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On the high temperature oxidation of MoSi2 particles with boron addition 
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A B S T R A C T   

Boron doped MoSi2 particles have been envisioned as sacrificial particles for self-healing thermal barrier coatings 
(TBCs) but their oxidation behaviour is yet not well understood. In this work, oxidation of MoSi2 based particle is 
studied in the temperature range of 1050–1200 ◦C. The oxidation proceeds from a transient to a steady-state 
oxidation stage. The kinetics during steady-state oxidation is captured with a thermal diffusion-based model. 
As compared to the oxidation of pure MoSi2 particles, the addition of boron strongly enhances the silica for
mation. Also, a finer dispersion of MoBx in the MoSi2 matrix accelerates the formation of silica. The oxide growth 
rate constant increases proportional with the boron content of the MoSi2 particles. This enhanced oxidation is 
related to the microstructure of the oxide scale. Upon oxidation, boron yields B2O3, which promptly merge with 
SiO2 to form amorphous borosilicate, hindering the formation of crystalline SiO2. Consequently, the migration of 
oxygen in the borosilicate oxide scale is faster than in the silica oxide scale on pure MoSi2 particles.   

1. Introduction 

With a melting point over 2000 ◦C, moderate density (6.3 g cm–3), 
and outstanding oxidation resistance, molybdenum disilicide (MoSi2) is 
an attractive material for high-temperature applications such as heating 
elements, protective coatings, engines parts, etc [1–3]. Moreover, par
ticles of MoSi2 with small amounts of boron are envisioned as sacrificial 
particles for self-healing thermal barrier coatings (TBCs) [4–6]. Then, 
these particles are embedded in yttria partially stabilized zirconia 
(YPSZ) [4]. Once intercepted by cracks [7,8], the MoSi2 based particles 
oxidize preferentially and the oxidation product of amorphous SiO2 fills 
the crack gaps and subsequently reacts with ZrO2 of the YPSZ matrix to 
form ZrSiO4 at the crack face surfaces restoring the mechanical integrity 
[4–6,9]. In this context, the presence of boron in the MoSi2 particles is 
paramount for crack healing since it increases the fluidity of the SiO2 [4] 
and promotes the subsequent reaction with ZrO2 to form the 
load-bearing phase of ZrSiO4 [9]. Therefore, adding a small amount of 
boron in MoSi2 particle becomes imperative in a self-healing TBC sys
tem, where the precise amount of boron addition holds the key to 
regulating the healing rate [10,11]. 

The oxidation behaviour of bulk MoSi2 in the temperature range of 
400–1800 ◦C has been well documented [2,3,12–16]. However, the 
oxidation behaviour of MoSi2 particles is rarely reported. In contrast 

with the oxidation of the bulk MoSi2 [17,18], the oxidation process of 
MoSi2 based particles is much more complex due to stronger element 
depletion, larger specific surface area and associated higher defect 
density of particles [19,20]. When boron is added to MoSi2 particles, 
knowledge about their oxidation behaviour is lacking. However, for the 
high temperature oxidation of bulk Mo–Si–B alloys [21–26], it has been 
reported that the oxidation significantly accelerated by adding a small 
trace of B [27]. 

This work focuses on the oxidation of two-phase MoSi2–MoBx par
ticles. The oxidation of MoSi2 particles with and without boron doping 
was investigated in the temperature range from 1050 up to 1200 ◦C. The 
effects of particle size, boron content and microstructure on the oxida
tion kinetics were studied at 1100 ◦C. The microstructure evolution of 
the oxide scale was investigated to reveal the oxidation mechanism. 

2. Materials and methods 

2.1. Particle preparation 

2.1.1. Starting material 
MoSi2 powders with and without boron (< 45 µm, ChemPUR GmbH, 

Germany) were used as the starting material. This starting material is 
wind-sifted to eliminate the extremely fine fraction of the particles; see 
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the particle size distribution in Fig. S1. Wind sifting was performed using 
an Alpine 100 MRZ laboratory zig-zag classifier (Alpine Multi-Plex 100 
MRZ, Hosokawa Micron Powder System, USA) with the airflow fixed at 
15 m3 h–1 and the classifier rotational speed kept at 5000 rpm. To 
confirm the boron content of the material, the wind-sifted particles were 
analysed using inductively couple plasma optical emission spectroscopy 
(ICP-OES, using iCAP 6500 Duo, Thermo Fisher Scientific). The disso
lution process was specifically designed for the Mo–Si–B system [28]. 
The measured content of boron is 1.3 wt% (6 at.%), which is lower than 
the nominal 2 wt%; see Table 1. Henceforth, the particles are denoted as 
wind-sifted Mo–67Si and wind-sifted Mo–58Si–6B, respectively. 

