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Silicon carbide (SiC) is a highperformance material known for its exceptional ther 
mal, mechanical, and chemical properties, making it an essential component in 
various industries, including electronics, abrasives, and aerospace. The outstanding 
hardness, thermal stability, and resistance to wear and corrosion have led to its 
widespread use in hightemperature applications and as a semiconductor material [1]. 
As a result, the development of efficient and scalable methods for SiC synthesis is of 
great interest to both researchers and industry professionals [2]. 

Over the years, various methods have been developed for the synthesis of SiC, 
each with unique advantages and limitations. The traditional approach is the Acheson 
process, which involves a hightemperature reaction of silica with carbon in an 
electric furnace [3]. While widely used in industrial applications, this method is 
energyintensive and often produces SiC with impurities. Chemical vapor deposition 
(CVD) offers an alternative for producing highpurity SiC, but it comes with 
significant cost and complexity, limiting its use to specialized applications, such as 
semiconductors [4]. Other methods include solgel processes [5], selfpropagating 
hightemperature synthesis (SHS) [6], and plasma synthesis [7], each tailored for 
specific requirements in purity, morphology, or scalability. 

© 2025 Authors. This is an open  
access article distributed under the  
terms and conditions of the Creative  
Commons Attribution (CC BY) license  
(http://creativecommons.org/licenses/by/4.0).

Combustion synthesis of silicon 
carbide by magnesio-carbothermic 
reduction of amorphous and 
crystalline silica  
Hasmik Kirakosyana, Khachik Nazaretyana, Hayk Beglaryanb, 
Roman Ivanovb, Irina Hussainovac and Sofiya Aydinyana,c 

Laboratory of Macrokinetics of Solid State Reactions, A. B. Nalbandyan Institute of a

Chemical Physics NAS RA, P. Sevak 5/2, 0014 Yerevan, Armenia 

Laboratory of the Synthesis of Materials Having Practical Importance from Ultrabasic b

Rocks and Their Investigation, M. G. Manvelyan Institute of General and Inorganic 
Chemistry NAS RA, H. Arghutyan 10, 0051 Yerevan, Armenia 

Department of Mechanical and Industrial Engineering, Tallinn University of Technology, c

Ehitajate tee 5, 19086 Tallinn, Estonia 
 

ABSTRACT  
Amorphous silica has high potential as a precursor for synthetic applications due to its active 
and large specific surface area. This work aims to identify the comparative features of the 
self-propagating high-temperature synthesis (SHS) of silicon carbide obtained by magnesio-
carbothermic reduction of amorphous and crystalline silica. It was demonstrated that the 
synthesis pathway and microstructure depend on the structure of silica or, in other words, on 
the rate of rupture of Si–O–Si bonds. Moreover, the introduction of small amounts of poly -
tetrafluoroethylene (PTFE) significantly intensifies the combustion reaction and governs the 
formation of specific microstructural entities, e.g., sheets and nanoflakes. Particularly, when 
using amorphous silica as a precursor, it is fully reduced,  resulting in a higher amount of high-
temperature α-SiC compared to samples reduced from crystalline silica. This is expressed by 
the dominant presence of sheet-like structures in the product, the amount of which sig -
nificantly increases with the introduction of PTFE into the system. In contrast, in the case of 
crystalline silica, the combustion is characterized by a comparatively lower temperature and 
lower yield. Complete reduction of the crystalline silica was possible only if PTFE was added. 
The fine-grained microstructure of the obtained β-SiC was preserved regardless of the amount 
of PTFE. According to the results of scanning electron microscopy and energy-dispersive 
X-ray spectroscopy (SEM/EDS) examinations, in both cases, a homogeneous distribution of 
the constituent elements (Si, C) was observed. The precursor morphology, combustion para -
meters, and PTFE were found to play a crucial role in tailoring the microstructural char -
acteristics and degree of conversion of the combustion products. 
  

