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Abstract
Several thermal parameters were analyzed for nanocrystalline silicon carbide (3C-SiC) particles at the
performed depending on the thermal processing rate. The hydroxyl groups on the surface of
nanocrystalline 3C-SiC particles have been investigated as a function of temperature and heating rate.
Speci�c heat capacity and Gibbs energy of silicon carbide nanoparticles have been determined in the
temperature range of 300 ÷ 1270K at the various heating rates. The enthalpy and the entropy were
calculated at different thermal processing rates (theoretical calculations are con�rmed based on
experimental results). Experminetal results obtained for all thermophysical parameters were
comparatively studied at different thermal processing rates.

PACS: 61.46.+w, 65.80.+n, 67.80.Gb

1. Introduction
Over the past few years, various modi�cations of silicon carbide are widely used at modern technological
devices in different directions [1–3]. Silicon carbide has a various polytypes or modi�cations and the
most widely used of which are cubic (3C-SiC) and hexagonal (4H-SiC or 6H-SiC) silicon carbide
compounds. The superiority of the physical properties of these compounds and their resistance to high
temperatures have led to the expansion of their application �elds [4–7]. Silicon carbide is an extremely
signi�cant material in devices and equipments used at high temperatures. Therefore, the study of thermal
resistance of these types of compounds is very important and interesting.

Nanomaterials are characterized a high speci�c surface area (Speci�c Surface Area - SSA) and therefore
have different physical properties than bulk materials. In this regard, as with other nano-sized materials,
silicon carbide also has unique functional physical properties in nanoscales [8–11]. Conidering these
properties, we are also widely investigated silicon based nanomaterials under the in�uence of ionizing
radiation [12–25]. Simultaneously, transmutation reaction, computational modeling, and gamma
irradiation effects on such type nanomaterial investigated in various papers [26–29]. It should be note
that there are distinct difference in the heat processes on th surface, various physical properties, in
particular, thermophysical properties of the materials.

Unlike classic thermodynamics the new states are observed in nano sizes, and this cause to origin new
interdisciplinary nanothermodynamic theory [30–33]. Several models of nanothermodynamic theory are
known since today, which this theory play a connection role between macroscopic and nanoscopic
theories. Recently, the nanothermodynamic theory is extensively used to investigated size dependence of
the thermophysical properties of nanomaterials. In the presented work, the thermal processes occurring
on the surface of nanocrystalline 3C-SiC particles have been studied with different heating rates. Speci�c
heat capacity, free Gibbs energy, enthalpy and entropy of the nanocrystalline 3C-SiC particles have been
investigated at the various heating rate.
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2. Experiment
Cubic modi�cation nanocrystalline 3C-SiC particles (Manufacturer: US Research Nanomaterials, Inc., TX,
USA) were taken as a resesarch object with 18 nm particle size, 120 m2/g speci�c surface are (SSA), 0.03
g/cm3 density in nano csale (real density is 3.216 g/sm3) and 99+% purity. The measurements were
carried out at “Perkin Elmer” STA 6000 equipment. Operating temperature range was from 290K to 1273
K, thermal processing rate 5, 10, 15 and 20 K/min, PolyScience analyzer and “digital temperature
controller” were cooling system. Kinetical parameters were determined using “Pyris Manger” software.
Argon inert gas is used and supplied to the system at a rate of 20 ml/min in order to remove the
combustion products from the system and prevent the condensation process. Standart aluminum oxide
based container (177,78 mg) was used in the experiments. An electronic recording device placed on the
thermocouple determines the mass of the sample with an accuracy of 10− 6 g and records it
automatically. The software automatically determines the difference between the mass of the sample-
�lled and empty container. Speci�ed mass is stored in the software. The parameters of endo and
exothermic effects in thermal spectra are calculated using the “Calculation” menu. All the results obtained
in the experiments and in accordance with the theoretically calculated values are graphically described in
the program "OriginPro 9.0".

3. Results And Discussion
In the general approach, the thermal parameters of nanocrystalline 3C-SiC particles have been studied to
some extent. However, the physical processes on the surface of the 3C-SiC nanocrsytals have not
explained in the previous studies [12, 13]. The study of surface processes, the effect of temperature on
such processes and the adsorption cases from the atmosphere are extremely relevant in the use of
materials [34–39]. Its important to note that nanocrystalline 3C-SiC particles has a very large spaeci�c
surface area (120 m2∙g− 1) like other nanomaterials. This causes to extremely active surface of the
nanocrystalline 3C-SiC particles. As a result, 3C-SiC nanocrystals adsorb water molecules with high
sensitivity when in contact with the atmosphere, causing the formation of O and H groups on the surface.
The analysis showed that the hydroxyl or OH groups formed on the surface are not su�ciently stable at
relatively high temperatures. Thus, as shown in Fig. 1, the OH groups begin to leave the surface of the
nanomaterial depending on the heating rate, starting from the temperature values of about 467-483K.
This process ends at a temperature of about 740-755K, and the energy supplied to the system is used to
increase the Gibbs energy, entropy, and enthalpy (Figs. 2, 3, and 4). It is important to note that, heating
rate directly affected to the hydroxyl groups dispersion time on the surface and temperature range of
dispersion of OH radicals which is collected on the surface of 3C-SiC nanocrystals. Therefore, if this
process occurs in the temperature range of 467-740K by low heating rate (5K/min), there is a shift in this
process at relatively high heating rate (20K/min), and OH groups leave the nanomaterial in the
temperature range 483-755K.
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The temperature may increase with a constant rate or with some �uctuations during thermal analysis
depending on the state of the system. Although the software of the devices provides a constant rate of
thermal processing in real experiments, there are more or less �uctuations observed in the increasing of
temperature. In this case, there is a very small difference in the temperature of the sample and the
program of device, as well as other physical parameters [12, 40]. We can calculate the speci�c heat
capacity of the system according to the heat �ow if consider that  in the classical approach [12,
13, 40, 41]:

