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1 Introduction

The semiconductor

industry  has
development in recent years, resulting in a significant
increase in the demand for high-performance SiC and Si;N,

Combustion co-synthesis of nano SiC and purified
SizN4 powders by coupling strong and weak
exothermic reactions

Lujia Han,?® Huakang Zhang,® Xiao Yang,® Yuanyuan Li,
Yanhao Dong @ *€ and Jiangtao Li*®®

Silicon carbide (SiC) powders and silicon nitride (SizN4) powders are critical raw materials for advanced
ceramic technology and industry. There are two challenges in their synthesis and production: (i) phase
formation of nano SiC powders due to harsh reaction temperature and (i) preparation of high-purity SizN4
powders due to difficulties in removing trace oxygen impurities. Combustion synthesis is a cheap, scalable
method for producing SiC and SisN4 powders. However, there are two additional challenges: (iii)
combustion synthesis of SiC requires intense external energy input due to the weak exothermic reaction
between Si and C and (iv) combustion synthesis of SisN4 requires a diluent to slow down the self-
accelerated reaction and fully convert Si to SizN4 due to the strong exothermic reaction between Si and
N,. Here, we reported a new combustion co-synthesis of nano SiC and high-purity SisN4 powders in one
chamber, which addressed all four challenges mentioned above: () the production of nano SiC powders
resolved by fast synthesis, (ii) purified pink-grade SizsN4 powders using carbon as an efficient high-
temperature oxygen getter, (iii) ignited Si-C combustion by a strongly exothermic Si-N, reaction, and (iv)
more controllable Si-N, combustion with less diluent usage and less residual Si. We demonstrated nano
B-SiC powders with ~30 nm primary particle size and high-purity pink-colored B-SizsN4 powders with
oxygen impurity content down to 0.46 wt%. This study not only offers practical solutions to the production
of high-quality SiC and SizN4 powders but also refreshes the design of combustion synthesis with new
possibilities and improved controllability.

Keywords: Combustion synthesis; SiC; SizsN4; Nanoparticles; Reaction kinetics.

processing, combustion synthesis, and high-energy ball
milling, have demonstrated the capability to successfully
produce ceramic powders.”” In order to produce SiC and
Si3N, ceramic powders in a scalable and cost-effective
manner, it is essential to consider both manufacturing

undergone  rapid

ceramics. These ceramics are essential components in
semiconductor processing equipment.’” SiC semiconductor
components require highly reactive, nanoscale SiC powders to
achieve superior mechanical and thermal properties.”® In
contrast, high thermal conductivity Si;N, ceramic substrates
rely on high-purity and low-oxygen Siz;N, powders to ensure
optimal thermal conductivity.”® Currently, a variety of
synthesis routes, such as carbothermal reduction, sol-gel
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efficiency and overall material performance.'”'* In this
context, combustion synthesis has emerged as one of the
most promising approaches for the large-scale and low-cost
fabrication of high-quality Si-based ceramic powders."*"*
However, existing combustion synthesis technologies for SiC
and Si;N, still face critical limitations, highlighting the urgent
need for innovation and breakthrough developments.

First, the Si-C reaction system is difficult to sustain in a
self-propagating manner due to its low exothermicity (AH =
-69 kJ mol™) and relatively low adiabatic combustion
temperature (T,q = 1860 °C).">'® Previous studies have
demonstrated that combustion synthesis of SiC can be
achieved through preheating,'” chemical activation,® or
nitrogen-assisted catalysis.'® For instance, the addition of
PTFE significantly enhances reactivity through gas-phase
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reactions and additional exothermicity.>® However, these
approaches typically involve excessive thermal input to trigger
the reaction, which leads to overly high reaction
temperatures and consequently causes significant grain
coarsening, making it difficult to obtain sub-100 nm SiC
powders. Alternatively, mechanically activated combustion
synthesis has been employed to enhance reactivity through
high-energy ball milling (HEBM), which promotes the
formation of nanocomposite Si/C particles.”’ However, the
extended mechanical milling of precursors inevitably
introduces significant impurities, thereby limiting the purity
of the resulting SiC products.****

