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Abstract

In this paper, an attempt has been made to analyze the thermal stability of silicon carbide (SiC) particles using thermogravimetric
and differential thermal analysis (TGA/DTA). The SiC particles were made by using a high-energy ball milling (HEBM) process to break
down micro-sized particles into nano-sized ones. The HEBM was conducted over 60 h, with samples collected at intervals of 15, 30, 45,
and 60 h. The samples were further characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) to examine changes in crystallinity and particle morphology. XRD analysis revealed shifts in peak positions,
indicating structural changes induced by the milling process. SEM and TEM analyses showed a more homogeneous structure in the
milled samples. TGA/DTA analysis demonstrated that nanosized SiC particles exhibited reduced thermal stability. Milling for a longer
time caused mass loss to increase, ranging from 2% to 4.24%, at temperatures from 30 °C to 1000 °C and a heating rate of 20 °C/min

in a nitrogen atmosphere. These findings show that nanosized SiC particles could be useful in high-temperature situations, especially

in fields that need materials that are very stable at high temperatures.
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1 Introduction

In recent years, the field of materials science has increas-
ingly focused on nanostructured materials, with sili-
con carbide (SiC) nanoparticles emerging as a prominent
area of interest due to their exceptional mechanical and
thermal properties. Thermal stability is a critical prop-
erty in assessing the performance and applicability of
nano materials, particularly in high-temperature envi-
ronments [1, 2]. The thermal behavior of these materials
directly influences their structural integrity, functional-
ity, and longevity in practical applications, ranging from
electronics to aerospace engineering. Nanomaterials are
defined by their high specific surface area (SSA), which
gives them physical properties distinct from those of
bulk materials [3]. Similarly, SiC exhibits unique func-
tional properties at the nanoscale, including variations
in melting point, corrosion resistance, electrical con-
ductivity, and mechanical strength, compared to its bulk

form. SiC has exceptional physical properties, including
high melting point (2700 °C), low density (3.21 g/cm?),
high hardness (24 GPa), and a high elastic modulus
(400 GPa) [1, 4]. It also exhibits excellent wear resistance,
a low thermal expansion coefficient, high thermal con-
ductivity, and strong oxidation resistance. Furthermore,
SiC's ability to conduct heat, retain strength, and remain
chemically stable in harsh environments and at high tem-
peratures places it in a class above conventional mate-
rial. Understanding the thermal stability of SiC nanopar-
ticles is essential for practical applications, especially in
settings where performance under extreme conditions is
crucial [5, 6]. Fig. 1 [7] depicts the articles about synthe-
sis of SiC and thermogravimetric and differential thermal
analysis (TGA/DTA) [8-25]. The research conducted by
Li and Sun [26] shows that gram-scale 3C-SiC nanoparti-
cles can be produced from inexpensive 3C-SiC crystalline
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Fig. 1 Overview of articles on SiC synthesis and TGA/DTA analysis (Graph was prepared by Litmaps tool [7])

powder through a top-down ball-milling method for photo-
catalytic applications. The nanoparticles exhibit abundant
surface states and an amorphous SiO_ shell, which effec-
tively trap photogenerated electrons and prevent corro-
sion under visible light. Niu et al. [27] synthesized novel
B-type SiC nanoparticles using a ball-milling method.
The resulting nanoparticles included larger particles under
200 nm and smaller particles under 60 nm, produced from
non-graphitizable carbon composed of carbon nanopar-
ticles as the primary raw material. Kang et al. [28] stud-
ied the synthesis of SiC nanowires using high-energy
ball milling (HEBM) of silicon and carbon powders, fol-
lowed by annealing at 900 °C for 5 h and 1200 °C for 1 h.
Madhusudan et al. [29] produced and characterized SiC
nano powder from micron-sized SiC particles using a plan-
etary-type ball mill. The ball milling (BM) process lasted
up to 45 h, with toluene serving as a process control agent.
The mass ratio of balls to powder remained fixed at 1:8
throughout the operation. Alexander Sivkov et al. [30]
investigated the impact of arc discharge ignition meth-
ods on the effectiveness of precursor sublimation and the
phase composition of the resulting ultra-dispersed product.
The most effective way for plasma dynamic synthesis of
B-SiC was to use thermal breakdown as the ignition mech-
anism. This method gave them yields of up to 99.9% of the
product. The synthesized powder consisted of single-crys-
tal particles with an average size of approximately 70 nm.
Omidi et al. [31] developed a modified sol-gel method for
synthesizing ultrafine SiC powders using tetracthoxysilane

