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Silicon dioxide, which is the most common quartz phase in nature, is also present
in coesite and stisovite polymorphs. In this study, the heat capacity, one of the
thermodynamic properties of silicon dioxide, which is widely used in many
cosmetic products as well as being used as a raw material for glass, ceramics,
semiconductors, and food industry, is discussed. The Debye temperature required
to obtain the heat capacity was calculated according to the Veight-Reuss-Hill
approach by taking the elastic constants of silicon dioxide, which has a tetragonal
structure. The heat capacity corresponds to the amount of heat per unit mass and is
one of the most fundamental thermodynamic properties of materials that varies with
concentration and temperature. The heat capacity of silicon dioxide has been
calculated using the n-dimensional Debye function over the temperature range 60-
1000 K. The heat capacity results calculated for SiO_2 are compared with existing
experimental and theoretical data. It was observed that the calculated thermal
results different temperature was in better agreement with the experimental and
theoretical data.

1. Introduction

Silicon dioxide has various allotropic forms in the form of
quartz, cristobalite, trimidite, coesite, stishovite and glassy
silica (Griscom, 1977; Woodruff, 2001). Both the fused quartz
and alpha-quartz crystalline forms of SiO; consist of silicium
tetrahedrally bonded to four oxygen atoms, with each oxygen
atom common to two such SiOg tetrahedra (Reilly, 1970). Due
to the importance of silicon dioxide in glass production and
electronics, the crystal structure of this material has been
studied both theoretically and experimentally. Experimental
data on the crystal and electronic structure of SiO,, X-ray
absorption and emission spectroscopies, auger electron
spectroscopy, low-energy electron-energy-loss spectroscopy,
photoelectron spectroscopy, neutron scattering ( Fontana, et al.,
2005), Raman spectrometry (Hehlen & Simon, 2012), infrared
spectrometry (Kirk, 1988), as well as empirical studies
potentials were investigated using some computer models
prepared using ab initio or reverse (Drabold, 2009) Monte-
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Carlo techniques. This inorganic silica glass, which is more
resistant to thermal shocks due to its very low thermal
expansion coefficient (Xin, et al., 2023) is also widely used in
optical, biological, photonic, and optoelectronic fields due to its
high  optical  transparency, outstanding  mechanical
performance, chemical resistance, and thermal resistance
(Axinte, 2011; Camposeo, et al., 2019; Liu, et al., 2021). The
SiOy is called the main glass-forming material among the four
types of oxides used in glass manufacturing. Quartz (Q),
Cristobalite (C) and Amorphous SiO, (AS) are also of particular
importance for magmatic petrology. In this context, these
materials are among the favorite materials for making
laboratory glass instruments and light bulbs (Axinte, 2011).

Silica (SiO2), which is commonly found in the form of
quartz in the earth's crust, is also included in the components of
many ceramic materials (Pabsta, et al., 2016). The natural,
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industrial and theoretical importance of silica requires an
accurate knowledge of the thermodynamic properties of
different polymorphic forms of silica (Bhattarai & Drabold,
2016). The relationship between the chemical composition and
the density of silicate glass melts at temperatures between 1000
and 1400 C° has been statistically studied by Fluegel et al.
(2008) and Wang et al. (2001) measured the heat capacity of
nanostructured amorphous SiO, (na- SiO;) by adiabatic
calorimetric method in the temperature range 9-354 K and
reported that the Cp values of nanostructured materials are often
higher than those of coarse-grained materials. In this study, it is
established new analytical formulations for specific heat
capacity using the n-dimensional Debye function. As an
application, it has been checked our method for heat capacity of
SiO,. The results were compared with those obtained from the
literature and are seen to be in good agreement at all
temperature values.