Second, although the Si-N, system is a highly exothermic
reaction (AH = -736 k] mol ),'® a large amount of diluents or
ammonium salts must be introduced to suppress the
reaction temperature in order to prevent the aggregation of
molten Si and ensure sufficient nitridation.?**> However,
such strategies are not without their drawbacks. They result
in low net yields and generate corrosive gases, which pose
significant environmental concerns.’® In fact, recent
mechanistic studies have shown that the Si-N, combustion
process follows a vapor-liquid-crystal growth pathway, where
the presence of Si;N, diluents not only moderates the
temperature but also accelerates combustion front
propagation by promoting nucleation of new SizN, crystals.>’
Therefore, both the combustion synthesis routes for SiC and
SizN, require further optimization and improvement. To
optimize the combustion synthesis processes for both types of
powders, the guiding principle is to regulate the structure of the
combustion wave. Specifically, an appropriate high temperature
and high-temperature residence time, imposed on the reactants
in the combustion wave region, facilitate precise process control
over the nucleation and growth of the target powder products.

Based on the above analysis, this study proposes a simple
yet practical strategy for the coupled combustion synthesis of
Si-C and Si-N, reaction systems. By exploiting the highly
exothermic nature of the Si-N, reaction in a chemical
furnace, the thermal deficit of the weakly exothermic Si-C
system can be effectively compensated for. Simultaneously,
rapid heat absorption by the Si-C primary reactant system
helps suppress overheating in the Si-N, zone. By adjusting
the ratio between the Si-N,-based chemical furnace and the
Si-C primary reactant system, the temperature field of the
coupled reaction can be optimized. This approach aims to
simultaneously achieve the synthesis of ultrafine SiC
nanoparticles and high-purity Si;N, powders, thereby offering
a novel route for the rapid and cost-effective production of
advanced SiC and SizN, ceramic powders.

2 Results and discussion
2.1 Thermodynamic considerations

It is well established that Si;N, powders can be synthesized
from Si powder via combustion synthesis under high-
pressure nitrogen gas. This reaction is highly exothermic,
and its adiabatic combustion temperature (T,q,) significantly
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exceeds the melting point of silicon (7, = 1410 °C). In order
to prevent the melting of Si, which would otherwise reduce
the nitridation efficiency, up to 50-60 wt% of SizN, is
typically added as a diluent during the reaction process.>*>*
This addition reduces the adiabatic combustion temperature
to a lower level (T,q4,) slightly above the melting point of Si
(Fig. 1a). However, this approach comes at the cost of a
reduced net yield due to the large amount of diluent
required. Additionally, for the system of the Si-C reaction,
which is weakly exothermic, as demonstrated in Fig. 1b, the
adiabatic temperature can be elevated (from T,q to Thq+) by
increasing the initial temperature of the system.*?> This
provides the necessary thermal conditions to sustain the
propagation of the combustion wave in the Si-C system.
Nevertheless, such preheating-based strategies inevitably
result in prolonged exposure to elevated temperatures, which
leads to severe grain coarsening and hinders the formation
of nanoscale powders.>’

In this study, a mnovel chemical furnace-assisted
combustion synthesis approach is proposed for the synthesis
of both types of single-phase ceramic powders. In this
approach, Si-C and Si-N, reaction systems are coupled
through a rational powder configuration to synthesize
nanoscale SiC powders. During the preheating of the Si-C
system by the highly exothermic Si-N, reaction, the Si/C
primary reactant, which is characterized by high infrared
absorption both before and after the reaction, effectively
absorbs the radiative heat released from the Si-N, reaction,
thereby acting as a highly efficient thermal sink. By
strategically utilizing this enhanced heat transfer effect, the
temperature of the Si-C system can be rapidly elevated to
promote its reaction while simultaneously suppressing
excessive overheating in the Si-N, system. This also enables a
reduction in the amount of diluent required in the Si/SizN,
mixture. Thermodynamic calculations reveal that the energy
released from the Si-N, reaction (~4381 k] kg™) vastly
exceeds the energy required to ignite the Si/C mixture
(~1595 kJ kg™") by a factor of 2.7 (Note S1). This significant
surplus confirms that the Si-N, reaction provides ample
energy to initiate and sustain the self-propagating
combustion process. Based on the above thermodynamic
considerations, this study aims to regulate the temperature
field of Si-C combustion synthesis by adjusting the ratio
between the Si-N,-based chemical furnace and the Si/C
primary reactant system.