and saccharose. The TGA was carried out at 1450 °C under
nitrogen flow. Thermal analysis revealed mass loss around
200 °C due to saccharose decomposition and removal of
unwanted components. Further thermal changes around
600 °C resulted in SiO, reduction. Huseynov et al. [2] study
found that 3C-SiC nanocrystals have high surface activity,
causing the hydroxyl or OH groups to gather on their sur-
face. These groups completely remove from the surface at
high temperatures, with groups O and H leaving the sur-
face between 467 and 755 K, depending on the heating rate.
At temperatures above 755 K, no OH groups are found. Ata
low heating rate of 5 K/min, OH groups completely leave
the surface. Wang et al. [32] conducted a 10-h BM pro-
cess on a SiC-composite coated with nickel nanoparticles,
revealing that the addition of Ni nanoparticles significantly
enhanced the thermal conductivity, hydrophobicity, ther-
mal stability, and puncture resistance of the Aramid nano-
fiber composite film. A study by Liu and Yu [33] on SiC
powder prepared using HEBM revealed that after 5 min of
milling, the powder achieved a uniform particle size distri-
bution, reduced particle diameters, and an increased SSA.
Recent advancements in nanoparticle fabrication meth-
ods, such as chemical vapor deposition and mechanical mill-
ing, have enabled precise tailoring of particle properties to
suit diverse applications. Consequently, researchers [34—
36] use various techniques to prepare SiC nanoparticles,
but only a few have conducted characterization studies.
Based on the available literature, it can be concluded that
there is limited research on the production, characterization,



and thermal analysis of nanostructured particles using the
HEBM process, particularly in the case of nanostructured
SiC. Therefore, this paper aims to transform micro sized SiC
into nanostructured SiC through HEBM and analyze the
thermal stability of SiC at various milling durations.

By establishing a comprehensive profile of their ther-
mal stability analysis, the study seeks to contribute valu-
able insights into their potential applications in high-tem-
perature environments, thereby advancing the field of
nanomaterial engineering and its related industries.

2 Materials and methods

SiC powder, with a minimum purity of 95% and initial par-
ticle size of 0.2 um, was sourced from Himedia Chemicals
PVT. Ltd., Mumbai, India. To reduce the SiC particle
size from the micrometer to the nanometer scale, HEBM
was performed using a Pulverisette 6, Classic Line plan-
etary ball mill (Fritsch, Germany). Fig. 2 illustrates the
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HEBM process used for the synthesis of SiC nanopowder.
Mechanical milling has emerged as a critical technique for
nanoparticle synthesis, significantly influencing their struc-
tural and functional properties. This method involves the
physical attrition of materials, enabling particle size reduc-
tion to the nanoscale. Due to their small size, the result-
ing nanoparticles often exhibit an increased surface area
and enhanced reactivity. In this study, the milling process
was conducted in a steel jar using steel balls (10 mm diam-
eter) as the milling media, maintaining a ball-to-powder
mass ratio of 10:1 and a planetary carrier rotation speed of
400 rpm. The steel jar was first loaded with steel balls and
SiC powder, then tightly sealed and securely mounted on
the rotating element, following the manufacturer's instruc-
tions. Once the milling time and speed were set, the pro-
cess was initiated. Samples were extracted every 15 h for
analysis throughout the total milling duration of 60 h.

Fig. 2 High-energy ball milling process: (a) steel jar with balls, (b) addition of SiC powder, (c) sealed steel jar, (d) jar fitted in ball mill,

(e) ball mill in open position, (f) ball mill in closed position, (g) ball milling working process [32]
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3 Characterization of SiC particles