2. Materials and Methods
2.1. Debye temperature

The Debye temperature can be expressed in terms of the mean
sound velocity. It can be written following form (Anderson,
1963):

gD = Um (1)

h [3nNAp 1/3
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where h represents the Planck’s constant, kz denotes the
Boltzmann’s constant, n signifies the total number of atoms per
formula, N, represents the Avogadro number, p denotes the
mass density, m represents the molecular weight. The average
wave velocity (v,,) of the materials can be approximately
calculated by using the following Equations (Anderson, 1963)
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v = (G'TH) v = [(KH +§GH)/,D] (3)
where v, and v, are transverse and longitudinal elastic wave
velocity of the polycrystalline materials. We studied the
mechanical properties of SiO, by calculating the linear elastic
constant. Elastic constants for SiO,with tetragonal crystal
structure; C;; = Cy; = 91 GPa, C33 =86 GPa, Cyy = Cy5 =
32 GPa, C¢6 =30GPa, Cyy =Cyy =—38GPa and Cy5 =
C,3 = C3; = C3, = 17 GPa. According to the Veight-Reuss-
Hill approach (Voight, 1889; Reuss, 1929; Hill, 1952), using
the elastic contants for the tetragonal structure, the Bulk and
Shear modulus is expressed as follows (Aydin & Simsek,
2011).
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2.2. Heat Capacity

The Debye function D,, (B, xp) is defined by (Boliikdemir, et al.,
2018; Eser, et al., 2020; Eser, et al., 2014; Eser & Kog, 2021;
Gokbulut, et al., 2021; Guseinov & Mamedov, 2007;
Mamedov, et al., 2009)

t‘)’l

D, (B, xp) = xinfox(et_—l)gdt- U]

Heat capacity of materials at constant volume-pressure is given
by (Eser et al., 2014; Gokbulut et al., 2021)

Cv(T) = 3n4RB, (B, x) ®)

Co(T) = 52 [1 = (1 = 4407/ T, Gy (D) ] ©
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In Eq. (8), ny is the number of atoms in the compound, 4, =
5.1x1073J~1K.mol, T, is the melting temperature, x = 6/T,
where, 0 is the Debye temperature. If the square root in Eq. (9)
expands conveniently into a Binomial series expansion, the Eq.
(9) can be written as follows:

S — lim TN (~)" f (3) [2G, (D] (—)Hn

Cp(T) = 2A T 24,T (10)
here the N is the upper limit of summation, and f;,,(n) are the
binomial coefficients which is defined by (Gradshteyn &
Ryzhik, 1980):
fn@) = — TR (= ). (12)
In above Eq.(8), B(B, x) can be expressed by the n-dimensional
second kind Debye function defined as:

[Dn+1 (ﬁ -

where D, (B, x) is the n-dimensional Debye function given by
Eq.(7).

As can be seen from the above equation Equation (12), the n-
dimensional Debye functions are of prime importance in the
calculation of the thermodynamic properties of specific heat
capacity. We proposed an alternative series formulation for the
evaluation of the n-dimensional Debye function given by
(Mamedov et al., 2009):

D, (B, xD)——llm Zn'{

— e—xDW (
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Bn(ﬁ,X) = %xD 1,X) + Dn+1(ﬂ! X)] (12)

(XDW) )}W—W“ (13)
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3. Numerical Results and Discussion

For Si0,, which has a tetragonal structure, the heat capacity
values calculated by taking the Debye temperature calculated
according to the Veight-Reuss-Hill approach (Voight, 1889;
Reuss, 1929; Hill, 1952) are presented in Table 1 together with

the experimental and theoretical data (Gillet, et al., 1990). Here
theoretical values were calculated by Gillet (1990) considering
harmonic and anhormanic conditions.

Table 1. Heat capacities C,(J mol™*K~1) of Si0, . Experimental and theoretical heat capacity values for Si0, are placed for comparison.

