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Abstract

The long-term oxidation behavior of in-situ synthesized MoSi2-SiC composites
with different SiC volume fractions was investigated at 700°C in air for 1000 h.
The results show that after 1000 h of oxidation, none of the composites exhibited
the pest phenomenon. The oxidation resistance of the composites was signifi-
cantly better than that of monolithic MoSi2, and the oxidation resistance of
the in-situ synthesized composites was superior to that of composites prepared
by conventional hot-pressing of commercial MoSi2 and SiC powder mixtures
(ex-situ composites). The phase composition of the composite oxide scale was
solely amorphous SiO2; the oxidation process of the material was primarily the
reaction between O2 and MoSi2, while SiC did not undergo oxidation. Simul-
taneous oxidation of silicon and molybdenum still occurred in the material at
700°C; due to the rapid volatilization of MoO3, no whisker formation occurred,
thus a thin, continuous, and dense amorphous SiO2 protective layer rapidly
formed on the material surface, endowing the material with excellent long-term
oxidation resistance.
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Abstract

The long-term air oxidation behavior of in-situ synthesized MoSi,-SiC compos-
ites with different volume fractions of SiC was investigated at 700°C for 1000 h.
The results demonstrate that none of the composites exhibited pest disintegra-
tion after 1000 h of oxidation. The oxidation resistance of the composites was
significantly superior to that of monolithic MoSi,, and the in-situ synthesized
composites outperformed conventional composites prepared by hot-pressing mix-
tures of commercial MoSi, and SiC powders (ex-situ composites). The oxide
scale formed on the composites consisted solely of amorphous SiO,, indicating
that oxidation primarily involved the reaction between O, and MoSi,, while SiC
remained unoxidized. At 700°C, simultaneous oxidation of silicon and molyb-
denum still occurred, but the rapid volatilization of MoO; prevented whisker
formation, thereby enabling rapid formation of a thin, continuous, and dense
amorphous SiO, protective layer on the material surface that conferred excellent
long-term oxidation resistance.
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Introduction

MoSi, is a promising high-temperature structural material following nickel-
based superalloys and TiAl intermetallic alloys, offering a high melting point
(2030°C), low density (6.24 g/cm?), excellent high-temperature oxidation re-
sistance, thermal conductivity comparable to metals, and a low coefficient of
thermal expansion. However, its practical application has been limited by inad-
equate low-temperature toughness, insufficient high-temperature strength, and
particularly the pest phenomenon (catastrophic oxidation where bulk material
disintegrates into powder) that occurs at low temperatures. Fitzer first observed
that monolithic MoSi, transforms from bulk to powder during oxidation in the
400-800°C range, causing catastrophic material failure. Consequently, research
on the low-temperature oxidation performance of MoSi, and its composites
has attracted considerable attention. Nevertheless, the mechanism underlying
low-temperature pest oxidation remains controversial, with several competing
theories: formation of volatile molybdenum oxides leading to discontinuous and
porous SiO, protective films; initiation of pest phenomenon by pores and cracks
in the material; preferential diffusion of gaseous elements (O or N) along grain
boundaries; and dependence of pest phenomenon on material density and oxy-
gen partial pressure. Based on these divergent views, numerous researchers
have attempted to improve the low-temperature oxidation behavior of MoSi,
through various approaches, including enhancing purity and density, modifying
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microstructure, adding elements with oxygen affinity, incorporating reinforc-
ing phases for composite strengthening, and high-temperature pre-oxidation to
form dense SiO, films. Despite these efforts, the oxidation mechanism of low-
temperature pest phenomenon in MoSi, remains unclear, and effective methods
to mitigate or eliminate pest phenomenon are still lacking.

