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Abstract. The results obtained using the delocalized atom model established for the
first time in the glass transition region a linear temperature dependence of the
anharmonicity parameter for a number of glassy materials. The overall effect of
thermal motion due to anharmonicity is the occurrence of tensile thermal pressure on
interatomic bonds. Internal pressure, which is the main component of thermal pressure
in liquids and solids, is the elastic response of the lattice to external influences and is
calculated as the rate at which the internal energy of a substance changes when its
volume changes at a constant temperature. Using the elastic deformation region at its
upper limit, the proposed model was used to determine the maximum thermal pressure.
This maximum thermal pressure leads to the ultimate stretching of the interatomic
(intermolecular) bond, which is inversely proportional to the anharmonicity parameter.
From the equations of state and the delocalized atom model, a linear correlation
follows between the reciprocal of the square of the anharmonicity parameter and the
glass transition temperature of glassy solids.
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Introduction

The glass transition process remains an under-researched area, as evidenced
by numerous theoretical and experimental scientific papers [1-7]. Like any
transition process, glass transition is complicated by two factors. First of all, the
liquid-to-glass transition itself can be characterized as a relaxation process.
Secondly, some authors classify it as a second-order phase transition. However,
in the transition region, an increase in the anharmonicity of lattice vibrations
occurs, which is discussed in the following articles [8, 9].
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In the delocalized atom model [1], the fundamental principle is the
transition of an atom, molecule, or group of particles to the nearest neighboring
energy state, or, in other words, an elementary act of the process. In particular,
such an act occurs during the heating of glassy solids, as follows according to
the proposed model. In the delocalized atom model [1], the fundamental
principle is the transition of an atom, molecule, or group of particles to the
nearest neighboring energy state, or, in other words, an elementary act of the
process. In particular, such an act occurs during the heating of glassy solids, as
follows according to the proposed model. According to our proposal, the
mechanism described above at the molecular level is the factor responsible for
the plastic deformation of amorphous organic polymers and inorganic glasses.
The results of the cited studies [2, 3] suggest that the interpretation of plastic
deformation of amorphous polymers using the proposed model is sufficiently
substantiated. Consequently, the relevance of studying the softening of glasses
during their heating also extends to the problem of plastic deformation of non-
crystalline solids.

The presented article aims to show that the glass transition temperature of
glass-forming melts is linearly correlated with the anharmonicity parameter
(Griineisen parameter y) of the lattice vibrations of glassy solids.

1 Correlation of glass transition temperature with anharmonic parameter

According to the model [1] of delocalized atoms in the region of the liquid-
glass transition, the maximum value of the elastic deformation of interparticle
bonds can be taken as an elementary act or, in other words, the critical
displacement of the kinetic unit Ar,,. In previous studies, we have shown that
the critical deformation of an interatomic bond is inversely proportional to the
anharmonic parameter y (the Griineisen parameter) [10, 11].

% = i . (D)
nho 6y

Thermal pressure as a consequence of the anharmonicity of lattice
vibrations stretches the interparticle bonds [3, 12, 13]

Up _ 3RT
Pi=Y R )
Where R is the gas constant, and Up, is the Debye energy of the lattice's thermal
vibrations, which in the classical region (above the Debye temperature) is equal
to Up =3RT.

The sum of the external p and internal p; pressures compensates for the
thermal p, pressure. The internal pressure of bodies, due to interatomic
interactions, greatly exceeds the external atmospheric pressure. Then the
thermal and internal pressures will be approximately equal [3, 12]:

P =D 3)
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The internal pressure is equal to the derivative of the internal energy with
respect to volume at a constant temperature p; = (dU/dV)T. Since U(V) is
composed of the energies of the bonds that unite the atoms (molecules) into a
solid, p; represents the elastic response of the lattice to its all-round extension
or compression. Therefore, the magnitude of the internal pressure is determined
by Hooke's law p~Fe, where E is the bulk modulus, ¢ is the volumetric elastic
strain, and for isotropic bodies the volumetric strain is 3 times greater than the
linear strain: ¢ =~ 3(Ar/ry). Here Ar/ry is the relative strain of the interatomic
bond [3, 12].