0, = 523.162 K
Eq.(10) Exp. (Gillet, et Harmonic (Gillet, ~ Anhormanic (Gillet,
al., 1990) et al., 1990) et al., 1990)

T(K) n=3 n=2

61.1 2,2614 4,8759 5,5336 5,8498 5,3755
122.2 12,0673 16,4472 15,4941 15,4941 15,3360
183.3 22,9228 27,4220 24,5059 24,5059 24,1897
250 32,4444 36,6098 32,4111 32,8854 32,0949
3222 40,2716 44,0245 39,0514 39,8419 38,8933
3722 44,6088 48,1063 44,5850 44,7431 43,6364
4278 48,6886 51,9385 49,1700 49,3281 48,3794
494.4 52,8179 55,8170 53,2806 54,2292 52,3320
561.1 56,3494 59,1389 56,7589 57,5494 55,9684
622.2 59,1920 61,8189 59,6047 60,7115 58,8142
683.3 61,7481 64,2349 62,6087 63,5573 61,0277
750 64,2832 66,6382 64,5059 65,9289 63,3992
816.7 66,6082 68,8490 67,5099 68,7747 65,4545
872.2 68,4137 70,5708 69,8814 70,9881 67,5099
938.9 70,4567 72,5243 72,2530 73,6759 70,1976
1000 72,2267 74,2216 75,4150 75,7312 71,9368

The comparison of the existing experimental heat capacity
values for Si0, with the heat capacity values obtained in this
study is shown in Figure 1. As seen from Fig. 1, the heat
capacity of SiO, for n = 3 is a better good agreement with
experimental data than n = 2.

The SiO, heat capacity values calculated for different
temperature values are compared with the values obtained by
Gillet et al. (1990) for harmonic and anhormonic states in Fig.
2. It is seen from Fig. 2 that the heat capacity values obtained
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Figure 1. Comparison of the heat capacity values of the Si0,
for different temperature values with the experimental results.

for n = 3 are more in line with the theoretical calculations in
which an intrinsic anhormonic parameter is considered at high
temperatures. At high temperatures, it is seen from Figure 2 that
the heat capacity values obtained for n =3 are more
compatible with the theoretical calculations in which the
anhormonic correction term is considered, and the results
obtained for n = 2 are more compatible with the harmonic
theoretical calculations.
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Figure 2. Comparison of the heat capacity values of the Si0, for
different temperature values with the theoretical results.
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4. Conclusion

In this study, the crucial thermophysical property of SiO,
concerning heat capacity forecasting was calculated using a
series formulation derived for the n-dimensional Debye
function. It is seen that the obtained results on Si0, agreed with
the literature data. The results of the present study provide
valuable insights into thermophysical properties of SiO,,
offering useful information for further understanding and
anallysis. Calculations for n =3 at high temperatures and
especially at temperatures above 300 K agree with the
anhormonic state, while at low temperatures there is an
inconsistency with the anhormonic state. The agreement with
the experimental data is evident in the temperature range
between 300 — 800 K with the calculations for n = 3. From
this, it can be concluded that the calculations made in this study
better explain the anharmonic structure at 300 K higher
temperatures. Calculations for n = 2 agree with experimental
data at temperatures above 1000K and below 200K.
Calculations for n = 2 are compatible with the harmonic state
at temperatures higher than 1000 K. From this, it can be
predicted that the harmonic structure can be better explained by
the calculations for n = 2 at high temperatures.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Cite this article: Gokbulut, M., 2023. Calculation of The Heat
Capacity of Silicon Dioxide. Levantine Journal of Applied
Sciences, Volume 3(1), 7-11.
http://dx.doi.org/10.56917/ljoas.18

References

Axinte, E., 2011. Glasses as engineering materials: A review.
Materials and Design 32, 1717-1732.
https://doi.org/10.1016/j.matdes.2010.11.057

Aydin, S., & Simsek, M., 2011. First-principles calculations of
elemental crystalline boron phases under high pressure:
Orthorhombic B28 and tetragonal B48. Journal of Alloys
and Compounds 509, 5219-5229.
https://doi.org/10.1016/j.jallcom.2011.02.070.