X-ray diffraction (XRD) patterns of mechanically milled SiC
powder samples were recorded using a Bruker D8 Advance
diffractometer with monochromatic Cu-Kol radiation
(wavelength 2 = 1.5418 A). The diffraction was conducted
at an accelerating voltage of 40 kV and a current of 20 mA
to ensure optimal conditions for high-resolution measure-
ments. This technique allows for the determination of the
crystalline structure and phase composition of the SiC
nanoparticles. In addition to XRD analysis, morphological
studies were performed using scanning electron micros-
copy (SEM), specifically a Hitachi model, which offers
magnification capabilities ranging from 5x to 300 000x.
This range enables detailed observation of the surface mor-
phology of the SiC nanoparticles. To facilitate elemental
analysis, energy dispersive X-ray spectroscopy (EDAX) was
integrated into the SEM setup, allowing for the identification
and quantification of the elemental composition of the sam-
ples [37-39]. Furthermore, the morphology of the SiC pow-
ders was investigated using high-resolution transmission
electron microscopy (HR-TEM) and selected area electron
diffraction (SAED) on a JEM-2010 instrument operating at
200 kV. In this study, a thermogravimetric analyzer was uti-
lized for thermal stability analysis. TGA and DTA were per-
formed using a NETZSCH STA Jupiter 409 PL Luxx (Ger-
many) thermal analysis instrument, which has an accuracy of
1%. Theinstrument was operated ataheatingrate of 20 °C/min
inanitrogenatmosphere. Around 3 to 5 mgofeach sample was
placed in an alumina pan and heated from 30 °C to 1000 °C.
The onset temperature of degradation and the residual
mass were extracted from the resulting TGA/DTA curve.
To assess measurement consistency, one sample was
tested three times prior to measuring all the samples.
Mass loss exhibited repeatability and reproducibility within
+0.1%, while the onset temperatures of thermal events
varied within £12 °C.

4 Result and discussion

The XRD pattern of SiC samples, both before the milling
process and after milling for durations of 15, 30, 45, and
60 h, is shown in Fig. 2. The XRD pattern displays diffrac-
tion peaks corresponding to specific lattice planes in the
SiC crystal structure. These peaks are labeled with their
Miller indices, a set of three integers (hkl) that uniquely
identify crystallographic planes. In this study, the peaks
observed at 20 = 35.52°, 37.31°, 60.02°, 71.83°, and 75.56°
correspond to the (111), (200), (220), (311), and (222)
reflections of SiC, respectively, as indexed in JCPDS

file No. 29-1129 and previous studies [40—42]. The crys-
tallite size was calculated from the XRD patterns using
the Scherrer equation. The resulting sizes were 212, 142,
106, 54, and 35.4 nm for milling durations of 0, 15, 30, 45,
and 60 h, respectively. In comparison with unmilled sam-
ples, the XRD peaks for various hours-milled samples are
broad due to the reduction in SiC particle size (see Fig. 3).
Thus, HEBM increases the amorphous phase of SiC by
decreasing the crystallinity. Fig. 4(a)-(f) presents SEM
and TEM images of unmilled and milled SiC particles.
Figs. 4(a) and 4(b) show the SEM images for different
magnifications of the unmilled SiC particles, where it can
be observed that the agglomerates in these samples exhibit
highly irregular angular shapes. Figs. 4(c) and 4(d) display
SEM images of SiC particles after 60 h of milling, shown
at different magnifications. It can be observed that the par-
ticles are agglomerated and reduced to nanometer sizes,
with their shapes appearing sub-angular. Table 1 presents
the EDX analysis results of the milled (60 h) SiC particles,
confirming the presence of silicon and carbon, which indi-
cates the formation of SiC. Moreover, some iron particles
were detected in the analysis, likely due to contamination
from the steel jar and balls used as the milling media.
TEM and SAED analyses were conducted to examine
the morphology and microstructure of the SiC particles
after 60 h of milling. Figs. 4(e) and 4(f) reveals that the SiC
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Fig. 3 Comparison of XRD patterns of unmilled and milled SiC

samples
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Fig. 4 SEM and TEM images at different magnifications: (a) SEM images of unmilled SiC particles (100x magnification) and (b) SEM images of
unmilled SiC particles (500x magnification); (c) SEM images of SiC particles milled for 60 h (5000x magnification) and (d) SEM images of SiC
particles milled for 60 h 2500x magnification; (¢) TEM images of SiC particles milled for 60 h without the corresponding SAED pattern
and (f) TEM images of SiC particles milled for 60 h with the corresponding SAED pattern

Table 1 EDAX analysis of SiC

Element Mass % Atom %
C 6.79 11.54
Si 89.53 86.67
Fe 3.68 1.79
Total 100 100

powders synthesized after 60 h consist of agglomerates with
sub-angular shapes, varying in size from 10 to 100 nm.
The SAED pattern in Fig. 4(f) shows three distinct poly-
crystalline rings, indexed as (111), (220), and (311) for SiC.

