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Abstract: In this study, the oxidation stability up to 1000 ◦C in air of the Hf(C,N)-MoSi2 composites
was explored under non-isothermal and isothermal conditions. Composites with 1, 5, 10, and 20%
volume fractions were produced by low-energy ball milling and subsequent spark plasma sintering.
Differential scanning calorimetry (DSC) and thermogravimetric (TG) coupled with mass spectrometry
were used to reveal the staging of the oxidation process depending on the additive content. It was
found that samples containing 1 and 5 vol% MoSi2 had the lowest weight gain and the best oxidation
behavior. The results of this study were supported by microstructural and phase analyses of the
samples after isothermal treatment in a furnace. The samples with the lowest molybdenum disilicide
content had a dense and thin protective oxide film on the surface, consisting of hafnium orthosilicate
and monoclinic HfO2. The increase in the amount of MoSi2 contributed to the formation of a loose
and porous oxide layer due to the increase in the concentration of volatile MoO3. However, all
samples exhibited higher oxidation resistance compared to the pure Hf(C,N).

Keywords: ultra-high-temperature ceramics; hafnium carbonitride; composites; spark plasma
sintering; oxidation behavior

1. Introduction

For effective protection against high-intensity thermal loads (T > 2000 ◦C), materials
with high erosion and oxidation resistance, high mechanical properties, as well as high ther-
mal conductivity, are required to remove heat from the most heat-loaded units to the “cold”
load-bearing assemblies of an aircraft. The most suitable compounds for high-temperature
applications are ultra-high temperature ceramics (UHTC) [1–3], in particular, transition
metal carbonitrides [4–7] due to their high thermal stability. Numerous publications [8–11]
suggest that the introduction of nitrogen atoms into the carbide sublattice promotes an
increase in the melting temperature, mechanical, and thermophysical properties, as well as
oxidative resistance, due to the hybridization of electron orbitals upon substitution of atoms
in the metallic and nonmetallic sublattices and due to the phenomenon of solid solution
hardening. It was previously demonstrated in an earlier study that the introduction of ni-
trogen into the HfC lattice contributes to an increase in the melting point [12]. Furthermore,
hafnium carbonitride HfC0.5N0.35, obtained by a combination of mechanical activation,
combustion synthesis, and spark plasma sintering, exhibited high hardness and crack resis-
tance. However, like most UHTCs, Hf(C,N) is actively oxidized in air with the formation of
a highly porous cracking layer consisting of monoclinic HfO2 (kp = 10–7 g2·cm4·s–1 [13]).

Si-containing additives, such as SiC and MoSi2, are usually added to UHTC, which
contributes to the formation of a protective MeSiO4 orthosilicate with a low oxygen diffu-
sion rate (kp = 10–11 g2·cm4·s–1) [13]. The introduction of silicon carbide into Hf(C,N) has
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already been proven to be an effective method of protecting against oxidation due to the
formation of a complex oxide layer. This layer is composed of silicates consisting of HfSiO4
and Si1-xHfxO2, which fill the HfO2 skeleton and promote the healing of microcracks
and pores [14].

Molybdenum disilicide is also a worthy candidate for use as an additive for protection
against oxidation [15–20]. It is characterized by high oxidation and thermal stabilities and
has the highest melting point (2030 ◦C) among silicides [18,21]. Chen et al. [15] developed
HfC-MoSi2 protective coatings for C/C-SiC composites with different MoSi2 contents.
The introduction of molybdenum disilicide significantly increased the ablation resistance
due to the formation of a dense multiphase Hf-Si-O layer, in which the pores and cracks
are healed by the liquid phases of SiO2 and HfSiO4, preventing oxygen diffusion. A
HfC-MoSi2 coating with 25 vol% MoSi2 provided more effective protection of C/C-SiC
against ablation compared to a HfC-SiC. It is expected that the introduction of MoSi2 to the
ultra-high-temperature ceramic Hf(C,N) will improve its oxidation resistance.

Bulk Hf(C,N)-MoSi2 composites were prepared by mixing MoSi2 and Hf(C,N) powders
in a high-energy planetary ball mill followed by spark plasma sintering. In this work, the
influence of MoSi2 on the oxidation resistance of Hf(C,N) was investigated under non-
isothermal and static conditions.