2.2 Combustion synthesis and phase formation

The combustion synthesis process for preparing nano-sized
SiC assisted by a Si-N, chemical furnace is illustrated in
Fig. 2a. The heat released from the surrounding Si-N,
chemical furnace reaction serves to preheat the enclosed Si/C
powder mixture. The high temperature at the combustion
front of the furnace also provides effective ignition for the
Si/C reactants, thereby initiating a self-propagating
combustion synthesis reaction. Upon completion of the
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Fig. 1 Schematic illustration of the thermodynamic principles for regulating the adiabatic combustion temperature (T,q) in the Si-C and Si-N,

combustion synthesis systems. (a) Si-N; system and (b) Si-C system.
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Fig. 2 Reaction mechanism and phase composition of SiC synthesized via Si-N, chemical furnace-assisted combustion. (a) Schematic of the
surrounding chemical furnace-assisted combustion configuration and combustion wave propagation; (b) XRD patterns of the combustion-
synthesized product in the central region (primary reaction zone); and (c) XRD patterns of the product in the peripheral region (chemical furnace

zone).

reaction, green SiC products were obtained in the central
region of the crucible, while the peripheral region yielded
gray-white SizN, products. Notably, a millimeter-thick pink
SizN, interfacial layer was clearly observed at the boundary
between the SiC and SizN, products.

As demonstrated in Fig. 2b, under three distinct chemical
furnace conditions with varying Si/SizN, ratios, all the
combustion-synthesized products from the Si-C system
exhibited B-SiC as the predominant phase, with a phase

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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content exceeding 99.7 wt%. The minor secondary phases
included unreacted residual Si and a trace amount of Si,N,O,
with the oxygen likely originating from the Si powder itself.*°
In contrast, the reaction products from the three chemical
furnace formulations were primarily composed of B-SizNy,
accompanied by a small amount of a-SizN, (Fig. 2c¢). As is
well established, B-SizN, is a thermodynamically stable phase
at high temperatures in comparison with «-SizN,.
Consequently, the formation of abundant B-Si;N, indicates

Ind. Chem. Mater.
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Fig. 3 Temperature-time (T-t) profiles of the Si-N, reaction system, Si-C reaction system, and their interface during chemical furnace-assisted
combustion synthesis. (a) T-t curve of the CF3 chemical furnace system during the reaction process; (b) T-t curve at the interface between the
Si-C and Si-N; systems in the CF3-1 reaction configuration; (c) T-t curve of the Si-C reaction in the CF3-1 system; and (d) enlarged view of the T-t

curve during the Si-C reaction in the CF3-1 system.

that all three furnace systems generated sufficiently high
temperatures suitable for triggering the combustion synthesis
of the Si-C system.

As illustrated in Fig. 3a-c, the temperature-time profiles
were recorded at three different locations during the
chemical furnace-assisted combustion synthesis of SiC. The
positions of the W/Re thermocouples are indicated in the
insets. In the Si-N, reaction system, which serves as the
chemical furnace, the peak reaction temperatures ranged
from 1660 to 1788 °C by adjusting the content of the Si;N,
diluent (CF1, CF2, and CF3; Fig. S1 and Table S1). At the
interface between the Si-N, and Si-C reaction zones, the
reaction temperature reached up to 1728 °C. Conversely, the
maximum temperature within the Si-C reaction zone
exhibited a comparatively lower range, varying from 1086 °C
to 1537 °C (Fig. S2). The results obtained demonstrate a rapid
radial temperature decrease from the outer Si-N, system
toward the center. Nevertheless, the combustion wave

Table 1 Propagation velocity of combustion wave, peak reaction
temperature, and product phase composition of the Si-C system under
different chemical furnace-assisted conditions

Reaction systems V (mm min™") Ty (°C) PB-SiC (Wt%) Impurities

CF1-1 17.1 1086 99.8 Si, Si,N,O
CF2-1 18.9 1334 99.7 Si, Si,N,O
CF3-1 25.4 1537 99.8 Si, Si,N,O
CF3-2 13.6 956 — —
CF3-3 13.6 787 — —

Ind. Chem. Mater.

propagation velocities of the Si-N, and Si-C reaction systems
were comparable: Vg_y = 16-25 mm min " and Vgi_¢ = 17-25
mm min~', respectively. This finding suggests that the
combustion wave in the Si-N, system effectively initiates and
synchronizes the combustion synthesis of the Si-C system.
Table 1 provides a synopsis of the combustion wave velocity,
peak reaction temperature, and product phase composition
of the Si-C system under varying chemical furnace-assisted
conditions. It is noteworthy that the Si-C system exhibits
characteristics of oscillatory combustion during the synthesis
process (Notes S2 and S3). In particular, when a chemical
furnace with a high diluent content is utilized (e.g., CF1 with
50 wt%), the Si-C reaction tends to be incomplete.

