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Lake Baikal is the largest freshwater lake by volume in the world, containing 22—-23% of the world's fresh surface water.
With 23,615.39 km3 of fresh water, it contains more water than the North American Great Lakes combined. With a
maximum depth of 1,642 m, Baikal is the world's deepest lake. It is considered among the world's clearest lakes and is
considered the world's oldest lake — at 25 million years, making it the most ancient lake in geological history.
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Lake Baikal is the
largest freshwater lake
by volume in the world,
containing 22-23% of
the world's fresh
surface water.

With a maximum depth
of 1,642 m, Baikal is
the world's deepest
lake.

The world's oldest lake
— at 25 million years is
the most ancient lake
in geological history.




Background
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Fig. 1.1. Volume change during the liquid-glass transition in the process of cooling. AT,
— glass transition region, T, — glass transition temperature. T, = corresponds to cooling
rate gy, and Ty — to cooling rate go, g2 < gi.
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Bartenev proposed in 1951 the equation that is
often called the main equation of glass transition:

qr, = C 7z, ~ (1 +2)10°s.

G.M. Bartenev, Dokl. Akad. Nauk SS5R 76 (1951) 227-230.

This equation is successfully applied in relaxation
spectrometry of polymers and glasses as a condition of
structural relaxation transition at T =T,

The glass transition temperature T, depends on the cooling
rate of the glass-forming melt q = dT/dt. The lower the

cooling rate, the lower the glass transition temperature. ;



Bartenev-Rittland equation

G.M. Bartenev, Dokl. Akad. Nauk SS5R 76 (1951) 227-230. H.N. Ritland, J. Am. Ceram. Soc. 37 (1954) 370-378.

Physica B 523 (2017) 96113
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Fig. 1.2. Dependence of the reciprocal value of T, in the logarithm of cooling rat
of rubbers SKS-30 (1), SKEN-18 (2) and SEN-40 (3) [44].
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Fig. 1.3. Dependence of T, on cooling rate of melt for lead-silicate glasses No 1 and No 2
in coordinates 1/T, - log g according to data from Bartenev and Lukyanov [45].
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Fig. 1.4. Linear correlation between Bartenev equation parameters a,and a.. 1 -
inorganic silicate glasses; 2 — amorphous organic polymers.

Bartenev equation parameters ( 1.8) and fraction of fluctuation volume f, for anoxic and a
number of oxide glasses [49].

Glass T,y K -10# - 10°
Weak dependence: e.g. a ass o ST R a/ar Jo
changes of q by a order of
itude (10 ti ) typicall Se-Bi 309 3.2 10.45 0.034  0.031
magnituae Imes) typically Se-Ga 315 3.09 9.29 0.030  0.027
result in about 3% change of Tg In-Se 316.7 3.09 5.54 0.018 0.017
As-Sb-Se 4448 215 6.74 0.031  0.028
(ATg/ Ty ~ 0.03) GeOs 762 1.23 3.45 0.028  0.026
P.05.TeOs 578 167 4.99 0.030  0.027
8i02-Al:03-B203-P20s- 1064  0.89 3.20 0.036  0.032

MgO-Nax0-Ea0 11




Theories

Mandelstamm-—Leontovich theory '

Physica B 523 (2017) 96-113

V=V(P. T, S)
2

AT,
Lo_le-ey
dt T

-AT, ]

0 /2 n 3n/2
o
|'ff | Ty = A Tllj Fig. 2.1. To the explanation of the interrelation between periodic temperature change

and its approximation in the form of linear function on certain intervals. 1 — sinusoid,
Eq. (2.5); 2 - linear parts of the curve as corresponding to approximation dT/dt = AT-w-

cos(wt) (see text).
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Relaxation theory of Volkenshtein—Ptitsyn '

dan- 1( ]
=== —(n,—n
AT e 2 20

Condition for glass transition

[ dr ] 1
dl’ ), _; 4|
—R Fig. 3.1. The theoretical scheme of Volkenshtein-Ptitsyn [6]. 1 — ground state of the

particle, 2 — its excited state. U; and [ — kinetic barriers for the 1 — 2 and 2 — 1,
respectively, AE = ([T} — I3), the energy of the excited state is greater than the energy of
the ground state by an amount AE.

4z,
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Configuron percolation theory |

A configuron 1s an elementary configurational excitation in an amorphous material,
formed by breaking of a chemical bond and the associated strain-releasing local
adjustment of centres of atomic vibration. Formation of a broken bond can be
represented as a reaction when a lattice phonon 1s absorbed by a bond resulting in a
un-relaxed broken bond which after relaxation of the surrounding environment
results in formation of a quasiparticle termed a configuron (0):

hao+e —>o

Excited statc, broken bonds

Ca_ riry= G,/ RT)

o 1+ exp{—Gi, / RT)

Gy

i

Ground state, unbroken bonds

C, 1
—=l-fDs——F——57
<, 1+exp(-G,/RT)
Fig. 2. CBL of A;B; with several broken bonds (non-relaxed configurons). The system is
shown before structure relaxation which will involve rearrangements near the broken
bond (dashed cirde).