2.1.2. Particles with different sizes 
To investigate the influence of particle size on the oxidation kinetics, 

different size fractions of the wind-sifted Mo–58Si–6B particles were 
prepared via sieving the particles through 20 and 50 µm sieves (Ana
lysensieb, DIN-ISO 3310–1, Retsch, Germany). Thus, fine particles with 
a size of d < 20 µm and particles with a size of 20 < d < 50 µm were 
obtained. The coarse particles (d > 50 µm) were discarded. In the end, 
three batches of particles with different sizes distribution were prepared, 
namely wind-sifted particles containing a mixture of fine and coarse 
particles, fine fraction of the sieved particles with particle size of d <
20 µm and sieved particles with particle size of 20 < d < 50 µm. Their 
morphologies and size distribution are shown in Fig. 1a–f. 

In order to confirm the boron content of the particles with different 
sizes, ICP-OES analysis was conducted according to the same procedure 
as mentioned in Section 2.1.1; see Table 1. The boron content of parti
cles with different sizes do not differ much. 

2.1.3. Particles with various boron content 
A mixture of the starting powders, i.e., MoSi2 without and with 6 at. 

% B, with a ratio of 1:1 were prepared to obtain MoSi2 with 3 at.% B 
particles. To refine the dispersion of the MoB phase in the particles, the 
starting powders and their mixtures were milled using a planetary ball 
mill (PM100, Retsch GmbH, Germany). Wet ball-milling of the powders 
was conducted in isopropanol using zirconia balls (100 and 8 balls with 
diameter of 5 and 10 mm, respectively) and a zirconia jar (50 ml). The 
weight ratio between balls and powder was about 5:1. The milling speed 
was 300 rpm and the milling time was 3 hours with cycles of 20 minutes 
running and 10 minutes pause, i.e., the effective milling time was 
2 hours. Subsequently, the milled powder was dried in the oven for 
12 hours at 80 ◦C. The dried powder was then sieved with a 200 μm 
mesh sieve. ICP-OES analysis was conducted according to the same 
procedure as mentioned in Section 2.1.1 and the as determined boron 
content of the ball milled powders was 3 and 6 at.% respectively, 
demonstrating that there is no significant loss of boron in the ball milling 
process; see Table 1. 

Next, the above ball milled powders were densified by means of 
spark plasma sintering (SPS) with a HP D 25 SD furnace (FCT Systeme 
GmbH, Germany) at 1500 ◦C for 30 minutes in a flowing argon 

atmosphere with a pressure of 50 MPa. The heating was 20 ◦C min–1, 
while natural cooling was used to cool down from the sintering tem
perature to room temperature. 

The microstructure of the densified material prepared by SPS of the 
as received and ball milled MoSi2 based powders is shown in Fig. 2. It is 
evident that the ball milling treatment of the MoSi2 based powders 
promotes an even and fine distribution of the boride phase; comparing 
Figs. 2c and 2d with Fig. 2b. Inclusion of SiO2 can be observed in the 
microstructures in Fig. 2 but cannot be seen in the diffractograms, 
indicating an amorphous nature. The formation of SiO2 is attributed to 
residual oxygen that still exists (~1000 ppm) even though the SPS sin
tering is carried out in a vacuum environment [29,30]. In addition, the 
wet balling process may have caused substantial amount of adsorbed 
residual oxygen at the surface of the particles, which led to the forma
tion of some SiO2 during the sintering process; see Fig. 2c and d. 

The dense materials prepared were pulverized and sieved. The pul
verizing was done using a Fritsch Pulverisette (type P-0150, Germany) 
with a steel ball (diameter 70 mm). To spheroidize the crushed powders, 
a combined ball milling and polishing process was executed. Full details 
of the particle processing procedure can be found in [18]. The 
morphology of the spheroidized particles is shown in Fig. 1g–i. As 
compared with the starting powders, the size of these particles is more 
uniform and their shape is more spherical. Transition from MoB2 to MoB 
was observed in the microstructure refinement since MoB phase exhibits 
the lowest energy of formation among all the molybdenum borides [31]; 
see the diffractograms in Fig. 1j–k. This observation is in agreement with 
the isothermal section of the Mo–Si–B ternary phase diagram at 1450 ◦C 
[32] (close to the sintering temperature of 1500 ◦C). 