Using the CF3-1 reaction system as a representative
example, Fig. 3d illustrates a magnified view of the T-¢ curve
for the Si-C region within the CF3-1 chemical furnace-
assisted system, with three inflection points along the
heating curve marked, along with the corresponding heating
rates. Based on this analysis, stage I (T < ~600 °C)
corresponds to the preheating of the Si-C system due to heat
released from the outer chemical furnace. Stage II (~570-
1100 °C) is attributed to the exothermic Si-N, reaction. This
reaction occurs at such a relatively low temperature due to
the nitridation of Si vapor diffusing from the chemical
furnace into the Si-C region.*" The heat released by this
vapor-phase Si-N, reaction further initiates additional
nitridation reactions with the residual raw materials in the
Si-C region, thereby accelerating the heating rate to

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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approximately 52.5 °C s '. In stage III (T > ~1100 °C), the
temperature becomes sufficiently high to trigger the highly
exothermic Si-C reaction,®®** which is the primary heat
source at this stage. This reaction leads to an increase in
temperature, which ultimately reaches 1537 ©°C. The
observation of a temperature plateau near 1400 °C can be
attributed to the endothermic melting of Si powder.

According to the thermal profile, the critical ignition
temperature (7;) for the combustion synthesis of SiC in this
system is estimated to be around 1100 °C, which is
approximately 100 °C lower than the value reported by Wang
et al. for radio-frequency-heated SiC combustion synthesis
under an Ar atmosphere (T; = 1200 °C).** This reduction in T;
is likely due to the increased reactivity of the Si reagent,
which originates from two primary factors: (1) the diffusion
of reactive gaseous Si generated under the strong exothermic
conditions of the chemical furnace, and (2) the high-
temperature decomposition of newly formed Si;N, in the
presence of coexisting carbon in this region, which further
releases highly reactive Si vapor.>>?° Additionally, at
approximately 2100 K, the Si vapor pressure over the Si/Si;N,
system (=4 x 10™" Pa) exceeds that over the Si/SiC system (~3
x 107% Pa) by an order of magnitude, and this disparity in Si
vapor pressure between Si;N, and SiC further biases the
reaction toward SiC formation under non-equilibrium
conditions.*”

To determine the minimum required amount of chemical
furnace material capable of driving the weakly exothermic
Si-C reaction, the effect of varying the mass ratio between
the chemical furnace reactants and the primary reactants
(ie., Wsisin,:Wsic) was investigated based on the CF3
chemical furnace system. The results indicated that when the
ratio was reduced from 3:1 to 1:1, the combustion wave in
the Si-C system was unable to propagate over a significant
distance, and SiC formation occurred exclusively in proximity
to the ignition source. The maximum temperature in the
reacted region, as measured by thermocouples, was found to
be below 1000 °C (Fig. S3). This observation highlights that
the temperature field within the Si-C primary reactant system

oY)
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can be flexibly and conveniently tuned by adjusting the mass
ratio between the chemical furnace and the primary
reactants. Experimental results indicate that a mass ratio of
WsissiN, : Wsiic = 3:1 is optimal because it ensures that the
synthesized SiC experiences a sufficiently high temperature
and thermal holding time, resulting in well-dispersed
nanoscale SiC powders.

Interestingly, when the chemical furnace-assisted
combustion synthesis of SiC was performed, the Si-N,
system, serving as the chemical furnace, exhibited markedly
different behavior compared to when it underwent
combustion synthesis independently. As shown in Fig. 4a,
the residual Si content in the product of the standalone CF3
furnace was 10.4 wt%. However, when the same CF3 system
was used as a chemical furnace to assist SiC synthesis (CF3-1),
the residual Si content in the chemical furnace product was
significantly reduced to only 1.66 wt%, representing an 84%
decrease. A similar trend was observed across other
chemical furnace systems with varying diluent contents.
Each coupled system exhibited reduced residual Si content
in the furnace product. Detailed comparisons of phase
compositions are presented in Table S2.