2. Materials and Methods
2.1. Powder Preparation

The introduction of different MoSi2 (TU 6-09-03-395-74, 99% “Plasmotherm”) content
(1, 5, 10, and 20 vol%, referred to as HfCN1M, HfCN5M, HfCN10M, and HfCN20M further
in the manuscript, respectively) to the synthesized hafnium carbonitride Hf(C,N) was
carried out in a high-energy planetary ball mill Activator-2S (LLC Activator, Novosibirsk,
Russia) in an argon atmosphere (purity 99.998%). All experiments were conducted with
a ball-to-powder mass ratio of 20:1 (360 g: 18 g) in 250 mL steel jars. The jars were first
evacuated using a vacuum pump, and then argon gas was pumped into the jars until the
pressure reached 0.6 MPa. The mixing was carried out for 10 min at a planetary disc and
jar rotation speed of 347 rpm.

2.2. Sintering

Powder mixture consolidation was performed using a Spark Plasma Sintering Unit
Labox 650 (SinterLand, Nagaoka, Japan). A 3 g powder mixture was placed into a graphite
die with graphite paper inside it. To improve heat retention during the sintering process, a
heat-insulating fabric (graphite felt) was used. The die, which contained powder, was fed
into the hydraulic system between two electrodes. The powder mixture was then subjected
to a pressure of 10 MPa. The SPS chamber was evacuated and then filled with argon. All
sintering was conducted under a load of 50 MPa and a holding time of 20 min. The heating
rate was 100 ◦C/min. The sintering temperature was 2000 ◦C. The samples were cooled
during the installation. As a result of sintering, samples with a diameter of 12 mm and a
thickness of 5 to 10 mm were obtained.

2.3. Characterization

The phase composition of the samples after SPS was studied by X-ray phase analysis
(XRD). X-ray spectra were obtained on a Difrey-401 diffractometer (JSC Scientific Instru-
ments, Saint Petersburg, Russia) with Cr-Kα radiation (λ = 0.22909 nm) in the step-by-step
scanning mode (shooting step was 0.1◦) in the angle range from 30 to 110◦ with a 2 s ex-
posure. The phase composition of the synthesized and compacted samples was identified
using the PDF 2 (2004) databases. The microstructure of the consolidated ceramics and their
elemental composition were studied using a JEOL JSM7600F scanning electron microscope
(JEOL Ltd., Tokio, Japan) with an INCA SDD 61 X-MAX energy dispersive attachment
(Oxford Instruments, UK) in the backscattered electron mode at an accelerating voltage of
15 kV (resolution 3 nm). The density (ρh) of the compact ceramic materials was determined
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by hydrostatic weighing according to at least ten measurements in air and in distilled
water (ρw = 0.9978 g/cm3). Vaseline (ρp = 0.870 g/cm3) acted as a layer covering the open
porosity. The density was calculated according to the formula:

ρh =
m1ρwρp

(m 2−m3)ρp−m4ρp
(1)

where ρh is the sample’s density, g/cm3; ρw is the density of water, g/cm3; ρp is the layer
density, g/cm3; m1 is the mass of the sample in air, g; m2 is the mass of the sample with
vaseline in air, g; m3 is the mass of the sample with vaseline in water, g; m4 is the mass of
vaseline (m2 − m1), g.

Weighing was carried out on a Precisa ES 220A analytical balance (Precisa, Switzerland)
with a measurement error of ±0.0001 g.

The true density (ρt) of sintered ceramic materials was measured on an AccuPyc1340
helium pycnometer (Micromeritics, Austria).

The relative density (ρ) was calculated using the following formula:

ρ =
ρh
ρt

× 100% (2)

where ρ is the relative density, %; ρh is the value of hydrostatic density, g/cm3; ρt is the
value of true density, g/cm3;

The hardness of the consolidated materials was measured using a digital hardness
tester, Durascan—70 (Struers ApS, Ballerup, Denmark), using the Vickers method. The
hardness (HV) was calculated using the following formula:

HV = 1.854· P
d2 , (3)

where H is the Vickers hardness, GPa; P is the load applied to the indenter, N; and d is the
diagonal of the rhombus, m.