2.2. Isothermal high temperature oxidation 

The isothermal oxidation kinetics of the MoSi2 based particles at 
temperatures in the range of 1050–1200 ◦C in terms of mass change was 
assessed via thermogravimetric analyses, using a dual furnace balance 
(Seteram TAG 16/18, France) which allows automatic correction for 
buoyancy effects. The alumina furnace tubes have an inner diameter of 
15 mm. This analyser is equipped with Pt/Pt-10%Rh (S-type) thermo
couples. The mass change of the particles was recorded upon oxidation 
in dry synthetic air (N2 with 20 vol.% O2). The gas mixture was admitted 
to the TGA analyser via mass flow controllers (Bronkhorst, The 
Netherlands) operated with Labview (version 2020) such that the total 
gas flow matches 100 sccm, which was equally divided over both 
furnace tubes. Prior to admitting the gas mixture to the furnace, each 
gas, i.e., both oxygen and nitrogen (Linde Gas Benelux BV, purity better 
than 5 N), were filtered to remove any residual moisture and hydro
carbons, with Hydrosorb (< 20 ppb H2O) and Accosorb (< 10 ppb hy
drocarbons) filters (Messer Griesheim, Germany), respectively. The 
nitrogen gas was additionally filtered to remove residual oxygen with an 
Oxysorb filter (< 5 ppb O2). 

Approximately 200 mg particles were loaded into a 100 μL alumina 
crucible. The initial mass of the particles was weighed using a Mettler 
Toledo mechanical balance (AG-204, Switzerland, accuracy ± 1 μg). 
The crucible with the particles was mounted at one side of the balance 
and an identical but empty crucible was mounted at the other side of the 
balance. Both furnaces, each at one side of the balance, were heated 
simultaneously with 10 ◦C min–1 in a flow of pure nitrogen. When both 
furnaces of the thermogravimetric analyser reached the target temper
ature, oxygen was added to the nitrogen gas flow to create dry synthetic 
air during the isothermal hold. 

2.3. Characterization 

The phase composition of the materials was determined with X-ray 
diffractometry (XRD) using a D8 advance diffractometer (Bruker, Ger
many) operated with Co Kα radiation. Diffractograms were recorded in 
the 2θ range of 10–110◦ with a 2θ step size of 0.030◦ and a counting time 

Table 1 
Summary of prepared particles and their corresponding processing conditions.  

Nominal 
composition 
(-) 

Pre-treatment 
(-) 

Boron content 
(wt%) 

Actual 
composition 
(-) 

MoSi2 Wind-sifted 0.0 Mo–67Si 
MoSi2-2 wt% B Wind-sifted 1.3 Mo–58Si–6B 

Sieved 20 < d <
50 µm 

1.4 Mo–58Si–7B 

Sieved d < 20 µm 1.5 Mo–57Si–7B 
MoSi2 Refined and 

spheroidized 
/ Mo–67Si 

MoSi2-1 wt% B Refined and 
spheroidized 

0.7 Mo–63Si–3B 

MoSi2-2 wt% B Refined and 
spheroidized 

1.3 Mo–59Si–6B  
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per step of 2 s. These diffractograms were evaluated using the Bruker 
Diffrac EVA software (version 3.1). The microstructure in terms of boron 
distribution of the sintered tablets and the morphology of the particles 
was observed with scanning electron microscopy (SEM) using a JEOL 
JSM 6500 F (JEOL, Japan). To study the mechanism of boron acceler
ated MoSi2 particle oxidation, scanning electron microscopy combined 
with a Xenon plasma focused ion beam (Helios G4 PFIB UXe, Thermo 
Fisher Scientific, USA) was performed to create cross-sections of the 
spheroidized particles after oxidation in dry synthetic air for 20 hours. 
First, the particles to be investigated were put on a silicon wafer (Si- 
<100> p-type, University Wafer, USA). Next, one of the particles was 
covered with about 2 µm layer of Pt added with some C using the 

electron beam operated at 12 keV. Then, the particle was cut with the 
Xenon plasma focused ion beam operated at 30 keV. Lamella for trans
mission electron microscopy (TEM) from selected areas in the oxide 
scale were also prepared with the plasma focused ion beam and subse
quently lifted. Next, the thin lamellas were analysed with TEM using a 
Cs-corrected Titan ETEM G2 apparatus (FEI/Thermo Fisher Scientific, 
USA) operated at 300 keV, which was equipped with a Gatan K3 camera 
for performing electron energy loss spectroscopy (EELS). The elemental 
mapping and energy-dispersive spectroscopy (EDS) spectra were carried 
out with a Talos F200X field-emission TEM (FEI/Thermo Fisher Scien
tific, USA) operated at 200 keV, equipped with a high-brightness field 
emission gun (X-FEG) and a Super-X G2 EDX detector. 