These rings match the XRD results, confirming the pres-
ence of SiC and indicating that the particles are in an amor-
phous phase [43]. This alignment of SAED and XRD results
strongly supports that, despite the nanoscale structure, the
SiC retains its crystallographic integrity as polycrystalline
SiC, highlighting the success of the milling process in pro-
ducing amorphous, nanoscale SiC.

The study examines the thermal stability of SiC parti-
cles, which have been milled for different durations, and
their results are presented in Fig. 5(a)-(e). The analysis was
conducted across a temperature range of 30 °C to 1000 °C,
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Fig. 5 TGA/DTA curves for (a) unmilled SiC particles, (b) SiC particles milled for 15 h, (c) SiC particles milled for 30 h, (d) SiC particles milled for
45 h, and (e) SiC particles milled for 60 h

with a heating rate of 20 °C/min, in a nitrogen atmosphere.
The results show that unmilled and milled SiC particles
exhibit moderate thermal stability and limited mass loss
due to their resistance to evaporation and phase changes.
The TGA and DTA curves show the change in mass of the
sample and the temperature difference between the sample
and a reference material, with upward peaks representing
exothermic reactions and downward peaks representing
endothermic reactions [44, 45].

Fig. 5(a) depicts the TGA and DTA curves ofunmilled SiC
particles with a heating rate of 20 °C/min. From the TGA
curve, it can be observed that between 54 °C and 352 °C,

there is a small mass loss of 1.4%, likely due to the release of
adsorbed moisture or surface-bound volatile components.
Between 352 °C and 599 °C, an additional mass loss of
0.6% occurs, which may be associated with the decompo-
sition of organic residues or surface oxides. In the tempera-
ture range of 600 °C to 1000 °C, the mass percentage goes
up by a small amount, up to 0.5%. This could be because of
trace impurities or oxygen that is still in the nitrogen atmo-
sphere, which causes some oxidation and the creation of a
protective SiO, layer on the surface of the SiC. The DTA
curve indicates the thermal events occurring in the sam-
ple, such as endothermic or exothermic reactions. A small



endothermic peak is seen around 352 °C, which could be
due to moisture loss or minor decomposition. Between
352 °C and 599 °C, a bigger event could be a phase tran-
sition or the continued breakdown of surface impurities.
Further, from 599 °C to 1000 °C shows a continuous down-
ward trend, indicating an endothermic process.

Fig. 5(b) shows the TGA/DTA curve for SiC parti-
cles milled for 15 h. In the TGA curve, a small mass
loss of 0.30% is noted at high temperatures, suggesting
minor decomposition or the release of volatile substances.
The 2.25% mass loss around 488 °C indicates a significant
event, probably brought on by the thermal decomposition
of a component in the SiC sample. Within the temperature
range of 488 °C to 1000 °C, there is a minor increase in the
mass percentage, reaching 1.95%. This could be because
of small amounts of oxygen left in the nitrogen atmosphere
or impurities, which cause some oxidation and the cre-
ation of a protective SiO, layer on the surface of the SiC.
In the same way, the DTA curve has a peak around 488 °C,
which means an endothermic event happened. This could
be a phase change, decomposition, or another endothermic
reaction in the sample. The small peak near 43 °C suggests
a minor thermal event, possibly due to moisture evapora-
tion or a low-temperature phase transition.

Fig. 5(c) shows the TGA/DTA curves for SiC particles
milled for 30 h. In the TGA curve, a small mass loss of
1.11% is observed at high temperatures, likely indicating
the release of volatile compounds. A more significant mass
loss of 2.54% occurs around 577 °C, suggesting major
thermal decomposition or the loss of a component in the
sample. The mass percentage increases to 1.43% between
577 °C and 1000 °C when the SiC undergoes partial oxi-
dation and a protective SiO, layer forms on its surface.
This could be because of trace impurities or residual oxy-
gen in the nitrogen atmosphere. The DTA curve shows a
peak at 577 °C, indicating an endothermic event that could
correspond to a phase change, decomposition, or another
endothermic reaction. Also, a minor peak near 40 °C sug-
gests a small thermal event, possibly due to moisture evap-
oration or a low-temperature phase transition.