2.4. Thermogravimetric Analysis

The thermogravimetric analysis of the sintered ceramics was carried out on a NET-
ZSCH STA 409 PC Luxx synchronous analyzer (NETZSCH-Gerätebau GmbH, Selb, Ger-
many) equipped with a NETZSCH QMS 403 Aëolos quadrupole mass spectrometer. The
experiments were carried out in an air atmosphere with an air flow of 50 mL/min. Samples
weighing 30 ± 5 mg in Al2O3 crucibles were heated to 1000 ◦C at a rate of 20 ◦C/min.

2.5. Static Oxidation

To study structural changes during the oxidation process, rectangular parallelepiped-
shaped samples of Hf(C,N) and Hf(C,N)-MoSi2 were kept in an SShOL 1.1.6/12-M3 electric
furnace (Tula-Term, Russia) at 1000 ◦C for 30 min. The samples were initially polished on a
Tegramin grinding and polishing machine (Struers, Copenhagen, Denmark). To carry out
the experiment under the same conditions for all samples, the samples were placed on the
same platform in a furnace in alundum crucibles.

3. Results
3.1. Spark Plasma Sintering

Figure 1 shows the typical microstructures of bulk Hf(C,N)-MoSi2 samples with differ-
ent MoSi2 content obtained by spark plasma sintering. Similar microstructures characterize
all samples. As evident from the SEM images (Figure 1a,d,g,j), the contrast in the HfCN1M,
HfCN5M, HfCN10M, and HfCN20M samples is due to the presence of several phase
components, including Hf(C,N) (red areas), monoclinic and tetragonal HfO2 (green and
yellow areas), MoSi2 (blue areas), and (Fe,Cr) (black areas). Regardless of the amount of
additive, the grain size of the main Hf(C,N) phase varies from 2 to 15 µm with an aver-
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age grain size of 7 µm. The oxide inclusions are predominantly located along the grain
boundaries of the main Hf(C,N) phase. The presence of iron inclusions is associated with
the preliminary mechanical activation of the hafnium powder mixture with carbon in steel
jars with steel grinding balls [12]. Furthermore, pores up to 2 µm in size are found in the
samples, both inside the grains and along their boundaries. According to the EBSD images
(Figure 1c,f,i,l), the Hf(C,N) and MoSi2 grains have different crystallographic orientations
that are randomly distributed.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 4 of 14 
 

 

3. Results 

3.1. Spark Plasma Sintering 

Figure 1 shows the typical microstructures of bulk Hf(C,N)-MoSi2 samples with 

different MoSi2 content obtained by spark plasma sintering. Similar microstructures 

characterize all samples. As evident from the SEM images (Figure 1a,d,g,j), the contrast in 

the HfCN1M, HfCN5M, HfCN10M, and HfCN20M samples is due to the presence of 

several phase components, including Hf(C,N) (red areas), monoclinic and tetragonal HfO2 

(green and yellow areas), MoSi2 (blue areas), and (Fe,Cr) (black areas). Regardless of the 

amount of additive, the grain size of the main Hf(C,N) phase varies from 2 to 15 µm with 

an average grain size of 7 µm. The oxide inclusions are predominantly located along the 

grain boundaries of the main Hf(C,N) phase. The presence of iron inclusions is associated 

with the preliminary mechanical activation of the hafnium powder mixture with carbon 

in steel jars with steel grinding balls [12]. Furthermore, pores up to 2 µm in size are found 

in the samples, both inside the grains and along their boundaries. According to the EBSD 

images (Figure 1c,f,i,l), the Hf(C,N) and MoSi2 grains have different crystallographic 

orientations that are randomly distributed. 

 

Figure 1. Micrographs and EBSD images of the Hf(C,N)-MoSi2 samples with different MoSi2 content: 

(a–c) 1 vol%; (d–f) 5 vol%; (g–i) 10 vol%; (j–l) 20 vol%. 