Fig. 1. (a)–(c) SEM images of the morphology of MoSi2 particles with boron addition and different sizes: (a) wind-sifted particles contain a mixture of fine and coarse 
particles; (b) fine fraction of the sieved particle with particle size of d < 20 µm; (c) sieved particle with a uniform particle size of 20 < d < 50 µm and (d)–(f) the 
corresponding particle size distribution; (g)–(i) SEM images of the morphology of spheroidized Mo–Si based particles prepared from crunching a SPS tablet and a 
gentle ball milling and polishing process afterwards; XRD patterns of (j) wind-sifted Mo–58Si–6B particles and (k) spheroidized Mo–Si based particles. 

Z. Ding et al.                                                                                                                                                                                                                                     
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3. Results and discussion 

3.1. Thermodynamic considerations 

The oxidation of pure MoSi2 particles proceeds according to [19]: 

5MoSi2(s) + 7O2(g)→Mo5Si3(s) + 7SiO2(s), (1)  

and Mo5Si3 subsequently oxidizes according to [13,19]: 

Mo5Si3(s) + 10.5O2(g)→5MoO3(g) + 3SiO2(s). (2) 

In the early stage of oxidation, the two reactions are considered to 
occur simultaneously rather than consecutively [19]. In the following 
stage, when a continuous SiO2 passive layer is formed on the surface, the 
oxidation of Mo5Si3, i.e. Eq. (2), is suppressed [19]. This two-step 

oxidation process of pure MoSi2 particles is consistent with what is 
generally accepted for the oxidation of bulk MoSi2 [14]. Then, MoO3 
forms initially and evaporates quickly before the formation of a 
continuous SiO2 film on MoSi2. 

The oxidation of boron in the system considered here proceeds ac
cording to [33]: 

4MoB(s)7O2→4MoO2(g) + 2B2O3(g) (3) 

Given that the free energies of formation of B2O3 and SiO2 are very 
close [34], Si and B tend to oxidize simultaneously. Once these two 
oxides are formed (according to Eqs. (1) and (3)), B2O3 and SiO2 merge 
rapidly to form amorphous borosilicate. 

The Mo–O, Si–O, and B–O stability diagrams pertaining to 1100 ◦C 
are presented in Fig. 3. It can be seen that the dissociation oxygen partial 
pressure of the oxides increases in of order SiO2, B2O3, MoO2, and MoO3 
(10–25, 10–23, 10–13 and 10–6 atm., respectively). Thus, SiO2 is the most 
stable oxide, more than B2O3, which is more stable than MoO2 and 
MoO3. According to these stability diagrams (Fig. 3), the major volatile 
species are the higher order oxides of molybdenum, i.e. (MoO3)2. During 
the initial oxidation of pure MoSi2 particles besides silica also volatile 
Mo-oxides are formed. Once the surfaces of these particles are fully 
covered with silica or borosilicate, the formation of Mo-oxides is 
terminated. Then, the oxidation proceeds from the early transient stage 
to the subsequent steady-state oxidation, during which only Si is selec
tively oxidized and the oxygen partial pressure at the oxide interface is 
governed by the equilibrium between Si in the alloy at the interface with 
the oxide scale composed of SiO2 (about 10–25 atm. at 1100 ◦C). 
Therefore, the formation of a continuous SiO2 or borosilicate scale on 
the surface marks the transition from a fast initial to a steady-state 
oxidation of MoSi2 based particles. 

3.2. Oxidation kinetics 

The rate of conversion into oxides upon thermal oxidation of the 
solid particles can be described with [35]: 

Fig. 2. SEM back scattered electron images of the microstructure of different 
Mo–Si based bulk materials prepared with SPS from: (a) Mo–67Si particles, (b) 
as-received Mo–58Si–6B particles, (c) ball milled Mo–64Si–3B particles and (d) 
ball milled Mo–59Si–6B particles. 

