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Abstract. The transition from a glass-forming melt to a solid state occurs within a
specific temperature range. This range encompasses the so-called temperature band, the
estimates of which vary among authors. The transition phase is characterized by a dis-
crepancy between the exponential functional dependence of the structure's relaxation
time on temperature, leading to a variety of methods for calculating the temperature
band with varying degrees of approximation.

This paper proposes an interpretation of the temperature band using the parameters
of the delocalized atom model. Using these data, the temperature band was calculated,
the results of which are consistent with those estimated using the Williams-Landel-
Ferry equation.

The proposed equation, modified to take into account the delocalized atom model,
coincides with the well-known formula for the temperature band. The resulting rela-
tionship allows the temperature band to be calculated directly from experimental re-
sults.

It has been established that the proposed formula is applicable regardless of the
specific temperature dependence of the structural relaxation time and how the activa-
tion energy of the glass transition changes with temperature.

It has been shown that for glassy solids with approximately equal relative fluctua-
tion volumes, the temperature band linearly correlates with the glass transition tem-
perature in the liquid-to-glass transition region.

Keywords: glass transition equation, temperature band, structural relaxation time,
relative fluctuation volume, Williams-Landel-Ferry equation, silicate glasses, amor-
phous polymers.
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Introduction
The most important result following from classical relaxation theories of the
liquid-glass transition [1, 2] is the glass transition equation
gty =06T,, (H)

which is responsible for the transition of the glass-forming melt into a solid
state upon cooling at the glass transition temperature. Where g=d77/d¢ is the
cooling rate of the melt, 7, is the relaxation time of the structure of the sub-
stance at the glass transition temperature.

The glass transition equation (g7, = C) was first proposed by Bartenev [3],
and then it was further developed in the theory of Volkenstein and Ptitsyn [1].
Later, the author [4] found a similar equation using the Mandelstam-
Leontovich theory [2]. He also proposed a form of this equation (1) replacing
the right-hand side with the designation 67, which was called the “temperature
band”.

The temperature band refers to the temperature range within which the tran-
sition from a melt to a solid occurs. A number of methods for calculating the
6T, value for the same substances yield results that vary by up to two tens of
degrees (67, = 20 K) [1, 3-5]. The specific factors underlying the differences in
temperature range estimates in the works of different researchers have not yet
been established. This problem is the subject of further scientific research.

This article proposes the calculation of the temperature band using the the-
ory of the following authors [1, 4]

5Tg=—( or j ;—( or J . )
Olnt r-T, Olnn r=1,

Using experimental data on viscosity for the liquid-glass transition, the tem-
perature band can be calculated using this equation (2).

Nemilov [4], based on the fact that the Volkenshtein-Ptitsyn theory [1] does
not consider a set of values for the structural relaxation time, proposes modify-
ing relation (2). Instead of the equal sign, a proportionality sign is used. Since
the viscosity of most glassy substances changes by an order of magnitude in the
liquid-to-glass transition region, the proportionality coefficient in [4] was
adopted as 2.3. Temperature band calculations performed using the method [4]
yield somewhat overestimated values. Nevertheless, the validity of introducing
this empirical coefficient when using the 7, parameter in calculating the viscos-
ity of glasses in the glass transition temperature range was confirmed [4]. The
approach deserves attention, but the physical meaning of the empirical factor
used remains to be clarified.

However, another point of view exists: the glass transition process of a lig-
uid can often be adequately described using a single average relaxation time [6-
11]. On the other hand, taking into account the entire spectrum of relaxation
times is fraught with certain difficulties. Therefore, it is advisable to calculate
the temperature band directly using the Volkenshteyn-Ptitsyn relation (2), omit-
ting the empirical correction. This is provided that t is the most probable re-
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laxation time, localized at the maximum of the curve within the continuous
spectrum describing the glass transition process [6].