Considering that, in the approximation, elastic deformation is carried out up
to the limit deformation and, taking into account equation (1), for the maximum
value of the internal pressure, we have the following relationship

DPim = 3(%JE ~ 3(LJE ~ (LJE . 4)
o 6y 2y

Under the action of thermal pressure at 7=T,, the ultimate deformation of
the interatomic bond Ar,, occurs, which corresponds to the maximum value of
the internal pressure (4). Substituting (2) and (4) into the equation of state (3) at
T=T,, for the relationship between the glass transition temperature and the
Griineisen parameter, we finally obtain the following relationship

EV)1

An alternative interpretation that the average energy of thermal motion of
particles at the softening temperature is equal to the work of maximum
deformation of the interatomic elastic bond [1] leads to the same result

1 T = a(Arm )2

2 ¢ 2
where a is the coefficient of quasi-elastic force, k£ is the Boltzmann constant.
This equation and equation (1) allow us to conclude that the anharmonicity
parameter and the glass transition temperature are linearly correlated

2
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2 Comparison with the experiment

Based on the results of [10, 11, 14], it follows that glassy solids can be
represented as two-parameter oscillations based on the type of interparticle
bond vibrations. One type of vibration is characterized as thermodynamic, with
a lower degree of anharmonicity (yp = 0.5 — 1.0), while the other type of
vibration is lattice, where the degree of anharmonicity is greater (y, = 3 — 8).
The lattice parameter reflects the anharmonicity of interchain vibrations during
intermolecular interactions, while the thermodynamic parameter is responsible
for the anharmonicity averaged over intrachain and other vibrational modes.

b
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Inorganic glasses are also characterized by the presence of two types of lattice
vibrations.

Therefore, the equation we obtained (5) shows that there is a linear
correlation between the reciprocal of the square of the Griineisen lattice
parameter and the glass transition temperature for noncrystalline solids. This
correlation holds best for glasses whose structure type is the same, or whose
intermolecular interactions are approximately equal (EV=const)

T, ~ [Lz} . (6)
7L

The lattice parameter for polymers is calculated using quantities that depend
on intermolecular interactions, in particular, the coefficient of transverse

deformation x [10, 11]
I+u
=C , 7
7L [1_2,UJ (7

where C = const = 0.7. The article [14] shows the reliability of equation (7) for
a number of glassy solids, including some quasi-isotropic crystalline
substances.

Figures 1-4 show the linear correlation between the glass transition
temperature and the reciprocal of the square of the anharmonic parameter (8)
for a number of inorganic glasses. Experimental data on the glass transition
temperature and elastic coefficient are taken from the works [15]"

1 (1=2up
S ] St (8)
7L2 (1 + ,U)z

The data presented in the figures (Fig. 1-4) for the studied glass samples
demonstrate an acceptable linear correlation of the glass transition temperature
with the value inverse to the square of the anharmonic parameter.

To compare the melting processes of crystalline solids and the softening of
glasses, the correlation between the melting temperature 7, of a number of
crystalline oxides and the reciprocal of the square of the anharmonic parameter
1/y,* was calculated using equation (7). The linear correlation found for these
substances is shown in Fig. 4. The presence of a linear correlation for both
inorganic glasses and crystalline oxides can be interpreted as a similarity
between the aforementioned processes.

! Glass property information system SciGlass — 6.6. 2006. Institute of Theoretical
chemistry, Shrewsbury, MA, (www.sciglass.info).
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Fig. 1. Correlation between the glass transition temperature and the value of
2(1-24)*/(14p2)* for Na,O-SiO; glasses. Na,O content, mol. %: 1- 5, 2- 13, 3- 14.8,
4- 16, 5- 16, 6- 17, 7- 20, 8- 20, 9- 26, 10- 28, 11- 30, 12- 32, 13- 33.3, 14- 40.
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Fig. 2. Dependence of the glass transition temperature on the value of
2(1-2u)*/(1+u)* for potassium silicate glasses K,0-SiO, and glasses of the PbO-SiO,
system. Content of K,O, mol. %: 1- 5, 2- 13, 3- 13, 4- 15, 5- 16, 6- 20, 7- 20, 8- 25,
9- 30, 10- 32; PbO, mol. %: 11- 30, 12- 45, 13- 50, 14- 55, 15- 60.
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Fig. 3. Correlation between the glass transition temperature and the value of
2(1-2u)*/(1+u)* for sodium borate Na,0-B,0, and chalcogenide As-Se glasses.
Na,O content, mol. %: 1- 10, 2- 15, 3- 20, 4- 25; As, at. %: 5- 5, 6- 10, 7- 20, 8- 30,

9- 40, 10- 50.
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Fig. 4. Dependence of melting temperature 7 on 2(1-2u)* /(14 ).
1 —SiOy, 2 — GeO,, 3 — P,0s, 4 — B,05, 5 — As,O; (Data from [16] were used).

Conclusion

When studying the process of glass softening using the model of delocalized
atoms, it was shown that for glasses of the same structural type, determined by
the same interatomic interaction, a linear correlation should be observed
between the softening temperature and the inverse value of the square of the
anharmonic parameter.

Comparison with experimental data indeed confirms such a correlation for
most of the glasses studied, despite some deviations.