These results demonstrate that the residual Si
induced by melting during the combustion synthesis of the
Si-N, system can be substantially mitigated by coupling it
with the Si-C system. This improvement is attributed to
thermal radiation transfer from the combustion wave zone to
the Si-C primary reactant. As illustrated in Fig. 4b, the Si/C
powder mixture exhibits high radiative absorptivity, with an
infrared emissivity of approximately 0.9. In accordance with
the Stefan-Boltzmann law,?” the radiant energy emitted by a
blackbody increases sharply as the temperature increases.
The Si/C primary reactant functions as an efficient absorber
of this radiative heat, which facilitates the rapid dissipation
of heat from the combustion wave zone (the region where
SizN, is formed). Consequently, the primary reactant plays a
crucial role in modulating the temperature field of the
chemical furnace system. By appropriately harnessing this
thermal regulation effect, the synchronous and synergistic

issue

b 1.0
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Fig. 4 Phase composition of the products from three Si-N, chemical furnace systems and spectral emissivity of the Si/C reactant. (a) XRD
patterns of the products obtained from independently reacted chemical furnace systems with varying diluent contents; and (b) infrared emissivity

spectrum of the Si/C reactant.
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combustion synthesis of the Si-N, and Si-C systems can be
effectively realized.

2.3 Microstructure of nano SiC

SEM observation of the nano-SiC powders synthesized via
CF3-1 chemical furnace-assisted combustion revealed that
the powders consisted of large aggregates of nano-sized SiC
particles. After mild ultrasonic dispersion, the aggregates
exhibited a D5, of ~780 nm (Fig. S4). This submicron-scale
aggregation is acceptable for slurry preparation and coating
and can be further reduced by milling to ensure uniformity
in subsequent processing. As shown in Fig. 5a, the SiC
particles are uniformly distributed across the entire field of
view and exhibit an equiaxed crystal morphology. The particle
size statistics shown in Fig. 5b indicate that the average
diameter of the SiC nanoparticles is approximately 30 nm,
which is superior to that achieved by the preheating method
(~130 nm)"” and the electric field-assisted method (on the
micrometer scale)*® and is comparable to those produced by
cvD** and carbothermal reduction methods,*® while
requiring neither complex equipment nor prolonged reaction
time (Table S3). Similar particle sizes and morphological
characteristics were observed for the products synthesized in
the CF1-1 and CF2-1 systems (Fig. S5). A comparison between
the raw carbon black and the synthesized SiC particles
revealed that the SiC nanoparticles retained the morphology
of the carbon black precursor (Fig. 5¢ and S6). Selected area
electron diffraction (SAED) further confirmed the face-
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centered cubic (FCC) structure of the SiC nanoparticles. As
shown in Fig. 5d, high-resolution TEM (HRTEM) images
revealed an interplanar spacing of ~0.25 nm, corresponding
to the (111) plane of B-SiC.*" Stacking faults (SFs) observed in
the SiC nanoparticles (Fig. S7) are likely attributed to the
non-equilibrium nature of the combustion synthesis process,
characterized by high temperatures and rapid heating/cooling
rates.*> Energy-dispersive X-ray spectroscopy (EDS) analysis
indicates that a small amount of oxygen is distributed on the
surface of the SiC nanoparticles (Fig. S8). In summary, the
primary phase of the synthesized nanoparticles is B-SiC.
Minor impurities, including residual Si, Si,N,O, and surface
oxygen, were also detected. The nitrogen content was
determined to be ~2.1 wt% by oxygen-nitrogen analysis.

2.4 Microstructural and spectroscopic analysis of pink
B-SizN, in the chemical furnace system

As previously mentioned, a layer of pink Si;N, powder was
observed on the SizN, product side at the interface between
the chemical furnace and the primary reaction product. SEM
observations of the two differently colored Si;N, powders
revealed that the gray-white Si;N, exhibits a more well-
developed columnar grain structure, which is a characteristic
of B-Siz;N, (Fig. 6a and b).** This difference in microstructure
is likely related to the reaction temperature. The pink SizN,,
being adjacent to the Si-C mixed powder, experienced a lower
crystal growth temperature, resulting in an underdeveloped
columnar morphology. Statistical analysis of particle sizes

30.4£0.4 nm

CF3-1

15 20 25 30 35 40 45 50
Particle size (nm)

Fig. 5 Microstructure and structural characterization of the nano-SiC synthesized via chemical furnace-assisted combustion. (a) SEM image of the
combustion-synthesized SiC nanoparticles; (b) statistical particle size distribution of the SiC nanoparticles; (c) TEM image of the SiC nanoparticles
(the inset shows the SAED pattern of SiC); and (d) HR-TEM image of the SiC nanoparticles.
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Fig. 6 Microstructures of the combustion-synthesized SizN4 products. (a) SEM image of pink SizN4; (b) SEM image of gray-white SizN4; (c) high-
resolution TEM image of pink SizN4; and (d) high-resolution TEM image of gray-white SizN4.