Fig. 3. Stability diagrams at 1100 ◦C for: (a) Mo–O, (b) Si–O, (c) B–O systems and (d) combined diagram presenting the species with the highest vapour pressure as a 
function of pO2. 
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dα
dt

= Ae
−

(
Ea
RT

)

f(α), (4)  

where A is the pre-exponential factor of the Arrhenius relation, Ea is the 
activation energy (J mol–1), T is absolute temperature (K), R is the gas 
constant, f(α) represents the reaction model, and α is the conversion 
fraction. In a gravimetric measurement, α is defined by: 

α =
mt − m0

m∞ − m0
, (5)  

where m0 denotes the initial mass, mt is the mass at time t, and m∞ is the 
mass after full conversion of the particles. Separating variables and 
integrating Eq. (4) gives the integral form of the isothermal rate law 

[35]: 

g(α) = kt, (6)  

where 

g(α) =
∫ α

0

d(α)
f(α) (7)  

and 

k = Ae

(

−
Ea
RT

)

(8)  

wherein g(α) is the integral reaction model and k being the rate constant. 

Fig. 4. Converted fraction α of (a) wind-sifted Mo–67Si particles and (b) wind-sifted Mo–58Si–6B particles after isothermal oxidation at between 1050 and 1200 ◦C 
in dry synthetic air for 12 hours; Converted fraction α of (c) Mo–Si–B particles with different particle sizes and (d) spheroidized Mo–Si based particles after isothermal 
oxidation at 1100 ◦C in dry synthetic air for 12 hours; the rate constant (e) ln k versus the inverse of absolute temperature (1/T) for all tested Mo–Si based particles 
and (f) k as a function of the boron content in the spheroidized Mo–Si based particles. 
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An experimental value for the rate constant k at different temperatures 
can be obtained from plotting g(α) versus t, once the kinetic model is 
established. The activation energy Ea and the frequency factor A can be 
estimated from ln k versus the reciprocal temperature (1/T). 

The relative mass change (Δm/m0) as recorded with thermogravim
etry during the isothermal high temperature oxidation was used to 
determine the fraction of MoSi2 based particles converted into oxidation 
products as a function of temperature and time. After the surface of the 
MoSi2 based particles is covered with an oxide layer, the chemical re
action according to Eq. (1) is dominant [13,14,19]. Then, it holds that: 

m∞
/
m0 =

�
MMo5Si3 + 7MSiO2

)/
5MSiO2 , (9)  

where M is the corresponding molar mass. 

3.2.1. Effect of boron addition 
The converted fraction (α) of wind-sifted Mo–67Si particles from 

MoSi2 to SiO2 is rather small during oxidation in the temperature range 
of 1050 up to 1200 ◦C; see Fig. 4a. But an increased conversion with 
increasing temperature can be clearly observed; see Fig. 4a. 

The wind-sifted Mo–58Si–6B particles results in a much larger 
amount of silica formed upon oxidation in the temperature range of 
1050 up to 1200 ◦C; see Fig. 4b. As compared to the oxidation of the 
Mo–67Si particles (Fig. 4a), the oxidation kinetics of the Mo–58Si–6B 
particles is strongly promoted by the addition of boron. Note that some 
weight loss can be observed at the initial oxidation stage of the boron 
doped MoSi2 particles when oxidized at 1050 and 1100 ◦C; see Fig. 4b. 
This weight loss may also have happened at the higher oxidation tem
peratures, but is not seen because of the net weight increase. The weight 
loss during the initial stage of oxidation is associate with the formation 
of volatile species of MoO3, which indicates that then the surface of the 
particles was not yet fully covered by a layer of SiO2 (or borosilicate). 

3.2.2. Effect of particle size 
The converted fraction of the Mo–Si–B particles with different par

ticle sizes upon oxidation in dry synthetic air in the temperature of 1100 
◦C is shown in Fig. 4c. As can be seen, the particles size has a significant 
effect on the initial oxidation; see Fig. 4c. Rapid initial oxidation fol
lowed by a steady-state oxidation can be observed for the particles 
containing fine fractions (d < 20 μm and wind-sifted particles contain
ing various particle sizes); see Fig. 4c. The fine particles (d < 20 μm) 
exhibit the largest conversion after the oxidation process with the fastest 
initial weight gain followed by a weight loss during the initial stage. 
Particles with a size distribution of 20 < d < 50 µm show the least 
conversion and a weight loss cannot be observed anymore. The weight 
loss is associated with the formation of volatile MoO3 species as 
mentioned in Section 3.2.1. This suggests that the surface of the particles 
is rapidly fully covered with silica and sealing the alloy and preventing 
volatile species to form. Thus, the transition from the initial to the steady 
oxidation state is enhanced by reducing the particle surface area cor
responding with increasing particle size. 