Since the diffraction patterns of samples with different MoSi2 contents are similar, 

Figure 2 shows the diffraction patterns of sintered MoSi2, Hf(C,N) [12], and HfCN20M as 

typical ones. Intense peaks correspond to the Hf(C,N) phase of the NaCl Fm3m (225) 

structural type. All samples contain hafnium oxide peaks of two structural types: 

tetragonal P42/nmc (137) and monoclinic P21/c (42). It appears that there are no MoSi2 

reflections in the HfCN20M pattern, which is likely due to the low intensity of MoSi2 

reflections compared to other phases. The absence of MoSi2 solubility in the Hf(C,N) lattice 

is confirmed by the invariance of the Hf(C,N) lattice parameter after the introduction of 

MoSi2 (Table 1). 

Figure 1. Micrographs and EBSD images of the Hf(C,N)-MoSi2 samples with different MoSi2 content:
(a–c) 1 vol%; (d–f) 5 vol%; (g–i) 10 vol%; (j–l) 20 vol%.

Since the diffraction patterns of samples with different MoSi2 contents are similar,
Figure 2 shows the diffraction patterns of sintered MoSi2, Hf(C,N) [12], and HfCN20M
as typical ones. Intense peaks correspond to the Hf(C,N) phase of the NaCl Fm3m (225)
structural type. All samples contain hafnium oxide peaks of two structural types: tetragonal
P42/nmc (137) and monoclinic P21/c (42). It appears that there are no MoSi2 reflections in
the HfCN20M pattern, which is likely due to the low intensity of MoSi2 reflections compared
to other phases. The absence of MoSi2 solubility in the Hf(C,N) lattice is confirmed by the
invariance of the Hf(C,N) lattice parameter after the introduction of MoSi2 (Table 1).

Table 1. D-spacing for the bulk Hf(C,N) and Hf(C,N)-MoSi2.

Material
NaCl Fm3m(225)

a, nm
(111) (200) (220) (311) (222)

Hf(C,N) 2.6501 2.292 1.6232 1.386 1.3251 0.459

HfCN20M 2.6448 2.2905 1.6224 1.3851 1.3246 0.459
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Figure 2. X-ray diffraction patterns of MoSi2, Hf(C,N), and HfCN20M samples.

The density and mechanical property values for bulk ceramics are presented in Table 2.
The measured density values (more than 98%) are in good agreement with the structure of
bulk materials (Figure 1). The hardness of the Hf(C,N)-MoSi2 ceramics is comparable to
those of similar materials [22–24]. It is worth noting that the introduction of MoSi2 leads to
a slight decrease in hardness when compared to pure Hf(C,N) [12].

Table 2. Mechanical properties of composites with MoSi2.

Material Density, ρh
(g·cm−3) Relative Density (%) Hardness, HV

(GPa)

Hf(C,N) [12] - 98.1 21.3 ± 0.55

HfCN1M 11.76 ± 0.06 98.6 ± 0.8 19.2 ± 0.3

HfCN5M 11.83 ± 0.06 98.5 ± 0.9 18.1 ± 0.2

HfCN10M 11.28 ± 0.06 98.6 ± 0.6 17.7 ± 0.5

HfCN20M 11.42 ± 0.06 98.2 ± 0.6 16.9 ± 0.3

HfC + 5MoSi2 [22] 11.80 93 17.84 ± 1.45

HfC + 15 vol% MoSi2 [23] 11.7 99.9 19.6 ± 0.5

HfC+10 vol% MoSi2 [24] 11.79 97.8 16.1 ± 0.4

HfC+20 vol% MoSi2 [24] 11.01 96.5 15.5 ± 0.9

HfC+1 vol% MoSi2 [22] 12.3 98.0 21.1 ± 0.7

3.2. Oxidation Behavior

Figure 3 illustrates thermogravimetric curves that describe the change in sample mass
depending on temperature during the non-isothermal oxidation of Hf(C,N) and Hf(C,N)-
MoSi2 sintered ceramics. The samples were heated to 1000 ◦C in air at 20 ◦C/min. The
weight gain from oxidation begins at approximately 720 ◦C for all compositions, but the
inflection temperature varies depending on the composition.
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Figure 3. Thermogravimetric curves of Hf(C,N) and Hf(C,N)-MoSi2 samples.