SiC has emerged as a primary reinforcement for MoSi, due to its excellent
thermodynamic and chemical compatibility with MoSi, and its outstanding
oxidation resistance. Composites prepared via in-situ synthesis benefit from
clean, oxide-free interfaces with strong bonding, as the reinforcement forms
within the matrix during processing. This uniform particle distribution en-
hances mechanical properties, particularly at elevated temperatures, making in-
situ synthesis widely applicable for composite fabrication. Our research group
has previously prepared MoSi,-SiC composites using in-situ synthesis and con-
ducted systematic investigations of their microstructure and mechanical prop-
erties, demonstrating significant improvements in low-temperature toughness,
high-temperature strength, and creep resistance. However, oxidation behav-
ior studies have only examined resistance at 500°C. Most existing research on
MoSi,-SiC composite oxidation has focused on high-temperature regimes, with
limited investigation of low-temperature oxidation behavior and even fewer stud-
ies on long-term oxidation of in-situ synthesized composites. Since MoSi, un-
dergoes accelerated low-temperature oxidation leading to pest phenomenon in
the 400-800°C range, and our previously developed in-situ MoSi,-SiC compos-
ites showed no pest phenomenon after 1000 h at 500°C, it remains necessary to
examine whether pest occurs at other temperatures within this critical range.
This study investigates the oxidation behavior of in-situ synthesized MoSi,-SiC
composites with varying SiC contents during 1000 h exposure to air at 700°C
and explores the underlying oxidation mechanisms.

Experimental

The experimental materials were in-situ synthesized MoSi,-SiC composites with
SiC volume fractions of 10%, 20%, 30%, and 45%, designated as MoSiC10,
MoSiC20, MoSiC30, and MoSiC45, respectively. For comparison, monolithic
MoSi, (denoted MS) and a conventional MoSiy-30%SiC composite prepared by
hot-pressing a mixture of commercial MoSi, and SiC powders (ex-situ composite,
denoted WS) were also tested. Oxidation specimens measuring 15 mm x 10
mm X 1 mm were cut from each material using Mo wire electrical discharge
machining. The surfaces were ground to 1000-grit finish with metallographic
sandpaper, ultrasonically cleaned in acetone, and dried.

Oxidation tests were conducted in a box furnace at 700°C in naturally convected
air. To ensure full exposure of all six specimen surfaces to air, samples were
placed obliquely in ceramic crucibles that had been pre-fired at 950°C for at
least 48 h until mass variation was less than 0.0001 g. At regular intervals,
samples were removed and cooled naturally, then weighed together with their
crucibles using an electronic analytical balance (sensitivity: 10~* g). The total
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oxidation duration was 1000 h.

Phase composition of the oxidized surfaces was analyzed using a Rigaku D-MAX
X-ray diffractometer (XRD, Cu-Ka). Surface morphology and composition of
the oxide scales were examined using a SUPRA 55 scanning electron microscope
(SEM) with energy-dispersive spectroscopy (EDS). Surface phase composition
was further characterized using a PHI Quantera X-ray photoelectron spectrom-
eter (XPS) with a detection depth of only 2 nm, Al Ka radiation (1486.6 V),
and a detection area of 300 m x 300 m. Full scans and narrow scans for each
element were performed, with chemical states determined based on binding en-
ergy shifts. Charging effects were corrected using the C 1s binding energy of
284.6 eV. Overlapping peaks were deconvoluted using XPS peak software.

Results
2.1 Oxidation Kinetics

Figure 1 [Figure 1: see original paper| presents the oxidation kinetic curves for
the six materials after 1000 h at 700°C. All specimens exhibited minimal mass
changes, which corresponded only to the incubation stage observed in the ki-
netic curves at 500°C, indicating strong oxidation resistance for all six materials
at 700°C. During the initial 5 h (Figure 1c), all samples showed slight mass loss,
attributed to evaporation of moisture and impurities from sample cleaning as
well as volatilization of oxidation products. After 20 h, the mass of each sam-
ple began to increase to varying degrees (Figure 1b). The fluctuating trend in
Figure 1c reveals that mass gain was not monotonic between 0-20 h, indicating
concurrent oxide volatilization during oxidation. Beyond 20 h, the curves be-
came relatively stable (Figure 1b). Subsequent curve fluctuations resulted from
weighing errors (differences of only 0.1 mg/cm?). The six curves intersected
without significant divergence, suggesting similar oxidation resistance among
the materials. At 200 h, the maximum mass gain was only 0.31 mg/cm?, corre-
sponding to an oxidation rate of 0.0016 mg/(cm? - h). At 500 h, the maximum
mass gain was 0.4 mg/cm?, but the oxidation rate decreased to 0.0008 mg/(cm? -
h), demonstrating progressively slower oxidation.