further indicated that the pink Si;N, powder has an average
particle size of approximately 4.6 um, while the gray-white
SizN, powder had a larger average size of about 3.3 um (Fig.
S9). A comparative analysis of the phase composition
between the pink and the concurrently generated gray-white
SizN, powders showed that both consist mainly of B-Si;N,
(Fig. S10 and Table S4). However, the pink SizN, contains a
lower amount of residual Si, indicating a higher phase purity.
It should be emphasized that the pink -SizN, obtained at
the reaction interface exhibits a lower oxygen content
compared to the gray-white f-SizN,, with the results
summarized in Table 2. Furthermore, a comparison with the
oxygen content of commercially available high-purity Si;N,
powder from the UBE Corporation (Japan) further confirms
that the combustion-synthesized Si;N, possesses a lower
oxygen concentration. This decrease in oxygen is directly
correlated with the thinning of the amorphous SiO, surface
layer, as confirmed by the TEM observations that the
amorphous oxide layer on the surface of the pink SizN, is less
than 1 nm thick, while the oxide layer on the gray-white
SizN, surface measures 1-2 nm in thickness (Fig. 6¢ and d).
The ultralow oxygen content in the pink Si;N, powder can
be explained based on the Ellingham diagram (Fig. 7).**

Table 2 Elemental composition analysis of different SisN4 samples

(@) N Al Ca Fe
Samples (Wt%) (wt%) (ppm)  (ppm) (ppm)
Pink B-Si;N, 0.46  32.22 72.70 9.52 22.08
Gray-white -Si;N, 0.66 34.55 74.21 70.94 15.72
Pink B-Si;N, (after annealing) 0.61 34.94 — — —
B-SizN; (diluent) 3.01 38.07 600-700 <100 <100
SizN, from UBE 1.20 38.33 <20 <30 <20

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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According to the reaction system analysis, the most likely
reaction to occur in the Si-C-O system is as follows:

Si + 0,(g) = SiO,, (1)
2C + 0,(g) = 2€CO(g), (2)
2CO(g) + SiO, = Si + 2CO,(g). (3)

According to the Ellingham diagram, SiO, 1is the
thermodynamically stable phase below 1600 °C (reaction (1)).
However, when the temperature exceeds 1612 °C, carbon
from the Si-C reaction system is converted to CO via reaction
(2). As shown by the temperature measurements in Fig. 3b,
the interface between the Si-N, and Si-C systems reaches as
high as 1728 °C, making reaction (3) inevitable, thereby
creating a CO-rich, low equilibrium oxygen partial pressure
reducing environment. Furthermore, according to the
Ellingham analysis, at the interfacial temperature of 1728 °C,
the oxygen partial pressure corresponding to the C/CO
equilibrium is as low as approximately 10™** atm, which is
significantly lower than that required for the Si/SiO,
equilibrium (~107"? atm). Under these conditions, the SiO,
layer present on the surface of SizN, is reduced (reaction (3)),
ultimately yielding high-purity Si;N, with a low oxygen
content. At the interface adjacent to the Si/C primary
reactant, the proximity to the carbon source results in the
highest CO concentration and thus the lowest oxygen
content, which explains the formation of the pink Si;N,
obtained.

A comparison of SizN, powders with different colors is
shown in Fig. 8a. Interestingly, after a high-temperature
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Fig. 7 Thermodynamic analysis of the formation mechanism of high-purity and low-oxygen pink B-SisN4 based on the Ellingham diagram (Si-O
and C-O systems).

annealing treatment at 600 °C, the pink B-SizN, turns gray-  temperature air, resulting in an increased thickness of the
white again (Fig. S11). This phenomenon indicates that the  oxide layer. Therefore, although the oxygen content itself
surface of the pink SizN, undergoes oxidation in high-  plays a role, its influence on color difference is essentially

b os] — pink B-Si;N,
—— gray-white B-Si;N,

Absorbance

500 1000 1500 2000 2500
Wavelength (nm)

Fig. 8 Color comparison and absorption spectra of the pink and gray-white SizN, powders. (a) Optical photographs of the two synthesized
powder samples compared with Pantone color swatches and (b) UV-vis-NIR absorption spectra of the pink and gray-white SizN4 powders.
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Table 3 Design of the reaction systems for chemical furnace-assisted
combustion synthesis