The observed pattern characteristic of the studied inorganic glasses indicates
a certain connection between the softening process and the anharmonicity of
the lattice vibrations of glass-forming systems. Since the lattice component of
anharmonicity is a function of the elasticity, it undoubtedly follows that the
transverse strain coefficient plays an important role in the lattice dynamics of
glass.
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BJIMSIHUE AHTAPMOHIM3MA PEIIETOYHBIX KOJIEBAHUIA
HA TIPOLIECC CTEKJIOBAHIA

© MasnraroB Binagumup Bragumuposuy

JIOKTOP (PU3UKO-MAaTEeMaTHYECKUX HAYK, TOIEHT,

BypsiTckuil rocyrapcTBeHHbIN yHUBEpcUTET nMeHH Jlopxku bansaposa
Poccust, 670000, r. Ynau-Y o3, yn. Cmonuna, 24a

AnHoTanusa. Pe3ynbTaTbl, MONy4EHHBIE C IMOMOIIBI0 MOJENN JEI0KaIH30BaHHBIX
aTOMOB, BIIEPBBIC YCTAQHOBHJIM B OOJIACTH CTEKJIOBAHUS JIMHEHHYIO TEMIEpaTypHYIO
3aBHCHMOCTh TapaMeTpa aHrapMOHHM3Ma JUId psiia CTEKJIIOOOpa3HBIX MaTephasioB.
CyMmMapHBIE 3QQEKT TeIUIOBOro MABIKEHHS, OOYCIOBJIEHHOIO aHTapMOHH3MOM,
3aKJIIOYA€TCS. B BO3ZHUKHOBEHMM pACTATMBAIOIIETO TEIUIOBOTO  JABJIEHUS Ha
MEXaTOMHBIE CBSI3U. BHyTpeHHee naBieHUE, SABISIOIIEECS] OCHOBHONM KOMITOHEHTOM
TEIJIOBOTO JABJICHUS B JKHIKOCTSIX M TBEPIBIX TeNaX, NMPEACTABISIET COO0W ynpyryio
PEAKIMIO PELIETKH HA BHEIIHHE BO3ACUCTBHS M PACCUUTBHIBAECTCS KaK CKOPOCTb, C
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KOTOpOW BHYTPEHHSSI PHEPTHs BELIECTBA MEHSETCS NP M3MEHEHHH €ro o0beMa IpH
HEM3MEHHOW TemriepaType. Mcnons3yst obnacTe ynpyroi nedopmanuu B ee BepXHEM
IpeJeIbHOM 3HAYEHUH, Ha OCHOBE NPEUIOKEHHON MOJENM BBIABICHA MaKCUMaJlbHAs
BEJIMYMHA TEIUIOBOTO JABJICHHS. BBIABIEHHOE 3HaUY€HHE MAKCHMAaJIbHOIO TEIJIOBOIO
JIaBJICHUS TTPUBOJUT K TPEICIHHOMY PACTSDKCHUIO MEKATOMHOM (MEXMOJIEKYIISIPHON)
CBSI3U, KOTOpOE 00paTHO IPOIOPLIHUOHANIFHO ITapaMeTpy aHrapMoHn3ma. U3 ypaBHeHuni
COCTOSIHUSL U MOJENN [JENIOKAIN30BAHHBIX AaTOMOB CIEAYET JIMHEHHAs KOppenmsius
MEXIy OOpaTHBIM 3HAUYE€HHEM KBajapara IapaMeTpa aHrapMOHM3Ma W TeMIlepaTypbl
CTEKJIOBAHHUS CTEKJIOO0Pa3HBIX TBEP/BIX TeIl.

KiroueBsle citoBa: MOJIENb JEIOKAIM30BAHHBIX aTOMOB, CTEKIOOOpa3HBIE TBEPbIE
TeNna, yupyras peakiys pelleTKd, BHyTpEHHEE JaBJICHUE, TeMIepaTypa CTEKIOBAHHUS,
MakcHManbHas AeopMaIyss MeKaTOMHOM CBSI3H, aHTaPMOHHYECKUH rTapamerp.

s yumupoeganus

Manumamoe B. B. BausHue aHrapMOHHM3Ma PEHICTOYHBIX KOJICOAHWH Ha TPOIECC
crexnoBanns // BectHuk BypsiTckoro rocymapCcTBEHHOTO YHHBEpcUTeTa. MaTteMaTHKa,
nHdopmaruka. 2025. Ne 4. C. 86-94.

Cmamovs nocmynuna 6 pedaxyuro 06.11.2025; 00obpena nocie peyen3uposanus
21.11.2025; npunsama xk nyoruxayuu 26.11.2025.

94