Camposeo, A., Persano, L., Farsari, M., Pisignano, D., 2019.
Additive Manufacturing: Applications and Directions in
Photonics and Optoelectronics. Advanced Optical
Materials 7(1), 1800419.
https://doi.org/10.1002/adom.201800419

Fontana, A., Rossi, F., Caponi, S., Fabiani, E., Buchenau, U.,
Wischnewski, A., 2005). Quasi-elastic scattering in
vitreous silica: A Raman and neutron scattering study.
Journal of Non-Crystalline Solids, 351, 1928-1931.
https://doi.org/10.1016/j.jnoncrysol.2005.04.040

Kirk, C. T., 1988. Quantitative analysis of the effect of disorder-
induced mode coupling on infrared absorption in silica.
Physical Review B, 38(2), 1-19.
https://doi.org/10.1103/PhysRevB.38.1255

Liu, G., Zhang, X., Chen, X., He, Y., Cheng, L., Huo, M., Lu,
J., 2021. Additive manufacturing of structural materials.
Materials Science & Engineering R: Reports 145
(100596), 1-67.
https://doi.org/10.1016/j.mser.2020.100596

Anderson, O. L., 1963. A Simplified Method for Calculation the
Debye Temperature from Elastic Constants. Journal of
Physics and Chemistry of Solids, 24, 909-917.
https://doi.org/10.1016/0022-3697(63)90067-2

Bhattarai, B., Drabold, D. A., 2016. Vibrations in amorphous
silica. Journal of Non-Crystalline Solids 439, 6-14.
http://dx.doi.org/10.1016/j.jnoncrysol.2016.02.002)

Bolikdemir, M., Ko¢, H., Eser, E., 2018. Calculation of
thermophysical properties of copper compounds in CuCl
production cycle. Journal of Physics and Chemistry of
Solids 112, 258-261.
https://doi.org/10.1016/j.jpcs.2017.10.003.

Drabold, D. A., 2009. Topics in the theory of amorphous
materials. Eur. Phys. J. B 68, 1-21.
https://doi.org/10.1140/epjb/e2009-00080-0

Eser, E., Kog, H., 2021. Theoretical study of specific heat
capacity of thermoelectric half-Heusler XNiSb (X = Sc,
Tm) compounds. Philosophical Magazine Letters 101,
154-159.
https://doi.org/10.1080/09500839.2021.1874068

Eser, E., Duyuran, B., Bolikdemir, M., Kog, H., 2020. A study
on heat capacity of oxide and nitride nuclear fuels by using
Einstein-Debye approximation. Nuclear Engineering and
Technology 52, 1208-1212.
https://doi.org/10.1016/j.net.2019.11.012

Eser, E., Koc, H., Gokbulut, M., Gursoy, G., 2014. Estimations
of heat capacities for actinide dioxide: UO2, NpO2, ThO2,
and PuO2. Nuclear Engineering and Technology 46, 863—
868. https://doi.org/10.5516/NET.07.2014.024

Fluegel, A., Earl, D. A., Varshneya, A. K., Seward IIl, T. P.,
2008. Density and thermal expansion calculation of silicate
glass melts from 1000°C to 1400°C. Physics and
Chemistry of Glasses: European Journal of Glass Science
and Technology Part B, 49(5), 245-257.

Gillet, P., Cleach, A. L., Michel, M., 1990. High-Temperature
Raman Spectroscopy of SiO, and GeO, Polymorphs:
Anharmonicity and Thermodynamic Properties at High-
Temperatures. Journal of Geophysical Research, 95(BI3),
21, 635-21,655.
https://doi.org/10.1029/JB095iB13p21635

Gokbulut, M., Gursoy, G., Asci, S., Eser, E., 2021. Study on
specific heat capacity and thermal conductivity of uranium
nitride. Kerntechnik, 86, 400-403.
https://doi.org/10.1515/kern-2021-1010

Gradshteyn, 1., & Ryzhik, 1., 1980. Tables of Integrals, Series
and Products. New York: Academic Press.