3.2.3. Effect of boron content 
The isothermal oxidation kinetics of the spheroidized Mo–Si–B par

ticles with different boron addition, at 1100 ◦C in dry synthetic air, in 
terms of the conversion of MoSi2 upon oxidation is displayed in Fig. 4d. 
The conversion increased with increasing of boron addition, which 
further demonstrated the enhanced oxidation of MoSi2 by a minor 
addition of boron. 

3.2.4. Effect of particle microstructure 
It is remarkable that the quick weight gain and the subsequent 

weight loss stage cannot be observed for these spherical particles with 
refined microstructure; cf. Fig. 4d. Apparently, the protective silica or 
borosilicate layer is rapidly formed when the boron containing phase is 
homogeneously distributed and particles are spherical and smooth. 

Hence, the transition from the initial fast to the steady-state oxidation 
state is further promoted. 

3.3. Kinetic model 

When a continuous oxide scale is formed on the surface of the par
ticles, two possible oxygen migration mechanism may occur in the oxide 
scale [36]; namely: (i) molecular permeation through the channels of 
open space in the low-density structures and (ii) atomic oxygen 
self-diffusion through the network of bonded oxygen by making use of 
lattice vacancies and interstitial positions. At high temperatures, these 
two kinds of diffusions can act simultaneously, which is a so called 
“interstitialcy diffusion” process. In this process, the presence of O2 is 
required as an interstitial defect or “carrier” for the self-diffusion of 
oxygen. For diffusion-controlled solid-state reactions, the thermally 
activated oxidation process can be described best with the 3-D 
diffusion-Jander (D3) model [18,35,37] based on the assumption of 
spherical solid particles: 

g(α) =
(

1 − (1 − α)1

/3
)2

. (10) 

When combining Eqs. (4)–(6) and Eq. (10), then the expression 
representing the converted fraction α can be calculated as: 

α = 1 −
(

1 −
̅̅̅̅̅
kt

√ )3
. (11) 

The D3 model was fitted to the conversion data pertaining to the 
steady-state oxidation stage; see Fig. S2 in Supplementary Material. 
Comparison between the model and experimental data confirms that the 
D3 model describes well the oxidation kinetics of the MoSi2 based par
ticles in the steady-state oxidation. 

The rate constant k is determined form a linear least-square fitting of 
Eq. (4)(6) to the kinetic data at each isothermal oxidation; see Fig. 4e. 
The activation energy of the oxidation reaction of wind-sifted particles 
with and without boron addition is evaluated from the slope of a line a 
linear least-square fitted through the data of ln k versus the reciprocal of 
absolute temperature (1/T); see Fig. 4e. The activation energy equals to 
82 ± 8 kJ/mol for the oxidation in the steady state of wind-sifted 
Mo–67Si particles, which is the same to the reported activation energy 
of oxygen transport through pure SiO2 prepared by a gel process [38]. 
For the wind-sifted Mo–58Si–6B particles, the oxidation activation en
ergy equals to 119 ± 12 kJ/mol, which corresponds well to the activa
tion energy of oxygen diffusion in boron containing glasses (118 kJ/mol 
for low boron content) [38]. These values are close to the activation 
energies of the “interstitialcy diffusion” process (85–121 kJ/mol) [36], 
indication a simultaneous diffusion process of molecular O2 and atomic 
O in the oxide scale formed on Mo–Si(–B) particles. The increased 
activation energy is likely related to the changing of the SiO2 structure 
by boron addition [27,38]. Large B5O6-ring segments build up inside the 
silica network, which increases the oxygen permeation [27,36,38]. The 
diffusion behavior by the exchange of network oxygen with interstitially 
dissolved O2 is therefore also increased, which requires a higher acti
vation energy [36,39]. By increasing the boron content from 0 to 3 and 
6 at.% of the spheroidized Mo–Si–B particles, the rate constant in the 
steady-state oxidation increases proportionally; see Fig. 4f. This dem
onstrates that the accelerated oxidation can be attributed to the addition 
of boron. 