1. Introduction
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Among these, SHS has emerged as an effective method 
for the rapid and energyefficient preparation of SiC pow 
ders [6,8]. Studies have shown that the microstructures of SiC 
syn thesized via SHS are highly dependent on process pa 
rameters, such as the type of silicon oxide precursor, carbon 
source, and the use of additives such as magnesium or alumi 
num to en hance reactivity [9]. The combustion temperature 
and heating rate also play a crucial role, influencing grain 
size, crystal linity, and the presence of residual phases. For 
instance, higher combustion temperatures generally lead to 

larger SiC grains with improved crystallinity, while lower 
temperatures may result in finer particles but a greater like 
lihood of un reacted intermediates [10]. Additionally, the pres 
ence of some additives can enhance reaction kinetics, modify 
the final mor phology, and improve the purity of the syn the 
sized SiC [11]. In particular, the addition of polytetra fluoro 
ethylene (PTFE) has been shown to enable the formation of 
pure SiC from silicon in both spherical and rodlike micro 
structures [12]. 

The microstructure of SiC strongly influences its prop 
erties and suitability for various applications. SiC in wire or 
whisker form, for example, exhibits high tensile strength, 
excellent thermal stability, and enhanced fracture toughness, 
making it ideal for reinforcing composites in aerospace and 
structural applications. On the other hand, SiC powders with 
a controlled particle size and morphology are preferred for 
electronic applications, where high purity and uniformity en 
sure optimal performance. Additionally, the crystallinity and 
grain size of SiC can impact its thermal conductivity, hard 
ness, and resistance to wear, all of which are critical in in 
dustrial and cuttingedge technologies [13,14]. 

This research aims to explore the combustion preparation 
of SiC using magnesiocarbothermic reduction of silica of 
various origins [15]. The coupling of the endothermic reduc 
tion reaction (SiO2 + C) with a highcaloric (SiO2 + Mg) one 
allowed the execution of a moderate and controllable com 
bustion reaction (the socalled thermalkinetic coupling) [11]. 
The focus lies in understanding the influence of precursor 
morphology, the combustion parameters, and the role of ad 
ditives such as PTFE on the degree of conversion and the 
process of microstructure evolution.  

2. Experimental section 
The synthesis was conducted using two distinct forms of sili 
con oxide, amorphous and crystallinestructured. The amor 
ph ous silica (99.8% purity, particle size <200 nm) (SiO2(I)) 
was derived from a serpentine mineral [16], and the crystalline 
silica was sourced from quartz (99.8% purity, particle size 
<40 μm) (SiO2(II)). The significant structural differences 
between these two forms were validated through Xray 
diffraction (XRD) (Fig. 1a,b) and microstructural analyses 
(Fig. 1c,d). 

Magnesium (MPF3, Russia, particle size 0.1–0.18 mm) 
and carbon (P803, Russia, particle size <0.1 μm, pure grade) 
were used as reducers. PTFE (SigmaAldrich Co. LLC, (C2F4)n, 
FT4, particle size <10 μm, pure grade) was incorporated as 
needed to achieve microstructural modifications in the final 
product (wt%). Cylindrical pressed samples were prepared 
from powdered mixtures of the initial materials for the com 
bustion process. The samples had a density of 1–1.5 g/cm3, 
a diameter of 20 mm, and a height of 50–60 mm. Compression 
was performed under a force of ~140 MPa to achieve the 
desired form and density. 

The combustion process was carried out in an argon at 
mosphere (purity 99.98%) under a pressure of 5 atm. The ig 
nition was achieved by shortduration heating of a tungsten 
coil. The temperature–time history was recorded using two 

 
Fig. 1.  XRD pattern of SiO2 obtained from serpentine (a) and  
quartz (b), SEM micrographs of SiO2 obtained from serpentine (c) 
and quartz (d). 
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tungsten–rhenium thermocouples placed 10 mm deep within 
the sample and spaced 15–20 mm apart. 

The products contained SiC and a secondary byproduct, 
magnesium oxide (MgO). To remove MgO, the product was 
leached with a 20 wt% hydrochloric acid (HCl) solution at 
150 °C, as per the reaction: 

 
                        MgO + 2HCl → MgCl2 + H2O. 
 

Excess HCl (10% above stoichiometric requirements) was 
used, followed by washing with distilled water. Chloride ion 
absence was verified with silver nitrate (AgNO3). The puri 
fied product was then dried in a vacuum oven at 110 °C and 
prepared for further analysis. 