Derivation of the equation from relaxation theory
In the work [1] the relation was derived

kT a)
T, =—>.
qtg U
It was based on the fact that under glass transition conditions
dr 1
DR
dT r-1, |q|

the dependence of the structural relaxation time on temperature 7(7) in the first
approximation is a simple exponential at U=const,

T=7, exp(%} . (5)

They also received

Lz _ _(61nr} ’ ©)
kTg oT T:Tg

which follows from the glass transition condition (4) at U=const and T=T,.
Formulas (1), (3) and (6) allow us to obtain the Volkenstein-Ptitsyn equa-
tion under consideration [1] (2):

oT
oT, =— . 2
o (6lnijTg @

An alternative method for deriving equation (2)
The transition of glass-forming liquids to the glassy state is characterized by
a violation of the exponential dependence ©(7) (5) at U=const [5-10]. Currently,
there is no universally accepted theoretical model describing the dependence of
the relaxation time on temperature 7(7) in the glass transition region. Given the
relevance of the problem, it is appropriate to pay attention to the equation pro-
posed by Razumovskaya and Bartenev [12],

A4 T-T «(T) _ n(T)
Ina, = — |——=&—, = = , (7
naT ( JTTg(H;) N ©(Ty)  n(Ty) :

_ Olnt
6(T/Tg)

(®)

b
=T,
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1 &*Inr

e 9
2(T/T,) )

T=T,

After replacing 7(7) in condition (3) with the expression from equation (7),
we arrive at the relation

T,
g
T, =—,
q7g 4
and we obtain equation (2), bearing in mind (8)
T
o, = 21) (10)
A Olnt r-T,

Discussion of results

1. The proposed derivation shows that the Volkenstein-Ptitsyn formula (10) is
independent of both the specific functional dependence of 7(7) and varia-
tions in the activation energy (U) with temperature (i.e., whether U(T)
changes or U=consf). This finding is further supported by the continuity
and monotonicity of the function 7(7) in derivative (2) [13].

2. Relation (7) takes the same form as the well-known empirical equation of
the Williams-Landel-Ferry (WLF) [8, 14]

T-T,

g
T-T,+C,’
which provides a good description of the dependences #(7) and 7(7) in the
glass transition region for various amorphous substances. Here, the empiri-

cal parameters C; and C, are determined through the derivatives 4 (8) and
B(9)

lnaT = _Cl

(1)

A A
C,=—, C,==T,. 12
1= 2=51e (12)
Their ratio is equal to the temperature band 67, (see (10))
G _T,
—==-2 =0T . 13
TR (13)

Thus, the proposed viewpoint suggests that the WLF equation (11) is
agnostic regarding the specific functional form of the temperature depend-
ence of the relaxation time 7(7).

3. The derivative 4 in equality (4) is defined as the so-called “fragility” of the
glass-forming melt [16]

dlnn
m=— 1
o(T,/T) rer,
which remains constant for glasses of the same class (m=const). It follows
that the value of A4 is also constant. It follows that, based on formula (13), a
linear correlation should be expected between the temperature band 87,
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and the glass transition temperature 7,. This correlation is confirmed for
some glassy systems (Fig. 1, 2).

4. Using the basic principles of the Nemilov [4] method, we will calculate the
temperature range using the Volkenstein-Ptitsyn formula (2)

1 ( AT 1 T, - T, 1
R N )
2.3\ Algn r, 23\ 1gn, —lgns ) 2.3

where T, and T; are temperatures corresponding to the logarithms of viscosity
lgn,2 =12 and 1gn;5=13.

The evaluation result for several silicate glasses [11] was found to be consistent
with predictions

o, = (T ~Tis) ~(6-12)K

aligns with the data for the same glasses obtained using the WLF equation (13)
[11],
G
0T, C. =(6-12)K
and also with the product gz, — with the left side of the glass transition equation
[5]: gt = (5-12) K. The values of 67, ~ (1-3) K obtained for amorphous or-
ganic polymers and low-molecular organic glasses align with the correspond-

ing values g, = (1-3) K for these systems [5].
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Fig. 1. Linear correlation between the 67, temperature band, which charac-
terizes the temperature range of the liquid-to-glass transition, and the glass
transition temperature 7, of sodium silicate glasses. Na20O content, mol.%:
15(1), 20(2), 25(3), 30(4), 33(5), and 35(6). Data from [17] were used.
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Fig. 2. Correlation between 67, and T, for amorphous organic polymers. 1 —
Polyhexene-1; 2 — Polyurethane; 3 — Polyvinyl chloroacetate; 4 — Polymethyl
acrylate; 5 — Polyvinyl acetate; 6 — Natural rubber; 7 — Ethyl methacrylate.
Data from [12].

Conclusion

An analysis is performed on the derivation of the equation for the tempera-
ture dependence of the structural relaxation time 7(7) in the glass transition re-
gion. Subsequently, using this equation, a new approach is proposed for inter-
preting the Volkenstein-Ptitsyn relation for the glass transition equation pa-
rameter67, — the temperature band characterizing the transition interval from
liquid to glass.