Although particle size has shown a significant effect on the initial 
oxidation, it has little effect on the steady-state oxidation of the MoSi2 
based particles. The oxide growth rate constant k is almost the same for 
the Mo–67Si particles after spheroidization and the wind-sifted Mo–67Si 
particles with irregular shape; see Fig. 4e. Also, not much differences can 
be observed among the oxide growth rate constant k of Mo–Si–B parti
cles with different particle sizes, namely wind-sifted particle with 
various particle size, fine particles with d < 20 μm and particles with 20 
< d < 50 μm. 
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The microstructure of the MoSi2 particles with boron addition, on the 
contrary, has a significant effect on the rate constant of steady-state 
oxidation. The rate constant of oxidation of Mo–Si–B particles 
increased from 3.5 × 10–5 s–1 (sieved Mo–58Si–7B particles with 20 <
d < 50 μm) to 2.2 × 10–4 s–1 (spheroidization Mo–59Si–6B particles, 20 
< d < 50 μm) by refining the boron distribution. For this reason, the 
diffusion distances of boron are reduced, and the boron contained in the 
borosilicate covering the particles will diffuse more quickly into the 
structure and promote the formation of continuous passive layer. A 
shortened transient oxidation stage of Mo–Si–B alloy by a refined 
microstructure was also observed; cf. [40]. 

3.4. Oxide scale microstructure 

After oxidation at 1100 ◦C for 20 hours in dry synthetic air, the oxide 
scale was formed around the core particles in the spheroidized particles; 
see Fig. 5a–c. The surface of the particles with B addition has a smoother 
appearance than that of the spheroidized Mo–67Si particles after 
oxidation; see Fig. 5d–f. 

Cross-sections of spheroidized Mo–67Si particles after oxidation at 
1100 ◦C for 20 hours in dry synthetic air show that a thin but uniform 
layer of silica was formed; see Fig. 5g. After similar oxidation of MoSi2 
particles with boron addition, thicker oxide layers were observed indi
cating an enhanced oxidation by the boron addition, which is consistent 
with the oxidation kinetics captured by TGA in Section 3.2.3. The oxide 
scale formed on MoSi2 particles with boron addition is rather uneven as 
compared with oxidized pure MoSi2 particles; see Fig. 5g–i. The boro
silicate oxide scale formed on boron-doped MoSi2 particles exhibits 
higher flowability due to its higher viscosity. Since the particles were 
stacked during the oxidation experiment with TGA, borosilicate formed 
by the oxidation of boron doped MoSi2 tends to flow and preferentially 
covering the free surfaces. The chemical composition and microstruc
ture of the core of all the particles remained the same as before 
oxidation. 

The enhanced oxidation by boron addition to the MoSi2 particles is 
also manifest in the recorded diffractograms; see Fig. 6. With increasing 
boron content, the intensity of the MoSi2 diffraction lines decreases, 

while the intensity of the Mo5Si3 diffraction lines increases due to Si 
depletion. In addition, diffraction lines associated with cristobalite were 
observed in the diffractogram of spheroidized Mo–67Si particles after 
oxidation at 1100 ◦C in dry synthetic air for 20 hours, but not in the 
diffractograms of particles with boron addition. This indicates that the 
structure of the oxide scale is changed by the introduction of boron. A 
crystalline structure with twin lamellae can be seen clearly in the oxide 
scale formed on spheroidized Mo–67Si particles (cf. Fig. 7a), while the 
crystalline structure cannot be observed in the oxide scale formed on 
spheroidized Mo–59Si–6B particles (cf. Fig. 7b). The twin lamellae 
structure is a characteristic microstructural features of cristobalite [41]. 
However, a selected area diffraction pattern cannot be obtained of these 
cristobalite areas due to high diffuse electron scattering intensities [41]. 
Evidence of such a transition from crystalline to amorphous structure of 
the oxide scale was captured with TEM, while operating with the elec
tron beam at 200 keV; see Video S1 in Supplementary Material. In order 
to confirm the crystalline structure, lattice plane imaging was performed 
quickly with high resolution TEM (HRTEM) near the interface of the 
oxide scale and the MoSi2 substrate; see Fig. 7c. Fast Fourier 

Fig. 5. SEM images of the surface and cross-section of spheroidized Mo–Si based particles after isothermal exposure at 1100 ◦C for 20 hours in synthetic air: (a)(d)(g) 
Mo–67Si particles, (b)(e)(h) Mo–63Si–3B particles and (c)(f)(i) Mo–59Si–6B particles. 