From Eq. (1), the speci�c heat capacity can be easily calculated in accordance with the heat �ux in the
experimental DSC curve.

Normally, DSC spectra are analyzed at constant pressure, and because the nanocrystalline 3C-SiC
particles used in this study are solid, the notion of constant pressure or volume is generally eliminated by
a very small error. In this case, we can calculate the speci�c heat capacity from the DSC spectra as
follow:

where, Φ - is the heat �ux in the DSC spectra, β - is the thermal processing rate, m - is the mass of the
sample. The enthalpy and entropy of the system can be calculated in the given temperature range
according to the calculated heat capacity by the following equations [12, 41]:

The free Gibbs energy of the system can be determined with a simple approach according to the
calculated enthalpy and entropy values:

In the present study, the speci�c heat capacity, free Gibbs energy, enthalpy, and entropy of nanocrystalline
3C-SiC particles were calculated at different temperatures using the equations (2), (3), and (4).

The analysis showed that 3C-SiC nanocrystals are extremely resistance materials to temperature.
Nanocrystalline 3C-SiC particles have a very high melting point around 3103K. Therefore, 3C-SiC
nanocrystals have extremely strong stability under heating up to 1200K. Simultaneously, HRTEM, SAED
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and EDP analyzes showed that 3C-SiC nanocrystals do not undergo structural changes in extreme
environments [25]. On the other hand, it has been noted that very small amounts of oxidation can occur
on the surface of 3C-SiC nanocrystals at temperatures above about 1000K [12, 13].

Nanocrsytalline 3C-SiC particles were investigated with the four different heating rates (5 K/min, 10 K/
min, 15 K/ min and 20 K/min) in the temperature range of 300 K – 1200 K. The heat capacity, Gibbs
energy, enthalpy and entropy of nanocrystalline 3C-SiC particles at all thermal processing rates (5 K/min,
10 K/min, 15 K/min and 20 K/min) were calculated theoretically based on experimental results. Figure 1
brie�y describes the spectra corresponding to 5 K/min and 20 K/min thermal processing rates. In the
initial approach, as can be seen from the spectra, water or other additives adsorbed from the atmosphere
are released from the system. Unlike conventional bulk materials, 3C-SiC crystals in nanoscale have an
extremely large surface area and adsorption capacity. Previous experiments have shown that this feature
is sharply distinguishes 3C-SiC nanocrystals from 3C-SiC wafer [42–45]. It is known that nanomaterials
have a very large speci�c surface area (Speci�c Surface Area (SSA)) and these types of materials are
surface active, which makes water or other compounds dependent on the nanoparticle surface
immediately upon their contact with the atmosphere. Active surface is chemisorbed from the environment
by weak interaction with H2O and OH groups. Linear increase in temperature breaks the weak reciprocal
effect. From the observation of thermal curves, it can be concluded that as the temperature rises, the
water or other impurities existed in the nanomaterial begin to leave the system. This process completed
at about 450–500°C temperature. There is almost no change in the initial approach to the thermal
spectra of nanocrystalline 3C-SiC particles from 500°C to 1000°C.

The temperature dependence of the speci�c heat capacity of nanocrystalline 3C-SiC particles at different
thermal processing rates are given in Fig. 2. Speci�c heat capacity is proportional to the heating rate in
the selected low temperature range (temperature range of 300 K − 350 K) (Fig. 2a). However, chaoticity is
observed on the temperature dependence of the speci�c heat capacity in the wide temperature range
(300K − 1200K) (Fig. 2b). The numerical value of the speci�c heat capacity is around the characteristic
value (750 J·kg− 1K− 1) for SiC in the low temperature region. However, there are sharp deviations with
increasing temperature. Numerical value of the speci�c heat capacity is negative at T ≥ 800K of
temperature. This suggests that exothermic effects are observed in nanocrystalline 3C-SiC particles at
temperatures ≥ 800K. Thus, in this case, the temperature of the sample container in the experimental
device is lower than the temperature of the sample. Moreover, the numerical value of the speci�c heat
capacity is positive in the temperature range 300K-800K or corresponds to endothermic processes in the
general approach.