As shown in Figure la, the curves began to diverge after approximately 500 h,
with monolithic MoSi, (MS) showing greater mass gain than the MoSi,-SiC com-
posites, confirming superior oxidation resistance of the composites. The ex-situ
WS composite exhibited larger mass changes compared to the in-situ MoSiC30,
indicating that in-situ synthesized MoSi,-SiC composites possess higher oxida-
tion resistance than ex-situ composites. After 1000 h, monolithic MoSi, showed
the maximum mass gain of 0.37 mg/cm?, but the oxidation rate further de-
creased to 0.00037 mg/(cm? + h), nearly approaching zero compared to the 0.15
mg/(cm? « h) rate observed at 500°C. These results demonstrate that significant
mass changes and severe oxidation occurred only during the first 20 h, accom-
panied by oxide volatilization, while subsequent oxidation remained relatively
stable with minimal volatilization. Overall, the kinetic curves for all six mate-
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rials showed minimal variation at 700°C, and all materials exhibited excellent
long-term oxidation resistance after 1000 h.

2.2 Oxide Film Phase Composition

Figure 2 [Figure 2: see original paper| shows the XRD patterns of MoSiC30, MS,
and WS after 1000 h oxidation. The diffraction peaks corresponded primarily
to MoSi, and SiC from the substrate matrix, with no oxide peaks or amorphous
halos detected, confirming that the oxide film was too thin for XRD detection
(typical XRD penetration depth ~10 m).

Since XPS can detect phase composition within the top few nanometers of
the oxide film, samples MS, MoSiC10, and MoSiC30 oxidized for 1000 h were
analyzed by XPS, with results shown in Figure 3 [Figure 3: see original paper].
The Si 2p narrow-scan spectra revealed nearly identical binding energies of 103.3
eV for all three samples, corresponding to amorphous SiO,. The Mo 3d narrow-
scan spectra showed low peak intensities, with atomic fractions of Mo (Table
1 ) that were essentially negligible (detection limit ~0.5%). The absence of
distinct peaks indicated that molybdenum oxides were virtually absent on the
oxide film surface. Combined with the kinetic data, this suggests that oxidation
products were volatile and completely evaporated during oxidation. However,
sample MS exhibited a relatively higher Mo atomic fraction with a binding
energy peak at 232.8 eV, corresponding to MoOs, indicating trace amounts
of unvolatilized MoO5 remained on the MS surface. Nevertheless, based on the
spectral characteristics, the Mo 3d binding energy peaks were negligible, and the
atomic fraction values were at the detection limit, allowing complete disregard
for MoO5 formation on the oxide film surface.

Further analysis of the O 1s narrow-scan spectra showed nearly identical bind-
ing energy peaks for all three samples at 532.2 eV, corresponding to amorphous
Si0,, consistent with the Si 2p analysis. These XPS results demonstrate that
after 1000 h oxidation at 700°C, Si and Mo in the substrate surface were si-
multaneously oxidized to Si** and Mo®". The oxidation product MoO; com-
pletely volatilized over time, leaving the oxide film surface entirely covered by
an amorphous SiO, layer (Table 1). This continuous, dense SiO, protective
film hindered further oxygen diffusion and provided excellent protection to the
substrate, resulting in negligible weight changes even after 1000 h oxidation and
demonstrating outstanding long-term oxidation resistance.