Figure 2. Two-level state equivalent to disordered system of bonds of an amorphous material.

J. Phys.: Condens, Matter 18 (2006) 11507-11520
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Estimation of 8T

Williams-Landel-Ferry equation for relaxation and viscosity

Inay = — C . ap= - =
r— TI.;' + Cl T{T.lrj ”{T.l:]

r-T, o(I) _ n(T) (

G,
I, = :
q 5 Cl

from which follows the formula for calculating 67, using
parameters of the WLF equation C; and C,

5T, = (8 + 12) K|
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Fragility and 8T Ve
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Fig. 7.1. Linear correlation between 8T, and T, for sodium silicate glasses. Content
Na,0, mol%: I - 15,2 - 20,3 - 25, 4 - 30, 5 - 33, 6 — 35. Data from [49].
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Fig. 7.2. Linear correlation between 8T, and T, for amorphous organic polymers. | Fig. 7.3. Correlation between ﬁTg and T, for metallic glasses. Data from [77,78]. 1 —

Ivh 1, 2 — polyurethane, 3 — polyvinylchl etate, 4 — pol thylacrylate, ¢ . . A
po yIERene S i— POy EoToane PORRET e FegaBy7, 2 — FegpP1aCr, 3 — Feqy sNisysBiz, 4 — PdgaSiig, 5 — PdyrsCusSies, 6 -
PdsoNisgPag.

polyvinyl acetate, 6 — natural rubber, 7 — methacrylate ethyl. Data from [36].
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Nemilov estimations

) [ ar ] ( AT ] Ty — Ti
{:"?;, = — = — =
dlg n r=1, Algn lg n, — lgn,
Overestimated data 6T, = (T;; = T;3) = 20 K

Volkeistein-Ptitsyn estimations

1
ol = —(T,—-T=(6-13) K
2_3{13 13) = ( )

E
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Calculation of temperature range 8T, for silicate glasses and amorphous polymers.

Glass (content, mol%) T2, Ti3. 8T..K o7, K oT, = g K (6.8) Cy Ca, Tg.
K K 6T,=To=Ts o=~ Ty “ K ¢
Sodium-silicate glasses NaaO — Si0; [49]
15 Na,0-85 510, 819 790 29 13 12 36 430 239
20 Na,0-80 510, 792 766 26 11 11 36 390 217
25 Nao,0-75 5102 769 745 24 10 10 35 355 202
30 Na.0-70 5104 749 727 22 10 9 35 322 184
33 Na-.0-67 5102 738 717 21 9 9 35 304 174
35 Na,0-65 510, 726 705 21 9 8 35 291 166
Window glass [19] B46 825 21 9 8 36 305 160
Poly-alkali silicate glass [76]
69.045104-30.96Na-0 736 718 18 8 7 46 340 147
79.295105-12.97Na,0-7.751i-0 700 683 17 7 7 45 315 140
43.225104-9.55Na»0-47.23C=0 721 704 17 7 6 31 200 129
71.59510,-24.4Na,0-4.0111,0 695 681 14 6 3] 36 231 128
Amorphous polymers [58]
Polyisobutylene - 202 ] - 2.7 38 104 54
Polyvinyl acetate - 305 9 - 1.3 36 47 26
Polyvinylchloroacetate - 296 9 - 1.0 40 40 20
Polymethyl acrylate - 276 8 - 1.1 42 45 22
Polyurethane - 238 7 - 0.9 36 33 18
Natural rubber - 300 9 B 1.4 38 54 57
Methacrylate polymers
ethyl i 335 10 I 1.6 40 65 32
n-hutyl - 300 9 - 2.5 39 97 50
n-octyl - 253 8 B 2.9 37 107 58

Note: Composition of window glass (mass%) [40]: 810, — 72.7; CaO - 8.6; MgO - 3.4; AL,O; - 1.3; Na,0 - 13.6; K,0 - 0.4; 1, = (5 / gC,, CyuC, — parameters of the Williams-Landel-
Ferry equation, g = 0.05 K/s.

inorganics gz, = (5 — 10) F[' organics 0T, = (1-3) 5
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Model of delocalized atoms

D.S. Sanditov, J. Exp. Theor. Phys. 115 (2012) 112-124.
Fluctuation volume Fraction of fluctuation volume 6T,  J,
AV, = NAv, f= ave I, - Inl 1/¢
V n f#:
WLF constants and delocalized atoms model:
1 T . . .
Ci=—, C,=— f =(V/V)_ _ is the fraction of fluctuation volume frozen
f C B ¢« T=1y
& .