3. Results and discussion 
3.1. SiO2(I)–Mg–C system 
Combustion of a stoichiometric mixture SiO2(I) + 2Mg + C 
resulted in a favorable combustion temperature (1550 °C) for 
the formation of SiC. However, a small amount of silicon was 
also observed as a byproduct (Fig. 2a, x = 0), caused by mag 
nesium evaporation at a higher temperature (Tb = 1090 °C). 
The addition of 1 wt% PTFE to this mixture did not sig 
nificantly affect the combustion temperature (1560 °C) but 
increased the combustion velocity (from 0.45 to 0.6 cm/s) and 
led to the formation of almost pure SiC (Fig. 2a, x = 1). 
Further increase in the PTFE content again resulted in the 
appearance of silicon (Fig. 2a, x = 2). Considering the com 
bustion temperature, velocity, and product composition, the 
optimal PTFE content was chosen to be 1 wt%, ensuring 
efficient SiC formation without silicon byproducts. 

The increase in combustion velocity and temperature 
stability with PTFE addition is linked to kinetic coupling. 
Fluorine generated during PTFE decomposition reacts with 
silicon to form gaseous silicon fluoride (SiF4) [11]. The 
transport of this gaseous phase accelerates the interaction 
between silicon and carbon. 

In all cases, the XRD patterns revealed a broad, low
intensity band in the 2θ range of 20° to 30°, which indicates 
an excess of carbon in the product. To address this, the free 

carbon content was reduced in the SiO2(I) + 2Mg + yC + 1 wt% 
PTFE mixture by the amount of carbon contained in PTFE 
(y = 1–Δx). As a result, while the intensity of the carbon
related band decreased, the formation of residual silicon was 
still observed in the product (Fig. 2b). The mixture of α and 
βSiC was obtained, with the dominance of the beta phase. 
The Rietveld refinement of the sample, when x = 1 and y = 
1–Δx, shows that the material consists of slightly more βSiC 
(53.3%) than αSiC (46.7%). However, the amount of αSiC 
increases with increasing the PTFE amount in the initial 
mixture. 

The effect of PTFE addition was obvious also on the 
microstructure of the product (Fig. 3), expressed by the pres 
ence of sheetlike structures in the product, the amounts of 
which significantly increase with the introduction of PTFE 
into the system. 
 
3.2. SiO2(II)–Mg–C system 
In the SiO2(II)–Mg–C system, utilizing quartz sand as the raw 
material, the combustion of the stoichiometric mixture re 
sulted in a comparatively lower combustion temperature of 
1430 °C (Fig. 4a, x = 0, y = 1). Consequently, partial car 
bothermic reduction of silicon dioxide is observed, and the 
product contains unreacted silicon dioxide as a byproduct 
(Fig. 4b, x = 0, y = 1, without PTFE). 

The addition of 1 wt% PTFE to the mixture (Fig. 4a, 
x = 1) resulted in a significant increase in the combustion 
para meters (Tc = 1570 °C, Uc = 1.7 cm/s) and complete 
magnesiocarbothermic conversion. The product contains 
trace amounts of unreacted silicon (Fig. 4b, x = 1, y = 1). The 
progressive increase in reaction rate upon the addition of 
PTFE can be attributed to the kinetic coupling.  

Decreasing the amount of carbon in the initial mixture 
(y = 1–Δx) or, in other words, maintaining stoichiometry at 
the expense of carbon contained in 1 wt% PTFE (Fig. 4b, 
x = 1, y = 1–Δx), pure SiC was produced. Moreover, in this 
case, the Rietveld refinement reveals that the sample (x = 1, 
y = 1–Δx) contains a much higher amount of βSiC (71%) 
compared to αSiC (29%). 

The quartzderived product mainly contains βSiC with 
finegrained, nanoparticlesized features (Fig. 5a) and an 

 
Fig. 2.  XRD patterns of the combustion products of the SiO2(I) + 2Mg + C + x wt% PTFE (a) and SiO₂(I) + 2Mg + yC + 1 wt% PTFE (b) 
mixtures. 

2θ (degree)2θ (degree)

x = 2

x = 1

x = 0

y = 1–Δx

y = 1



almost even distribution of the component elements (Si, C) 
(Fig. 5b).  