Reaction Mass ratio Ws;: Wi n, Mass ratio
systems (chemical furnace) Wisissi,n, : Wsirc
CF1-1 1:1 3:1

CF2-1 2:1 3:1

CF3-1 3:1 3:1

CF3-2 3:1 2:1

CF3-3 3:1 1:1

manifested through the modulation of the oxide layer
thickness. This conclusion is further supported by the band
gap (Eg) measurements of 3-Si;N, powders of different colors.
The absorption spectrum reveals that pink Si;N, exhibits a
distinct absorption peak at a visible wavelength of 503 nm
(Fig. 8b), which is consistent with the observed pink color.
According to the Tauc plot method and using eqn (4),**° the
band gap energy (E,) can be directly calculated from the UV-
vis-NIR spectral data:*’

(ahv) = C(hv-Ey), (4)

where « is the absorption coefficient, 72 is the Planck
constant, v is the photon's frequency, and C is a constant. As
shown in Fig. S12, the estimated E, of pink Siz;N, was
calculated as 3.87 eV using eqn (4), which is notably lower
than that of gray-white SizN, (4.15 eV). Since the E, of SiO, is
larger than that of Si;N,, an increase in the thickness of the
SiO, layer leads to an overall increase in the material's band
gap,*®*®  corresponding to the disappearance of the
absorption peak at 503 nm and the loss of the pink color.
Finally, a comparison of the oxygen and other metallic
impurity contents in B-Siz;N, and its diluents reveals that the
B-Si;N, obtained after combustion synthesis is of higher
purity, confirming that the combustion synthesis process has
a purification effect on the final product.

The coupled reaction between the Si-N, and Si-C systems
not only enables efficient preheating and thermal field
regulation of the weakly exothermic Si-C reaction via the
strongly exothermic Si-N, system, thereby facilitating the
formation of nanoscale SiC at relatively low temperatures,
but also benefits from the high infrared absorption of the
Si/C powder. This high infrared absorptivity contributes to a
reduction in the nitridation temperature and an
enhancement in nitridation efficiency. Furthermore, the in
situ formation of a CO-rich and O,-deficient reductive
atmosphere creates favorable conditions for synthesizing
high-purity, low-oxygen SizN,. Consequently, this coupled
reaction strategy achieves the simultaneous and synergistic
combustion synthesis of nano-SiC and pink, low-oxygen
SizN, ceramic powders.

3 Conclusion

In this study, a coupled combustion synthesis approach was
developed by combining a strongly exothermic Si-N, system,

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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serving as a chemical furnace, with a weakly exothermic Si-C
system as the primary reactant. This strategy enabled the
simultaneous and synergistic synthesis of nanoscale SiC and
high-purity, low-oxygen, pink B-Si;N, powders.

Thermodynamic analysis of the Si-C-N-O system revealed
the formation mechanisms of the ultrafine SiC and pink
B-SizN,. The formation of nanoscale SiC was ascribed to the
precise regulation of the high-temperature synthesis process.
Specifically, the intense exothermic heat release from the Si-
N, reaction provided the requisite energy input to initiate the
combustion synthesis of the weakly exothermic Si-C system.
This overcame the challenge of the Si-C system's limited self-
propagation ability and capitalized on the transient high-
temperature environment induced by the Si-C reaction. Such
a transient condition effectively avoids prolonged exposure of
reactants to high temperatures, suppresses the grain growth
of SiC, and ultimately yields SiC particles with an average
primary particle size of approximately 30 nm. This method of
generating a transient high-temperature field through the
coupling of strong and weak exothermic reactions offers a
promising route for the rapid and large-scale fabrication of
high-quality nanoscale SiC powders.

The formation of pink, low-oxygen pB-Si;N, powder is
ascribed to the preferential reaction of residual oxygen in the
system and surrounding environment with carbon in the
high-temperature combustion wave zone, resulting in the
generation of CO. This reaction consequently establishes a
localized, oxygen-deficient, and CO-enriched reductive
atmosphere at the interface of the Si-N, chemical furnace
system. Such a reductive environment significantly decreases
the oxygen content in the synthesized Siz;N, at elevated
temperatures. The resultant Si;N, exhibits a distinct pink
hue and an ultra-low oxygen content of merely 0.46 wt%,
representing a 60% reduction compared to the commercial
high-purity SizN, (1.20 wt%) supplied by the UBE
Corporation.