2.3 Macroscopic Morphology of Oxide Film

Figure 4 [Figure 4: see original paper] presents the macroscopic surface mor-
phologies of the six samples after 1000 h oxidation at 700°C. The appearance
differed markedly from that observed at 500°C. A thin black oxide film formed
on all sample surfaces, completely obscuring the substrate color. Visually, the
oxide film appeared dense, crack-free, and without spallation, indicating signif-
icantly better oxidation resistance at 700°C compared to 500°C.
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2.4 SEM Surface Morphology of Oxide Film

Figure 5 [Figure 5: see original paper] shows SEM images of the oxide film
surfaces on the six samples after 1000 h oxidation at 700°C. Consistent with
XPS results, all surfaces were covered by a thin amorphous SiO, layer. The
dense oxide film showed no cracks (Figure 5), providing effective protection by
blocking oxygen diffusion inward and yielding excellent oxidation performance.
Although XPS indicated identical phase compositions, closer SEM examina-
tion revealed subtle morphological differences. The oxide surfaces of MoSiC30,
MoSiC45, and WS clearly retained the original substrate microstructure, with
black SiC particles uniformly distributed in the gray MoSi, matrix. Particu-
larly, the SiC particles remained intact and clearly defined, showing no changes.
This is because SiC oxidation begins around 800°C, and at the lower tempera-
ture of 700°C, SiC exhibited strong inertness toward oxygen, corroborating the
SEM observations and indicating an extremely thin oxide film. In contrast, the
surfaces of MoSiC10, MoSiC20, and MS showed nearly complete loss of the origi-
nal substrate microstructure. MoSiC10 and MoSiC20 developed extensive black
regions, and the gray MoSi, areas became rough and uneven, though SiC parti-
cles remained intact (Figure 5a). The monolithic MS surface consisted almost
entirely of rough, uneven gray MoSi, regions. These morphological differences
indirectly reflect variations in oxidation resistance, with MoSiC30, MoSiC45,
and WS showing better performance than MS, MoSiC10, and MoSiC20, consis-
tent with the kinetic curves. Overall, the oxide films on all six materials were
very thin, with grinding scratches from sample preparation still visible (Figure
5a, f), demonstrating excellent oxidation resistance. Additionally, spherical par-
ticles observed on the oxide surfaces in Figures 5b, d, and f likely resulted from
volatilization of the oxidation product MoO4 during film formation.

Discussion
3.1 Oxidation Mechanism Analysis

Chou et al. [2, 22] and Meschter [23] reported that simultaneous oxidation of
Mo and Si in MoSi, at low temperatures follows the reaction:

2MoSi, + 70, = 2Mo0O; + 4Si0,

Thermodynamic analysis confirms this reaction can proceed at 700°C, with the
same reaction formula as at 500°C. The experimental results demonstrate that
all six materials exhibited excellent oxidation resistance after 1000 h at 700°C,
contrasting sharply with behavior at 500°C. To explain this significant difference
for the same material at different temperatures, the oxidation mechanism at
700°C must be analyzed. During the initial oxidation stage at 700°C, the large
contact area between the material surface and oxygen resulted in high oxygen
partial pressure, and without selective oxidation of Mo or Si, MoSi, reacted
directly with O, according to reaction (1) to form MoO; and amorphous SiO,.
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The SiC in the matrix did not participate in the reaction, as SiC oxidation
begins around 800°C [21], and at the lower temperature of 700°C, SiC remained
inert toward oxygen, consistent with the SEM observations in Figure 5. This
indicates that the oxidation process primarily involved the reaction between
oxygen and MoSi,.