Griscom, D. L., 1977. The Electronic Structure of SiO2: A
Review of Recent Spectroscopic and Theoretical
Advances. Journal of Non-Crystalline Solids, 24, 155-234.
https://doi.org/10.1016/0022-3093(77)90046-1

Guseinov, I. I., & Mamedov, B. A., 2007. Calculation of integer
and noninteger n-dimensional debye functions using
binomial coefficients and incomplete gamma functions.
International Journal of Thermophysics, 28, 1420-1426

10



Gokbulut

Levantine Journal of Applied Sciences /Volume 3 (1) (2023) 7-11

https://doi.org/10.1103/PhysRevB.38.1255
https://doi.org/10.1007/s10765-007-0256-1

Hehlen, B., & Simon, G., 2012. The vibrations of vitreous silica
observed in hyper-Raman scatteringJournal of Raman
Spectroscopy, 43, 1941-1950.
https://doi.org/10.1002/jrs.4110

Hill, R., 1952. The Elastic Behaviour of a Crystalline
Aggregate. Proceedings of the Physical Society. Section A
65, 349-354. https://doi.org/10.1088/0370-1298/65/5/307

Mamedov, B. A., Eser, E., Kog, H., Askerov, I., 2009. Accurate
evaluation of the specific heat capacity of solids and its
application to mgo and zno crystals. International Journal
of Thermophysics, 30, 1048-1054.
https://doi.org/10.1007/s10765-009-0601-7

Pabst, W., Gregorova, E., Klouzek, J., Klouzkova, A.,
Zemenova, P., Kohoutkova, M., Vsiansky, D., 2016. High-
temperature Young’s moduli and dilatation behavior of
silicarefractories. Journal of the European Ceramic
Society, 36, 209-220.
https://doi.org/10.1016/j.jeurceramsoc.2015.09.020

Reilly, M. H. (1970). Temperature Depence of the the Short
Wavelength Transmittance Limit of Vacuum Ultraviolet
Window Materials-11 Thepretical, Including
Interpretations for U.V Spectra of SiO2, GeO, and AlO,.
Phys. Chem. Solids Pergamon Press, Vol. 31, pp. 104 I-
1056.

Reuss, A., 1929. Berechnung der FlieBgrenze von
Mischkristallen auf Grupd der Plastizitits bedingung fiir
Einkristalle. Zeitschrift fir Angewandte Mathmatik und
Mechanik, 9, 49-58.
https://doi.org/10.1002/zamm.19290090104

Richet, P., Bottinga, Y., Denielou, L., Petitet, J. P., Tequi, C.,
1982. Thermodynamic properties of quartz, cristobalite
and amorphous SiOz: drop calorimetry measurements
between 1000 and 1800 K. Gechimica et Cosmochimica
Acta, 46, 2639-2658.
https://doi.org/10.1016/0016-7037(82)90383-0

Voight, W., 1889. Uber die Beziehung zwischen den beiden
Elasticit ats constanten isotroper Korper. Annalen der
Physik, 38, 573-587.
http://dx.doi.org/10.1002/andp.18892741206

Wang, L., Tan, Z., Meng, S., Druzhinina, A., Varushchenko, R.
A., Li, G., 2001. Heat capacity enhancement and
thermodynamic properties of nanostructured amorphous
SiO». Journal of Non-Crystalline Solids, 296, 139-142.
https://doi.org/10.1016/S0022-3093(01)00902-4

Woodruff, D. P., 2001. The Chemical Physics of Solid Surfaces
(Volume 9 Oxide Surfaces ed.). Amsterdam, The
Netherlands: Elsevier Science B.V.

Xin, C., Li, Z., Hao, L., Li, Y., 2023. A comprehensive review
on additive manufacturing of glass: Recent progress and
future outlook. Materials & Design 227 (111736), 1-23.
https://doi.org/10.1016/S0010-4655(01)00145-X

11