Fig. 6. X-ray diffraction patterns of the spheroidized Mo–Si based particles 
after isothermal exposure at 1100 ◦C for 20 hours in dry synthetic air. 
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Transformation (FFT) was performed on the lattice fringes and the ob
tained pattern matches well with the simulated diffraction pattern of 
tetragonal cristobalite; see Fig. 7d. The glassy oxide scales formed on 
spheroidized Mo–58Si–6B particles contains inclusions near the inter
face of the oxide scale and the inner core material; see Figs. 7b and 7e. 
The bright nano particles are Mo rich and likely composed of MoO3. The 
presence of boron in these inclusions was confirmed by Electron Energy 
Loss Spectroscopy (EELS); see Figs. 7i and 7j. As can be seen, the peak 
associated with boron is clearly present in the EELS spectrum (Fig. 8j). 
The distribution of boron in the oxide scale corresponds with the dark 
inclusions; see Figs. 7e and 7i. 

3.5. Oxygen transport through oxide scale 

Upon oxidation, the MoBx in the alloy is oxidized resulting in B2O3, 
which dissolves in SiO2 as a network modifier. Then, some Si–O bonds 
are broken and borosilicate is formed, which is beneficial for vitrifica
tion and hinders crystallization of SiO2. Easier transport of oxygen 
through amorphous borosilicate makes it less passive than the crystal
line silica scale formed on pure MoSi2 [36,42], which explains the 
accelerated oxidation by boron addition to MoSi2 during the steady-state 

oxidation. 
Two relations were reported to present the oxygen migration in an 

amorphous oxide scale at high temperatures, viz.: (i) Stokes-Einstein and 
Eyring equation [36,43,44]. Stokes-Einstein equation, expressed as Eq. 
(12), which was used to estimate the diffusion of oxygen molecule in 
SiO4 tetrahedral network and (ii) Eyring equation, expressed as Eq. (13), 
considers oxygen diffused in the form of ions. 

D =
kT

6πrη (12)  

and 

D =
kT
λη , (13)  

where k is the Boltzmann constant, T the thermodynamic temperature 
and r is particle radius through glass (0.121 nm, the distance of O–O 
bond in O2) and λ is the average jump distance of diffusion species 
(0.159 nm, the distance of Si–O bond in SiO2) [36,43]. As mentioned in 
Section 3.3., these two kinds of diffusion types act simultaneously and 
are linked to each other through so-called “interstitialcy diffusion” [20]. 

Both the Stokes-Einstein and the Eyring equation expresses that the 
oxygen permeability is inversely proportional to the glass viscosity. Yan 
et al. measured the viscosity of a series of silica with different B contents 
in their sintering study [45]. Using their viscosity data, the relationship 
of the change in viscosity of borosilicate glass as a function of B content 
at 1100 ◦C is constructed in Fig. 8a and the diffusivity of oxygen was 
calculated using the Stokes-Einstein as well as the Eyring equation, 
respectively; see Fig. 8b. It can be seen that the introduction of a trace 
amount of boron can reduce the viscosity of SiO2 by several orders of 
magnitude (see Fig. 8a), which makes the diffusion coefficient of oxygen 
to increases by several orders of magnitude; see Fig. 8b. This increase of 
the oxygen diffusion coefficient explains the enhanced growth of the 
oxide scale on the MoSi2 particles by the B addition. 

Fig. 7. TEM image of the oxide scale grown on (a) spheroidized Mo–67Si particles; (b) spheroidized Mo–59Si–6B particles; (c) HRTEM image of SiO2-MoSi2 interface 
on spheroidized Mo–67Si particle; (d) FFT of white box in (c) and simulated SAED by PDF-4+ software (version 2023) showing the orientation of cristobalite atomic 
layers; (e) HAADF image of the inclusion near the interface of the oxide scale and substrate in (b) and (f)–(h) the corresponding X-ray emission maps of Mo, O and Si 
respectively; EELS (i) elemental map and (j) spectrum of boron corresponding to the reduced area in (e). 

Fig. 8. (a) Viscosity of SiO2–B2O3 glass as a function of boron content at 1100 
◦C estimated using viscosity data reported by Yan et al. [45]; (b) oxygen 
diffusivity calculated with Stokes-Einstein (DSE) and Eyring equation (DE). 
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