In the case of the Hf(C,N) sample, one can observe an inflection in the TG curve at
800 ◦C; up to this point, oxidation proceeds slowly. At temperatures above this point, the
oxidation significantly accelerates, and at 960 ◦C, Hf(C,N) is completely oxidized with a
weight gain of 10%. Low concentrations of MoSi2 (1 and 5 vol%) contribute to an increase
in the onset of oxidation to 840 ◦C and a decrease in the oxidation rate. Therefore, the
HfCN1M and HfCN5M samples are characterized by the smallest gains, which are 3.7%
and 4.2%, respectively. When the MoSi2 concentration is increased to 10 and 20 vol%, the
inflection temperature decreases to 810 ◦C and 785 ◦C, respectively. Between 810 and 990 ◦C,
the oxidation rate of the HfCN10M sample is significantly lower than that of Hf(C,N); its
weight gain was 6.5%. A sample with the highest MoSi2 concentration during oxidation
displays complex behavior. In the temperature range from 720 ◦C to 785 ◦C, the oxidation
rate of HfCN20M is almost six times higher than the oxidation rate of the other samples.
Active oxidation becomes slower at 800 ◦C but accelerates again at the point corresponding
to 860 ◦C. Despite the periodic acceleration of oxidation, the weight gain at 990 ◦C was 8%,
which is 2% lower than the weight gain of pure Hf(C,N).

Figure 4 illustrates the thermal changes that occurred during the oxidation of Hf(C,N)
and Hf(C,N)-MoSi2. In all samples, the onset of the exothermic reaction was observed at
725 ◦C, which is in good agreement with the temperature on the TG curves (Figure 3). In
the case of Hf(C,N), HfCN1M, and HfCN5M samples, a gradual increase in the thermal
effect of the exothermic reaction is observed with an increase in temperature. According to
mass spectroscopy (MS, Figure 5), the onset of Hf(C,N) oxidation at 725 ◦C is accompanied
by the formation of NO (m/z = 30) and, to a lesser extent, NO2 (m/z = 46). This is evidenced
by an increase in the values of ionic current on the mass spectra of NO and NO2. With a
slight delay, a gradual release of CO2 (m/z = 44) is observed, which reaches its maximum at
910 ◦C. CO emissions were not detected.
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Apparently, the initial formation of NO and NO2 is due to the displacement of nitrogen
atoms by oxygen atoms, as a result of which an extremely unstable Hf-C-O compound
is formed [25]. The Hf-C-O rapidly transforms into the monoclinic HfO2 phase with the
evaporation of CO2, which we observe with a slight delay (Figure 5). The process of gaseous
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reaction product evolution continues at higher temperatures, and as a result, the sample is
completely oxidized. The oxidation of HfCN1M and HfCN5M also proceeds without an
intense heat release, and the formation of wide exothermic peaks is due to the release of
CO2, NO, and NO2 (Figure 5).

During the oxidation of the HfCN10M and HfCN20M, an increase in the thermal
effect of the reaction is observed, followed by the formation of a pronounced exothermic
peak. An increase in the MoSi2 content from 10 to 20 vol% leads to a shift in the exothermic
peak maximum temperature to lower values. It is noted that the point on the TG curves
corresponding to the maximum oxidation rate coincides with the temperatures of the
exothermic peak—800 and 820 ◦C for HfCN10M and HfCN20M, respectively. The presence
of this peak in samples with a high MoSi2 content is probably due to a significant increase
in the MoO3 vapor pressure at a temperature of 800 ◦C. The subsequent peaks at higher
temperatures, which were also observed on the other samples, are the result of the release
of gaseous products during Hf(C,N) oxidation.

For all samples, the intensity of the CO2 peaks is higher in comparison with NO and
even more with NO2, which is due to the composition of the initial Hf(C,N), which contains
3.1 wt% C and 2.5 wt% N [26]. Since NO2 has the lowest intensity, we neglected it in
further discussions.