The final products obtained from silica of various origins 
contain different amounts of alfabeta phases and exhibit sig 
nificantly different microstructures. Sheetlike structures were 
predominantly present in the SiC obtained from amorphous 

serpentine, while flakelike nanostructures were observed in 
the quartzderived SiC during the comparatively fast com 
bustion reaction. These insights underscore the im portance 
of precursor selection and additive incorporation in op ti 
mizing the combustion synthesis of SiC with a specific micro 
structure. 
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Fig. 3.  Microstructure of the combustion products of the SiO2(I) + 2Mg + yC + x wt% PTFE system after acid treatment, depending on the 
PTFE content:  x = 0, y = 1 (a),  x = 1, y = 1 (b),  x = 1, y = 1–Δx (c), and the EDS analysis result when x = 1, y = 1–Δx (d). 

 
Fig. 4.  Thermograms of the combustion process and XRD patterns of the products obtained from the SiO2(II) + Mg + yC + x wt% PTFE 
mixtures (x = 0, y = 1; x = 1, y = 1; x = 1, y = 1–Δx), depending on the amount of carbon and PTFE.  
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4. Conclusions 
1. The structure of the initial silicon oxide precursor, whether 

amorphous (SiO2(I)) or crystalline (SiO2(II)), significantly 
influences the combustion parameters and reaction yield. 

2. The introduction of small amounts of polytetra flu o ro 
ethylene (PTFE) accelerates the combustion process and 
contributes to complete reduction. 

3. The ratio of the alfa–beta phases is sensitive to the silica 
precursor type, the initial mixture composition, and the 
combustion parameters. 

4. The microstructure of silicon carbide (SiC) can be tuned 
using silica of various origins. The amorphous silica pre 
cursor leads to the formation of sheetlike SiC structures, 
while the crystalline silica precursor produces a fine
grained SiC. 
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Ränikarbiidi põletamise süntees amorfse ja kristalse ränidioksiidi  
magnesiokarbotermilise redutseerimise teel 

Hasmik Kirakosyan, Khachik Nazaretyan, Hayk Beglaryan, Roman Ivanov,  
Irina Hussainova ja Sofiya Aydinyan 

Amorfse ränidioksiidi suur potentsiaal tänu selle aktiivsele ja suurele eripinnale teeb sellest sobiva lähteaine 
sünteetilisteks rakendusteks. Uurimistöö eesmärk on tuvastada ränikarbiidi iseleviva kõrgetemperatuurilise 
sünteesi võrdlevad tunnused, mis on saadud amorfse ja kristalse ränidioksiidi magnesiokarbotermilisel re-
dutseerimisel. Uuringus näidatakse, et sünteesirada ja mikrostruktuur sõltuvad ränidioksiidi struktuurist ehk 
teisisõnu Si–O–Si-sidemete rebenemise kiirusest. Lisaks leitakse, et väikese koguse polütetrafluoroetüleeni 
(PTFE) lisamine intensiivistab oluliselt põlemisreaktsiooni ja võimaldab spetsiifiliste mikrostruktuursete ük-
suste, nt lehtede või nanohelveste, moodustumist. Eriti amorfse ränidioksiidi puhul toimub selle täielik re-
dutseerimine, mistõttu on kõrgel temperatuuril moodustuv α-SiC kogus suurem kui kristalse ränidioksiidiga 
redutseeritud proovide kogus, mille puhul domineerivad tootes lehetaolised struktuurid. PTFE lisamine suu-
rendab nende struktuuride kogust veelgi. Erinevalt eeltoodust iseloomustab kristalse ränidioksiidi põlemist 
suhteliselt madalam temperatuur ja väiksem saagis. Kristalse ränidioksiidi täielik redutseerimine on võimalik 
ainult PTFE lisamisel. Saadud β-SiC peeneteraline mikrostruktuur säilib sõltumata PTFE kogusest. SEM/EDS-
analüüsi kohaselt täheldatakse mõlemal juhul koostisosade (Si, C) homogeenset jaotust. Leitakse, et läh-
teaine morfoloogia, põlemisparameetrid ja PTFE mängivad olulist rolli põlemisproduktide mikrostruktuuri 
omaduste ja muundumisastme kohandamisel. 

 