In summary, the proposed strategy of coupling strongly
and weakly exothermic reactions enables a complementary
reaction pathway for the simultaneous and synergistic
synthesis of nanoscale SiC and high-purity, low-oxygen-
content SizN,. This work provides a novel and cost-efficient
route for the large-scale fabrication of high-quality SiC and
Siz;N, ceramic powders.

Nevertheless, the scalability of this approach may be
limited by temperature gradients affecting product
uniformity, and some yield loss is inevitable at the product
interface; further optimization is required
reproducibility and industrial feasibility.

to ensure

4 Experimental section
4.1 Materials

The Si powder (purity: =99.999%, D5, = 3 um) was purchased
from Fujian Yitian Silicon Industry Co., Ltd. The B-Si;N,
powder (purity: >99.9%, D5, = 1.5 um) was obtained from
Zhongke Xinci (Chongqing) Technology Co., Ltd. Carbon
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black (purity: >99.9%, D5, = 28 nm) was supplied by
Shanghai Fluorochem Technology Co., Ltd.

4.2 Synthesis

Combustion synthesis was carried out using a surrounding
chemical furnace configuration in which a Si/Si;N, powder
mixture served as the chemical furnace reagent, while a Si/C
powder mixture acted as the primary reactant. The Si/Si;N,
mixture was placed around the Si/C powder in a ring-shaped
layout. Specifically, the Si/C primary reactant was placed at
the center, while the Si/Si;N, chemical furnace reagent was
arranged around it. Three different mass ratios of Si to
B-SizN, (ie., Wsi:Wsiy,) were prepared for the chemical
furnace material: 1:1, 2:1, and 3:1, denoted as CF1, CF2,
and CF3, respectively. Specifically, Si powder and B-Si;N,
powder (used as the diluent) were weighed according to the
designed ratios and ball-milled for 0.5 h to obtain the
chemical furnace mixture. For the primary reactant, Si
powder and carbon black were mixed at a molar ratio of 1:1,
with ethanol used as the milling medium. The mixture was
then ball-milled at 360 rpm for 4 h using a planetary ball mill
to obtain the Si/C composite powder. In the surrounding
configuration, a defined mass of the Si/Si;N, furnace material
was uniformly arranged around the Si/C powder. The mass
ratio between the chemical furnace reagent and the primary
reactant (Wsjsin, : Wsicc) was varied among 3:1, 2:1, and 1:
1. The detailed compositions and abbreviations of all
reaction systems are summarized in Table 3.

After loading, C-type W-Re5/26 thermocouples (¢ = 0.5
mm x 80 mm) were fixed at the designated measurement
point and connected to a four-channel data acquisition
system (the maximum acquisition rate is not less than 10 ms
each time). The assembled reactants were then placed into a
high-pressure reactor, evacuated, and filled with nitrogen gas
at a pressure of 3 MPa. The combustion reaction was
initiated by passing a 50 A current through a tungsten wire
coil embedded at one end of the Si/Si;N, chemical furnace
material to trigger the Si-N, reaction.

4.3 Characterizations

The microstructures of all samples were characterized by
scanning electron microscopy (SEM; S-4800, Hitachi, Japan)
and transmission electron microscopy (TEM; JEM F200, JEOL,
Japan). Image analysis software (Image]) was used to measure
the primary particle sizes of over 100 particles in order to
calculate the average sizes and size distributions. The phases
were characterized by X-ray diffraction (XRD; D8 Focus,
Bruker, Germany). The wave velocity (V) was determined by
measuring the distance between the two thermocouples and
the time difference (A¢) of the combustion wave passing
through them. The particle size distributions of the SiC
samples were analyzed using a particle size analyzer
(Zetasizer Nano ZSE, Malvern, United Kingdom). The particle
size distributions of the Siz;N, samples were analyzed using a
laser particle size analyzer (Bettersize 2000E, Dandong
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Bettersize, China). Oxygen and nitrogen contents in the
sample were measured using an oxygen-nitrogen analyzer
(EMGA-820, HORIBA, Japan). The contents of iron,
aluminum, and calcium in the sample were measured using
an inductively coupled plasma optical emission spectrometer
(ICP-OES; 5800, Agilent, USA). The absorption intensities of
the sample in the ultraviolet, visible, and near-infrared
spectral ranges were measured using an ultraviolet-visible-
near-infrared (UV-vis-NIR) spectrometer (Cary 7000, Agilent,
USA).
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