It is worth noting that the introduction of MoSi2 contributed to a decrease in the
intensity of the CO2 and NO peaks compared to pure Hf(C,N). However, when looking
only at composites, an increase in the MoSi2 content leads to an exponential increase in the
intensity of the main CO2 peak (Figure 6).
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Figure 7 shows the microstructures of the Hf(C,N) and Hf(C,N)-MoSi2 samples after
isothermal oxidation in a furnace at a temperature of 1000 ◦C for 30 min. Depending on
the MoSi2 content, different oxide layers with different structures and phase compositions
are formed on the surface of the samples. The oxidation of Hf(C,N) is accompanied by the
formation of a two-layer oxide film, consisting of a dense layer about 50 µm thick and a
loose cracking layer (Figure 7a). The thickness of the dense layer is 1.05 mm. According
to XRD results, the formed oxide film consists exclusively of monoclinic HfO2 (Figure 8).
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The addition of 1 and 5 vol% MoSi2 contributes to a significant decrease in the rate of
Hf(C,N) oxidation, which is apparently due to the formation of dense oxide layers on
the surface (Figure 7b,c). These layers are 60 and 105 µm thick, respectively, and consist
mainly of monoclinic hafnium oxide, as well as a small amount of hafnium orthosilicate
HfSiO4 (Figure 8). An increase in the MoSi2 concentration in the samples affects not only
the oxidation rate but also the structure of the oxide film. After isothermal oxidation
of HfCN10M at 900 ◦C, a 190-µm-thick loose oxide layer with pores and microcracks is
observed by SEM (Figure 7d). XRD analysis of the oxide films showed that the phase
compositions of the oxide films HfCN1M, HfCN5M, and HfCN10M are identical. When
the concentration of MoSi2 is increased from 10 to 20 vol%, a 305 µm-thick oxide film
with a “flake-like” morphology is formed. (Figure 7e). Only monoclinic HfO2 is found in
this layer (Figure 8). It should also be noted that in the structure of the oxide layers of all
Hf(C,N)-MoSi2 samples, in addition to HfO2 (light areas), local gray MoSi2 and black SiO2
inclusions are found (Figure 9).
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Figure 9. Local inclusions of MoSi2 and SiO2 in the HfCN5M oxide layer after isothermal oxidation
in a furnace at 1000 ◦C.

Figure 10 clarifies the dependence of the oxide layer thickness on the MoSi2 concentra-
tion. The introduction of MoSi2 contributes to a reduction in the thickness of the oxide film
of at least 3.5 times, and its thickness increases linearly with increasing MoSi2 content.
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4. Discussion

The high weight gain (10%) and oxide layer thickness (1.1 mm) of the Hf(C,N) sample
are due to several factors. First, during oxidation, the formation of monoclinic HfO2 on the
Hf(C,N) surface was observed. It has a high oxygen diffusion rate (kp = 10–7 g2·cm4·s–1) [13],
and at temperatures above 900 ◦C (the point of inflection on the TG curve for Hf(C,N)), it
loses its protective properties and becomes loose and powdery, contributing to the active
infiltration of oxygen into the material. Second, the process of Hf(C,N) oxidation was
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accompanied by the release of C and N along the grain boundaries, which then react with
oxygen to form predominantly CO2 and NO:

HfC0,5N0,35 (s) + 1.675O2 (g) = HfO2 (s) + 0.5CO2 (g) + 0.35NO (g) (4)

The release of gaseous products occurs through the monoclinic HfO2 layer, which sub-
sequently causes the formation of pores and cracks. This, in turn, facilitates the access of oxy-
gen to the substrate, thereby accelerating the oxidation process. The introduction of MoSi2
significantly increases the oxidative resistance of Hf(C,N), as was demonstrated by both
the TG curves and the SEM results. This agrees with the results of other studies [15,17,20].
MoSi2 concentrations of 1 and 5 vol% contribute to the formation of dense oxide layers on
the Hf(C,N) surface, which prevent oxygen diffusion to the substrate. A higher content
of molybdenum disilicide led to a thickening of the oxide films and the formation of a
flake-like structure.