Fig. 5(d) shows the TGA/DTA curves for SiC particles
milled for 45 h. In the TGA curve, a mass loss of 1.96% is
observed at high temperatures, possibly due to the release
of volatile compounds. A more significant mass loss of
4.2% occurs around 513 °C, suggesting major thermal
decomposition or the breakdown of a component within
the sample. Between 513 °C and 1000 °C, when the mass
percentage rises slightly to 2.24%, SiC may go through
some oxidation and form a protective SiO, layer on its
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surface. This could be because of trace impurities or resid-
ual oxygen in the nitrogen atmosphere. The DTA curve
has a peak around 513 °C, which means that there was an
endothermic reaction in the sample, most likely because of
a phase change, decomposition, or some other endother-
mic event. Moreover, a smaller peak near 38 °C may cor-
respond to a minor thermal event, such as moisture evapo-
ration or a low-temperature phase transition.

Fig. 5(e) presents the TGA/DTA curves for SiC par-
ticles milled for 60 h. In the TGA curve, a significant
mass loss of 4.24% occurs around 554 °C, signifying the
thermal decomposition or breakdown of a component
within the sample. The mass percentage goes up to 1.7%
between 554 and 1000 °C.

This might be because of small impurities or oxygen that
is still in the nitrogen atmosphere. This oxygen causes some
oxidation and the formation of a protective SiO, layer on
the SiC surface. The DTA curve shows a peak near 426 °C,
indicating an endothermic reaction likely associated with a
phase change, decomposition, or another endothermic event.
Additionally, a smaller peak near 35 °C may correspond to
a minor thermal event, such as moisture evaporation or a
low-temperature phase transition. Table 2 presents the per-
centage mass loss for various milling durations in TGA
analysis. The first column represents the milling duration,
ranging from 0 to 60 h. The second column indicates the
percentage of material lost during milling, while the third
column represents the corresponding temperature. Initially
(0 h), the mass loss is 2% at a temperature of 599 °C. As mill-
ing progresses, the mass loss gradually increases, reaching
a maximum of 4.24% at 60 h. The temperature fluctuates
rather than following a linear trend, with values ranging
from 488 °C to 599 °C. These data indicate that prolonged
milling generally leads to increased mass loss, as high-en-
ergy grinding breaks down particles and may result in the
loss of volatile components or surface material. Extended
BM of SiC nanoparticles can reduce thermal stability due to
the increased surface area, which introduces more surface
defects and increases the likelihood of oxidation or reactions
with the surrounding environment, ultimately diminishing
the material's thermal resistance.

Table 2 Mass loss for various milling hours &TGA analysis

Milling duration (h) Mass loss (%)

Temperature (°C)

0 2 599
15 2.25 488
30 2.54 577
45 4.20 513
60 4.24 554
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The sintering onset temperatures shown in Table 2
do not follow a consistent increasing or decreasing trend
with milling duration. From the Table 2 found that the
unmilled SiC (0 h) begins sintering at 599 °C, but after
15 h of milling, the temperature significantly drops
to 488 °C. With 30 h of milling, the onset temperature
rises again to 577 °C, then decreases to 513 °C at 45 h,
and increases once more to 554 °C at 60 h. This irregu-
lar behavior indicates no clear trend in the sintering onset
temperature with increasing milling time. Such fluctua-
tions may be attributed to inconsistent microstructural
changes during milling, as well as variations in surface
defects and reactivity. Fig. 5(a)-(e) illustrates the remark-
able changes in the thermal stability of SiC, with mini-
mal mass loss observed even at higher temperatures up to
599 °C and beyond, regardless of the milling duration that
transforms the material from micro to nanosized particles.
This consistent behavior highlights the inherent thermal
resilience of SiC, making it an excellent for applications
where high-temperature resistance and durability against
thermal degradation are essential. Such stability ensures
that SiC can maintain its structural integrity in extreme
conditions, reinforcing its value in industries that demand
reliable performance at elevated temperatures.

5 Conclusion
The SiC nanoparticles were synthesized using a HEBM
process, and their thermal stability was studied. The
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