The temperature dependences of the enthalpy of nanocrystalline 3C-SiC particles at different thermal
processing rates are shown in Fig. 3. As can be seen from the �gure, the numerical value of enthalpy
decreases in the low temperature region in proportion to the thermal processing rate (Fig. 3a). The
enthalpy of the system is chaotic, similar to the heat capacity at relatively high temperatures. However, in
the general approach, the enthalpy of the system decreases with increasing thermal processing rate in the
entire temperature range (Fig. 3b).
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Based on the experimental results, the calculated entropy of the system for nanocrystalline 3C-SiC
particles is shown in Fig. 4. As can be seen from the temperature dependences of the entropy of the
system, in this case, according to the enthalpy and heat capacity, the entropy of the system decreases
with increasing thermal processing rates in the low temperature range. The entropy of the system is a
negative after the temperature is approximately T ≥ 800K. This, in the general approach, can be explained
by exothermic effects, similar to the speci�c heat capacity.

According to the experimental results, temperature dependences of the free Gibbs energy were calculated
(Fig. 5). As can be seen from the �gures, the numerical value of the free Gibbs energy is inversely
proportional to the thermal processing rate (Fig. 5a). The numerical value of free Gibbs energy increases
with increasing thermal processing rate, which is an indication that the system is more stable when
heated at relatively low speeds. Obtained dependencies in a wide temperature range has shown that the
numerical value of the free Gibbs energy increases almost in direct proportion to the temperature at
relatively large temperature values. An increase in the numerical value of the free Gibbs energy for a
system is, in a sense, an increase in the potential energy of the system (chemical potential). Any system
tends to minimize its potential energy over time, and an increase in the value of free Gibbs energy in any
system can reduce the stability of that system. Physically, this explains why the resistance of the system
naturally decreases at high temperatures.

The numerical value of the free Gibbs energy calculated according to the experimental results is negative
in the low temperature range. This means that the processes occurring in the system are spontaneous
and the system can move towards equilibrium. Note that in the general approach at temperatures T < 
800K, the numerical value of the free Gibbs energy varies around zero, which is an indication that the
system is in equilibrium. Numerical value of the free Gibbs energy at temperatures T > 800K is positive. In
this case, the processes in the system are not spontaneous, but changes can be observed in the opposite
direction to the system. In the general approach, changes in temperature around 740K can be explained
to some extent by the Debye temperature [12, 46, 47]. However, more analytical investigations are needed
to give an exact opinion.

4. Conclusion
Studies have shown that 3C-SiC nanocrystals exhibit extremely high surface activity. As a result of the
extremely high surface activity of 3C-SiC nanoparticles, the hydroxyl or OH groups were observed to
gather on the surface. It was found that the OH groups completely removed from the surface of 3C-SiC
nanocrystals at the high temperatures. Groups O and H leave the surface of 3C-SiC nanocrystals in the
temperature range of about 467-755K, depending on the heating rate. At temperatures above 755 K, no
traces of O and H groups are found on the surface of nanocrystalline 3C-SiC particles. It was observed
that at relatively low heating rate of 5K/min, the OH groups completely leave the nanomaterial surface at
a temperature of about 740K. However, the trace of hydroxyl groups have been determined between 740–
755 K with the high heating rate (at 20K/min). Speci�c heat capacity of nanocrystalline 3C-SiC particles
has been determined to be directly proportional to the heating rate in the low temperature range. Studies



Page 7/12

have shown that the numerical value of the speci�c heat capacity varies around the value (750 J·kg− 1K− 

1) characteristic for 3C-SiC in the low temperature region. It was found that the numerical value of the
speci�c heat capacity, enthalpy and entropy of the system are negative at relatively high temperatures,
which was explained by the exothermic effects at the appropriate temperatures. According to the
calculated free Gibbs energy, nanocrystalline 3C-SiC particles are found to be spontaneous or more stable
at relatively low temperatures. Debye temperature was found to be around 740K for nanocrystalline 3C-
SiC particles. It has been determined that the numerical value of free Gibbs energy increases with
increasing thermal processing rate.
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Figures

Figure 1
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DSC and TG spectra at different thermal processing rates of nanocrystalline 3C-SiC particles.

Figure 2

Temperature dependences of speci�c heat capacity at different thermal processing rates of
nanocrystalline 3C-SiC particles (a - in a selected range, b - in a wide range).

Figure 3

Temperature dependences of enthalpy of nanocrystalline 3C-SiC particles at different thermal processing
rates (a - in a selected range, b - in a wide range).



Page 12/12

Figure 4

Temperature dependences of entropy of nanocrystalline 3C-SiC particles at different thermal processing
rates (a - in a selected range, b - in a wide range).

Figure 5

Temperature dependences of free Gibbs energy at different thermal processing rates of nanocrystalline
3C-SiC particles (a - in a selected range, b - in a wide range).