It is known that the oxidation of MoSi2 proceeds in several stages [27]. Up to 800 ◦C,
molybdenum disilicide oxidizes according to the reaction:

2MoSi2 (s) + 7O2 (g) = 2MoO3 (g) + 4SiO2 (s) (5)

In this temperature range, the formation of MoO3 with high volatility and vapor
pressure predominates, while the rate of formation of protective SiO2 is low. This results
in strong internal stresses, which then lead to intense oxidation. Furthermore, according
to the results of other studies, at temperatures between 750 and 800 ◦C, there is a rather
sharp rise in the pressure of MoO3 vapor, which is associated with the achievement of the
boiling point of MoO3 [28]. This fact explains the presence of an intense exothermic peak
with a maximum at 800 ◦C in the HfCN20M with 20% MoSi2 sample. According to the
DSC curves and mass spectra of HfCN1M, HfCN5M, HfCN10M, and HfCN20M in the
range from 800 to 1000 ◦C, we observed the predominance of Hf(C,N) oxidation according
to reaction 4 with the formation of monoclinic HfO2 and the release of mainly CO2 and
NO (Figure 5).

Reaction (5) with the formation of volatile MoO3 decelerates; therefore, the TG curves
show inhibition of the oxidation process. In samples containing 1, 5, and 10 vol% MoSi2,
after a 30-min exposure at 1000◦C, according to the reaction (6), we observed the formation
of the HfSiO4 phase, in which the oxygen diffusion rate is several orders of magnitude
lower compared to HfO2 [27,29]:

2HfO2 + SiO2 = HfSiO4 + HfO2 (6)

This phase was not detected in the sample with 20 vol% MoSi2. The increase in the
amount of CO2 and the thickness of the oxide layer with an increase in the concentration of
MoSi2 can be due to an increase in the amount of gaseous MoO3. Its transport through the
oxide layer promotes the crystallization of amorphous SiO2, the formation of pores, and
cracks, thereby facilitating the access of oxygen to Hf(C,N)-MoSi2. It is also possible that
the release of a high concentration of MoO3 along with CO2 and NO prevents the diffusion
interaction of HfO2 and SiO2 in the HfCN20M sample and, consequently, the formation
of HfSiO4.

5. Conclusions

In the present work, Hf(C,N)-MoSi2 composites with varying MoSi2 contents were
produced by the SPS method. The materials exhibited a relative density of 98% and a
hardness ranging from 16.9 to 19.2 GPa. The onset oxidation temperatures for the Hf(C,N)
and Hf(C,N)-MoSi2 were determined during non-isothermal oxidation at the DSC-TG up
to 1000 ◦C at a heating rate of 20 ◦C/min in air,. The effect of MoSi2 content on weight gain
and gas evolution during oxidation was also examined. The oxidation process began at
725 ◦C for both samples with MoSi2 and pure Hf(C,N). For composites with low MoSi2
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content (1 and 5 vol%), hafnium carbonitride oxidation mainly occurred, during which
monoclinic hafnium oxide was formed. Along with it, gaseous reaction products, mainly
CO2 and NO, with a small amount of NO2, were released. When the concentration of
MoSi2 was increased to 10 and 20 vol%, a pronounced exothermic peak appeared on the
DSC curve, which corresponded to an increase in the vapor pressure of volatile MoO3. The
smallest weight gain of 3.7% and 4.2% was demonstrated by samples containing 1 and
5 vol% MoSi2, respectively.

The effect of MoSi2 on the structure and phase composition of the oxide layer was
established by isothermal oxidation in an electric furnace at 1000 ◦C for 30 min. The
introduction of MoSi2 contributed to a reduction in the thickness of the oxide film by at
least 3.5 times when compared to Hf(C,N). On the surface of samples containing 1 and
5 vol% MoSi2, a dense oxide layer, composed of monoclinic HfO2 and a small amount of
HfSiO4, was formed. An increase in the MoSi2 concentration resulted in swelling of the
oxide layer due to the volatilization of a high concentration of MoO3 together with CO2
and NO at around 750–800 ◦C, thereby accelerating the oxidation. The absence of hafnium
orthosilicate in the sample with 20 vol% MoSi2 is due to abundant gas evolution, which
prevents the diffusion interaction of HfO2 and SiO2. The introduction of MoSi2 contributed
to an increase in the oxidation resistance of Hf(C,N) due to the formation of refractory
HfSiO4 with a low oxygen diffusion rate.
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