The fraction of fluctuation volume frozen at glass transition is practically a constant

AV

I, = £ = 1 ~ const ~ 0.024 — 0.028

g V C
T=T, I

A double-exponent equation for viscosity

AF_ Ag,
1 = 1 exp T + | exp i 1

20



WLF equation parameters Cy, C; and the glass transition characteristics of amorphous substances.

Amorphous T, C, C,, o, = %, fe ﬂ 103 T K Ty Co { N,
| 's ot .
substance K K K ! '“(”ﬂ] c %
Sodium silicate glass Na,0-510, [49]
Na»0, mol%
15 782 36 430 12 0.028 7.8 6.1 240 0.5 3.5
20 759 36 390 11 0.028 7.8 5.9 220 0.5 3.4
25 739 35 355 10 0.028 7.8 5.8 200 0.5 3.5
30 721 35 322 0 0.028 7.8 5.6 180 0.5 3.5
33 712 35 J04 9 0.028 7.8 5.6 180 0.6 3.5
35 705 35 291 8 0.028 7.8 5.5 160 0.6 3.5
Metallic glass (amorphous alloys) [77]
PdNispPag 602 39 93 24 0.026 7.1 4.3 48 0.8 3.6
PtoNi;oPos 500 37 95 26 0.027 7.5 3.7 52 0.8 3.6
P, :Cu,Siye - 653 38 100 2.6 0.026 7.1 46 52 0.8 3.7
FeggPyaCr 736 38 120 3.2 0.026 7.1 52 64 0.8 3.6
Amorphous organic polvmers [58] and selenium [5]
Polyvinyl acetate 305 36 47 1.3 0.028 7.8 24 61 0.8 3.5
Natural rubber 300 38 54 1.4 0.026 7.1 2.1 57 0.8 3.6
Methacrylate ethyl 335 40 5 1.6 0.025 6.8 2.3 50 0.8 3.6
Selenium 303 32 58 1.8 0.031 8.9 2.7 44 0.8 3.6
Low molecular weight organic glass [61]
Propanol 08 41 25 0.6 0.024 6.4 0.6 12 0.7 3.6
Prothylene Glycol 160 44 40 0.9 0.023 6.1 1.0 18 0.7 3.7
Glycerol 185 42 53 1.3 0.024 6.4 1.2 26 0.7 3.9

Note: f; = 1/Cy, 1, = Co/Cyq.
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Sanditov equation of viscosity

D.S. Sanditov, JETP 110 (2010) 675-688.
log 5

log
12 4
10 1
8 -
6 -
4 -
2 A i Na,0-Si0, a
' Li,0-Si0, ¢
0 . . . : : : 0 : : . . : .
4 & 8 10 12 14 104T, K 4 [ 8 10 12 14 10T, K
log 20 25 30
log 50 45 50 | /
b 12 4
12 1
10 4
10 4
24 molY Ph
5 .
8 N
6 1
4 41
2 2 Na,0-GeO, d
PLO-SIO, b
0 T r r r r : 0 T T . . r ;
4 6 8 10 12 14 104T, K 4 f 8 10 12 14 04T, K

Fig. 12.2. Temperature dependence of the viscosity of sodium silicate (a), lead silicate (b), lithium silicate (¢) and sodium germanate (d) glasses. Points — experimental data, curves —
calculation by the Eq. (12.11).
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Fig. 13.4. Linear correlation between atom delocalization energy (Ae, = RD) and glass
transition temperature (T,) of sodium-silicate glasses Na,0-8i0,. Content of Na,0, mol
%: 15(1); 20(2); 25(3); 30(4).

