicate network, which hints at an amorphous
structure of the oxide formed on the alloys with boron.

Cross-sections of the oxidized alloys confirm a continuous and dense
SiO, film of which the thickness increases with alloy B content; see
Fig. 4a—c. In the oxide layer grown on the Mo-64Si-3B and Mo-61Si-6B
alloys, inclusions with a size of about 40 nm can be seen near the
interface with the alloy; see Fig 4b and c. Local composition analysis
with X-ray micro analysis (XMA) indicates that these inclusions are a
mix of MoB and MoOs; see Fig. 4d-g.

High-resolution transmission electron microscopy (HRTEM) of the
oxide scale formed on Mo-67Si alloy show crystalline fragments in the
SiOs scale; see Fig. 5a. The p-spacing of these crystalline fragments are
0.49 and 0.28 nm, respectively, which can be assigned to (100) and
(012) lattice planes of cristobalite having a tetragonal structure; see
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Fig. 5. Evidence of cristobalite nanocrystals from HRTEM after oxidation at 1100 °C in synthetic air for 20 h: (a)-(c) belongs to Mo-67Si and (d)—(f) belongs to
Mo-61Si-6B; (a) HRTEM image of the oxide scale grown on Mo-67Si showing crystalline SiO, patch in the amorphous SiO,; (b) HRTEM image of the frame area in
(a); (c) FFT of image (b); (d) HRTEM image of MoB-SiO; edge in the oxide scale on Mo—61Si-6B; (e) FFT of region I in HRTEM image (d) and simulated SAED by PDF-
4+ software (version 2023) showing the orientation of MoB atomic layers; (f) FFT of region Il in HRTEM image (d) and simulated SAED of cristobalite SiO5. Region III

in HRTEM image (d) shows amorphous SiO,.

Fig. 5b. The diffraction pattern obtained by Fast Fourier transformation
(FFT) of the HRTEM image confirms that the crystalline phase is
tetragonal cristobalite; see Fig. 5c. SiOp with an amorphous structure
surrounding the cristobalite fragments was also observed in the silica
scale on pure MoSi; (see Fig. 5a), which is likely ascribed to high diffuse
electron scattering intensities (DSIs) [16,17].

Such crystalline SiO, fragments can hardly be found in the oxide
scale formed on Mo-64Si-3B and Mo-61Si-6B. Only near the interface
with MoB small orderly arranged atoms clusters were observed within
the amorphous oxide scale of SiOy; see Fig. 5d. FFT of these regions in
the HRTEM image shows that the pattern matches well with the simu-
lated diffraction pattern of tetragonal cristobalite. Thus, the presence of
B promotes the formation of amorphous structure in the SiO; scale. As a

reference, the FFT of the lattice fringes in the HRTEM image pertaining
to the MoB phase was also performed and the pattern matches well with
the simulated SAED pattern of tetragonal MoB. The amount of cristo-
balite in the SiO; layer reduces with increasing boron content in the
Mo-Si-B alloy which also indicates that boron effectively promotes the
formation of amorphous SiO».

Upon oxidation, the MoB in the alloy is oxidized resulting in B5Os3,
which dissolves in SiO, as a network modifier [27]. Then, some Si—-O
bonds are broken, which is beneficial for vitrification and hinders
crystallization of SiOy [28]. This change of the local order of SiO; en-
hances the diffusivity of oxygen. Since the diffusion channels in cristo-
balite are smaller in size than the mean of those in amorphous SiO, the
O, permeation is heavily suppressed in a crystalline SiO; when
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compared to the enlarged ring channels in SiO glass [29,30]. It has been
reported that the diffusivity of oxygen in amorphous SiO3 is about five
times greater than that in cristobalite at high temperature [20], which
explains the enhanced diffusion-controlled oxidation of Mo-Si—(B) al-
loys with increasing boron addition.

In conclusion, the high temperature oxidation in air of Mo-Si alloys
is accelerated by addition of boron. The parabolic growth rate constant
of the silica oxide layer increases proportional with the alloy boron
content by 90 % per at.% B; with respect to the alloy without boron. The
addition of boron effectively mitigates the formation of cristobalite and
promotes the formation of amorphous SiO,, which provides enlarged
channels for oxygen diffusivity. The enhanced rate caused by boron
addition is acceptable since it promotes the formation of a smooth
protective oxide scale and prevents other accelerated degradation like
pesting.
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