Parthasarathy et al. [24] demonstrated that MoO; forms during oxidation at
temperatures as low as 350°C and begins to volatilize around 500°C, melting
at 800°C. Therefore, at 700°C, MoO, formation was accompanied by contin-
uous volatilization, similar to oxidation at 500°C. However, unlike oxidation
at 500°C, the faster volatilization rate of MoO5; at 700°C prevented whisker
formation throughout the oxidation process. This is because MoO, whisker for-
mation requires accumulation to a critical concentration; whiskers only form
when the vapor pressure of volatilizing MoO, at the oxide surface reaches the
supersaturation required for whisker nucleation, which would disrupt the scale’
s integrity and prevent formation of a continuous protective film, resulting in
poor oxidation resistance at 500°C [20]. At 700°C, the rapid volatilization of
MoOg prevented whisker formation, allowing SiO, to cover an increasingly large
surface area. This progressively hindered oxygen diffusion to the reaction inter-
face, as reflected in the kinetic curves in Figures 1b and lc. Figure lc shows
significant fluctuations in the kinetic curves between 0-20 h due to MoO; for-
mation and volatilization, while Figure 1b indicates relatively stable oxidation
after 20 h with continuous mass gain. This demonstrates rapid formation of the
Si0, protective film, which covered most of the surface within approximately 20
h, increasingly impeding oxygen diffusion to the reaction interface. Although
higher temperatures increased silicon migration rates to the reaction interface,
oxygen diffusion remained dominant, maintaining high oxygen partial pressure
at the reaction interface and resulting in simultaneous oxidation of silicon and
molybdenum.

XPS analysis (Figure 3) confirmed that a continuous, dense SiO, protective
film ultimately formed on the oxide surface, preventing further oxygen diffusion
and providing excellent substrate protection. Consequently, even after 1000 h
oxidation, material weight changes were negligible, demonstrating outstanding
long-term oxidation resistance. Based on this analysis, a schematic diagram
of the oxidation mechanism for MoSi,-SiC composites at 700°C is presented in
Figure 6 [Figure 6: see original paper].

3.2 Effect of SiC Content on Oxidation Behavior

Comparison of the six materials revealed differences in oxidation resistance after
approximately 500 h at 700°C. As shown in Figure 1, MS exhibited significantly
greater mass gain than the MoSi,-SiC composites, indicating that SiC addition
improved the oxidation resistance of MoSi,. The analysis above demonstrates
that oxidation primarily involved the reaction between oxygen and MoSi,. SiC
addition reduced the relative MoSi, content and decreased composite porosity
compared to monolithic MoSi, [17, 18], thereby slowing oxidation and enhancing
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oxidation resistance. XPS results showed trace amounts of unvolatilized MoO4
remained on the MS surface after 1000 h oxidation. These residual MoO, phases
disrupted formation of the continuous, dense SiO, protective film, contributing
to reduced oxidation resistance. The oxidation kinetic curves indicated mini-
mal differences in oxidation resistance among the in-situ synthesized MoSi,-SiC
composites with varying SiC contents.

3.3 Effect of Processing on Oxidation Behavior

The experimental results revealed that after approximately 500 h, the mass
gain of WS was significantly greater than that of MoSiC30, indicating superior
oxidation resistance of the in-situ synthesized composite. This difference arises
because the ex-situ WS composite exhibited larger SiC particle spacing, non-
uniform spatial distribution, and significantly higher porosity compared to the
in-situ MoSiC30 [18, 19]. These factors provided diffusion pathways for oxygen,
resulting in greater oxidation mass gain and lower oxidation resistance. Thus,
in-situ synthesis of MoSi,-SiC increased density, reduced porosity, and restricted
oxygen diffusion, thereby improving low-temperature oxidation resistance.

Conclusions

1. After 1000 h oxidation at 700°C, MoSi,-SiC composites demonstrated su-
perior oxidation resistance compared to monolithic MoSi,, and in-situ
synthesized composites outperformed ex-situ composites. None of the ma-
terials exhibited pest phenomenon after 1000 h oxidation.

2. The oxide film on the composites consisted primarily of amorphous SiO,,
with trace unvolatilized MoO4 detected only on sample MS. The oxidation
process primarily involved the reaction between oxygen and MoSi,, while
SiC remained unoxidized.

3. Simultaneous oxidation of silicon and molybdenum occurred at 700°C.
However, rapid volatilization of MoO; prevented whisker formation, en-
abling rapid development of a continuous, dense amorphous SiO, protec-
tive film on the material surface that conferred excellent long-term oxida-
tion resistance at 700°C.
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