Characteristics of viscous flow of inorganic glasses R20-5i0: (R = Li, Na, K), FhO-Si0s,
WapD-Galz and Nag-BaOs.
R:00(R= - hg Ary, AF e, Tm AF, ..ﬂr Ary,
Li Na, 1o (Tu). K/
K), [T} mole
Phid, kl/mole ki/mole K k) /mole
ol % (13.8)
L0 DI 21.6
10 255 L I 177 Bl4 245 0me 24 :
14 257 L | 10 TER 237 028 23
25 2.41 19 o1 73R 219 s 22
a0 2325 19 78 21 212 Qs 21
323 21 19 71 TR 208 Qim2s 21
Waz Map(-5i0z
15 253 19 118 TRI 235 on2s 23
20 235 19 101 7h0 X5 028 23 21.2
25 2.36 19 04 73 219 s 22 A I
a0 226 19 B7 21 214 Qs 21 3
a3 2% 19 78 I 1 Qms 21 -
K0 Ko 0-5il, %
13 2m 19 111 o 028 24 5
15 2m 19 117 3 232 s 24
20 214 19 100 750 X2 Qms 23 8
25 23 19 o0 o I 0ms 23 3 20.8
FhO Ph-Si0h :
25 315 2 100 TR M5 nm7 24
a0 205 21 4 Tl 234 a7 23
45 1. L | 57 GG 218 omy 21
50 333 19 42 674 212 027 20
Na0 Nay0-Geo0
15 3.81 x 70 ROl 259 nm2e 24
20 an x 58 TR 241 o7 23 20.4
25 b L] 21 49 40 232 a7y 22 ’
an b 2 40 T X5 omy 22
Waz Haz(-Bals
10 d.45 18 47 G618 194 Qm2e 19
15 303 L | 44 GRD 221 oms 21
20 341 21 26 T X9 om2s 22
25 a7 x 19 - Qm2s 22
an 4.45 L 3 T4H 250 Qms 23

23



Configuron percolation theory 14

H
(T)=AT|1 + A,ex 1l 1 + Cex ‘
IT) =4 2P\ RT PLRT

log[n/(Pa's)]
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Kinetic criterion of glass transition

dTl’

il —C
dt

]

3, with Gy = 1.

1
Gutzov suggested the criterion: [?

=1,

It gives unrealistic g7, ~# 800 K (Nemilov).

It is suggested: 1% = C.,.

where value of C, is actually a universal constant

5T,  f,
C = ~ const ~ 0.007.

£ T
8 ln( lffﬁ';]

In terms of Gutzov equation e.g.:

/4]

dT
dt




Generalized Bartenev equation

y=0,0045x - 2,15

A Te-Ge
218 ® As-Sb-Se
2.1 ey o e———p—————————
0 6 12 18 10%In(1-Ing/30)

Fig. 11.1. Dependence of T, on cooling rate for glasses As-Sb-Se and Te-Ge in the
coordinates of Eq. (11.3): 1/T, — In[1 - (Ing/30)]. Data from [49]: (Mahadevan S., 1986
and Lasocka M., 1976). Parameters of Eq. (11.3) for As-Sb-Se:a; =2,1.102 K™, b, = 4,5

10-2K-Y; and forTe-Ge: a, = 2,410 K, b, = 5,6-102 K", 26



108/T

Sanditov equation
316
[ ]
y = 0003 7x + 30939
312
3.08 T 7 T T . . r
0 4 8 10%n(1-Ing/30)

Fig. 11.2. Dependence 1/Tg on In(1 — Ing/30) for Se-Ga glass. Data from [49]: (El- .
Oyoun MA., 2003). Parameters of Eq. (11.3): @, =310 K ', by = 5,710 K. When Inq<<30 this redl'fces to
original Bartenev equation

ll}-‘.l*i_l'g 1
—=a;— d;Ing

B

1.44

¥o= 00074y + 1.3239

138 1

s = bl/bg.

y = (LM2x + 1.2852

1.32 4

'..Eﬁ- T T T T T T T T 1
0 4 ] 12 10° In{1-Ing/30)

Fig. 11.3. Dependence of the glass transition temperature on the heating rate for lead

silicate glasses N21 and N22 in coordinates 1/T,; — In(1 — Ing/30). Data from [45].

Parameters of Eq. (11.3) for glass N2 1: a, = 1.310* K™Y, by = 741077 K '; and glass

Ne 2: g, = 1,2.10* K™Y, b, = 6,2.10°* K., 27



Conclusions

Glass transition of liquid has a pronounced relaxation
character and obeys kinetic laws.

The relation between structural relaxation time t and
cooling rate g = dT/dt is expressed by glass transition
equation: qt, = 07,.

Calculation of temperature interval 07, using the data on
parameters of Williams-Landel-Ferry equation and the
model of delocalized atoms for inorganic oxide glasses is
in an agreement with the product gt = (5 - 10) K.

An analogous statement is true for organic glasses,
whose 6T, have lower values 6T =(1 - 3) K.

Bartenev equation is true at relatively low cooling rates
Ing<<30.
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* Fraction of the fluctuation volume f_, calculated from
the data on the dependence of T, on cooling rate of the
melt coincides with calculation of f, from the data on
viscosity near the glass transition region.

* Arefined version of kinetic criterion of glass transition is
proposed.

 Excited delocalized atoms are responsible for viscous
flow of glass-forming materials, their concentration
during cooling decreases and in the glass transition
region reaches negligibly small values (around 3%),
which is equivalent to freezing.
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