The results of calculations of the temperature range (67,) characterizing the
freezing of the structure in glass-forming liquids — performed using the WLF
equation parameters and the delocalized atom model for inorganic oxide
glasses — are in satisfactory agreement with the glass transition equation g, =
(5-10) K. Similar calculations for amorphous organic polymers and low-
molecular organic glasses also show satisfactory agreement with the left-hand
side of the glass transition equation (1).

A linear correlation is shown between the temperature band 67,, which is
included in the temperature range of the transition from liquid to glass, and the
glass transition temperature 7, for sodium silicate glasses and low-molecular
organic glasses.
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MOJEJIMPOBAHUE ITOJIOCBI TEMITIEPATYP
B OBJIACTHU [IEPEXOJA XXKMAKOCTb — CTEKIJIO
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Annomayusa. Tlepexon oT cTekI000pa3yroUIero paciiaBa K TBEPAOMY COCTOSHHIO
peanu3yercsl B ONPEJEeICHHOM HANa30HE TEMIIEPATyphl. DTOT AUANa30H OXBATHIBAET
TaK Ha3bIBAEMYIO IOJIOCY TEMIIEPATyp, OLIEHKH KOTOPOH PACXOAATCS y pa3HBIX aBTO-
poB. Ilepexonnas ¢a3a xapakrepHa HECOOTBETCTBHEM (DYHKIMOHAJIHHON 3aBHCUMOCTH
BPEMEHU pENaKCalliid CTPYKTYPbl OT TEMIEpAaTyphl MO 3KCIIOHEHTE, YTO MPUBOAUT K
pa3HoO0Opa3mIo CIIOCOOOB pacyera IOJIOCH TEMIIEPATyp C Pa3iIMYHON CTEHEHBIO NpH-
OIKECHUSL.

B nanno#i pabore npemiaraercs HHTEPIpETanys MMOJI0CH TEMIIEPATYP C MCIOIb30-
BAaHUEM MAapaMETPOB MOJEIHU AETOKATU30BaHHBIX aTOMOB. I10 3THM NaHHBIM IPOBEAEH
pacuer MoJyIockl TEMIEPATyp, pe3ynbTaThl KOTOPOrO HE OTINYAIOTCS OT OLICHKH, IPOBE-
JIEHHOM 1o ypaBHeHMIO BunbsMca — Jlannena — ®eppu.

[pemnaraemoe ypaBHeHHE, MOANGHUIMPOBAHHOE C YYETOM MOJEIH JIEJIOKaIH30-
BaHHBIX aTOMOB, COBIIAJIAET C M3BECTHOM (hOPMYIIOH UIsl MoJIockl Temneparyp. Ilomy-
YEHHOE COOTHOIIEHHE MO3BOJSIET BBIUUCIATH MOJIOCY TEMIIEPATyp HEMOCPEICTBEHHO
IO Pe3yNbTaTaM dKCIEPHUMEHTA.

YcraHoBneHO, UTO mpeaiaraeMast popmyiia MIpUMEHNMa BHE 3aBUCUMOCTH OT KOH-
KpPETHOr0 BHJIa TEMIIEPATYPHOI 3aBUCUMOCTH BPEMEHU CTPYKTYPHOU pellaKkcaly U OT
TOr0, KK MEHSETCS SHEPTHsl aKTUBALIMU IPOLIECCA CTEKIIOBAHUS C TEMIIEPATYpOil.

IMokazaHo, 4TO UI CTEKIOOOpa3HBIX TBEPABIX TEJN, UMEIOMIMX IMPUOIU3UTEIHHO
pPaBHBIH OTHOCHUTEIBHBIA (QIYKTYyallMOHHBIH 00BEM, I0J0cCa TeMIlepaTyp JHHEHHO
KOppEJIMpYET C TEMIEPATypOil CTEKIOBAaHMS B 00JIaCTH TIEPEX0/1a KUIKOCTh — CTEKIIO.

Knrouegvie cnosa: ypaBHEHUE CTEKIIOBAHUS, [I0JI0CA TEMIEPATYP, BPEeMs CTPYKTYp-
HOM peraKcalii, OTHOCHTEIbHBIN (DIIyKTyallnOHHBI 00beM, ypaBHeHHEe Buibsimca —
Jlangena — ®eppH, CHIMKATHBIE CTEKIIA, aMOP(HBIE TTOJIMMEPHI.
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