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The temperature dependences of internal friction Q−1(T ) for the T20-60 epoxy polymer hardened at room

temperature and deposited on a glass-ceramic substrate were studied. The Q−1(T ) dependence of the polymer

structure in the region of the α-relaxation process has a maximum associated with the diffusion of vacancy-like

oxygen defects of the end groups of the epoxy resin. In the α-relaxation region, three straight sections with

different slope angles are observed in the lnQ−1(1/T ) dependence for the mboxT20-60 polymerized at room

temperature. Based on the lnQ−1(1/T ) experimental dependences, the migration energy and formation energy of

vacancy-like oxygen defects of epoxy groups for the polymer under study were estimated. In the pre-hardened

T20-60 polymer, in the α-relaxation region on the lnQ−1(1/T ) dependence for the low-temperature branch of the

Q−1 maximum, two straight sections with different slope angles are observed, associated with the migration of

vacancy-like oxygen defects entering the polymer network. The migration energy and formation energy of vacancy-

like oxygen defects in the main polymer network were estimated, which turned out to be Em2 = 0.88± 0.09 eV

and Ev2 = 0.91± 0.09 eV. The lnQ−1(1/T ) dependence for the high-temperature branch of the Q−1 maximum

has one straight section. The assessment of the activation energy on this branch showed higher values than on the

low-temperature branch of the Q−1 maximum, which indicates the diffusion nature of the α-relaxation process of

the T20-60epoxy binder.
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Introduction

Currently, there is an increased interest in the amorphous

state of matter which is attributable to intensive studies of

physical, thermodynamic and other properties of various

glasses [1–3]. Nevertheless, the physical nature of structural

organization and relaxation behavior of non-crystalline solids

remains a topic of much discussion despite the advances in

understanding the short-range order in them [4–6]. The

heat treatment of amorphous solids leads to relaxation of

their atomic structure since the amorphous state of matter

is nonequilibrium. Mechanical spectroscopy is broadly

used to study relaxation transitions in amorphous solids

(metallic, inorganic, chalcogenide glasses, polymers) due

to the universality of the effect of mechanical fields on

the structural elements of matter [7–9]. A large amount

of experimental material has been obtained to date on

the study of relaxation phenomena in various glasses and

polymers, in which several local peaks of dissipative losses

are detected using the spectra of internal friction [10,11].
Several relaxation loss peaks have been established in

glassy materials, two of which are typical for almost all

types of glasses [12,13]: primary α-relaxation near the

glass transition temperature Tg , associated with high joint

mobility of atoms leading to irreversible viscous flow, and

secondary β-relaxation below Tg , characterizing local atomic

rearrangements of the amorphous structure [14,15].

The most intense relaxation transition detected in these

spectra is the α-transition, which is a response of the

segmental structural subsystem of a glassy material to

an external periodic force action [16,17]. It should be

noted that an exponential increase of internal friction

Q−1 in the region of α-relaxation is observed in all

classes of non-crystalline solids: in inorganic glasses with

covalent bonds [17], in metallic glasses [18,19], bulk

metallic glasses [20,21], chalcogenide glasses [22,23], thin-
film oxides [24], in polymers [25,26]. The authors of

scientific papers propose various attenuation mechanisms

to explain the experimental dependencies, but there is no

generally accepted point of view on this problem yet. For

example, while α-transition is associated with the defrosting

of segmental mobility in amorphous polymers [27,28], then
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the vitrification of inorganic glasses is associated with the

chemical relaxation process [29]. At the same time, the

authors associate α-process with the breaking (switching) of
Si−O bonds in inorganic glasses and believe that movement

of the
”
bulky“ oxygen atom takes place [29].

When studying internal friction in amorphous polymers

and inorganic glasses, the Q−1 analysis is usually conducted

in the region of α-relaxation using temperature-frequency

dependencies in lnω = f (1/T ) coordinates, which are

curved, indicating the dependence of these processes on

temperature [30,31]. The main condition of the maximum

τ ω = 1 is replaced by the Deborah correlation under such

consideration [32]:
ωτ = c, (1)

where the dimensionless coefficient c introduces a certain

ambiguity [31]. Certain provisions of the relaxation spec-

trometry theory associate the value of this coefficient with

relaxation process scale: the value of this coefficient for

large-scale processes can be equal to 10, while for small-

scale processes it can be equal to one [33]. Analyzing

experimental studies of relaxation processes in glasses and

polymers, the authors of Ref. [33] came to the conclusion

that the activation energy of the glass transition process

consists of two components:

Uα = U1 + U2(T ), (2)

where U1 and U2(T ) are activation energies of the first

and second stages of the mechanical relaxation process,

respectively. The first component U1 characterizes the

potential barrier of transition to the activated state. The

second component U2(T ) is associated with the energy

required for the formation of a free volume and the

transition of the kinetic unit to the neighboring position [34].
On the other hand, the authors of this paper, without

denying the association of α-relaxation in inorganic glasses

with the breaking (switching) of Me−O bonds (where

Me are metal atoms), believe that it is not the oxygen atoms

themselves that diffuse, but vacancy-like defects (dangling
bonds) of the amorphous structure. The authors use the

internal friction method [24,35] to estimate the migration

energy and the energy of formation of vacancy-like defects

in various amorphous materials, and Q−1 analysis in the

region of α-relaxation is carried out in the maximum form.

Thus, any relaxation process manifested as a peak of

dissipative losses on the spectrum of internal friction can

be described by the following equation of a standard linear

body from the standpoint of the phenomenological theory

of inelasticity [36]:

tgφ = Q−1 = 1
ωτ

1 + ω2τ 2
, (3)

where 1 = (Mn − Mr)/Mn — relaxation degree or modulus

defect, ω — circular frequency, Mn and Mr — nonrelaxed

and relaxed elastic moduli, respectively, τ — relaxation time

changing under the Arrhenius law

τ = τ0 exp

(

E
kT

)

, (4)

where τ0 — the pre-exponential factor, E — activation

energy, k —the Boltzmann constant, T — absolute tem-

perature.

Then it results from formulas (3) and (4) for the low-

temperature leg of the peak (ωτ ≫ 1) that

Q−1 ∝ exp

(

−
E
kT

)

, (5)

and for the high-temperature leg of the peak (ωτ ≪ 1)

Q−1 ∝ exp

(

E
kT

)

. (6)

The peak on the dependence Q−1(1/T ) is symmetric in

the case of the relaxation process caused by the reorientation

of elastic dipoles, therefore, the activation energies of the

relaxation process are determined along the left (below the

temperature of Q−1 peak) and right (above the temperature

of Q−1 peak) legs of the peak should have the same values.

However, in many glasses, the peak on the Q−1(1/T )
dependence in the α-relaxation region is asymmetric. It is

assumed that this is attributable to the diffusion of vacancy-

like defects in the amorphous structure under the action of

alternating mechanical stresses [37].
The nature of point defects in the amorphous struc-

ture of all glasses is widely discussed in the literature.

Defects of a solid body are usually divided in the gen-

eral case according to their cause into doped, induced

and thermal defects [38]. Thermal defects that occur

because of the energy fluctuations during the thermal

motion of atoms are of interest in our case. Defects

in densely packed structures, such as metallic glasses,

are associated with the presence of local areas of re-

duced density, called free volumes [39–42]. The dan-

gling bond is the simplest defect for covalent bonded

glasses [43]. The ideas of point defects in the amor-

phous structure were developed by Spaepen [44,45] and

other researchers [46,47]. In other words, the excess

free volume characteristic of the amorphous state is

distributed in the amorphous structure in the form of

defects, which affect the physical properties of various

amorphous solids [48,49]. By analogy with crystalline

vacancies, where free volume is localized, we call such

defects with an amorphous structure vacancy-like de-

fects [49].
Using the method of determining the activation energy of

the relaxation process in the region of α-relaxation according

to the dependence form Q−1(T ), the authors of the article

established that the dependence of the left leg Q−1(T )
for various glasses: metallic [50,51], bulk metallic [52],
chalcogenide [22], oxide [24], and polymers [35,53] exhibit
exponential regions with different activation energies on

both sides of Tg . The energy of migration of vacancy-

like defects was estimated for the low-temperature region of

exponential growth of internal friction to Tg (for the left leg

of the peak of α-relaxation), and for the high-temperature
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region (after the glass transition temperature) — the

formation energy.

The nature of α-relaxation of the amorphous structure

is found in this paper by setting the task of estimation of

the values of the activation energy of the relaxation peak

along the left and right legs using experimental dependences

Q−1(T ) in one of the amorphous samples. If the obtained

estimates of the activation energy turn out to be the same,

then this will speak in favor of the relaxation point of view.

If the shape of the peak of α-relaxation turns out to be

asymmetric (i.e., the activation energy calculated from the

right leg turns out to be greater), then the result will be

evidence in favor of the diffusive nature.

Metallic and chalcogenide glasses crystallize earlier than

the of condition the peak ωτ = 1 is reached, and inorganic

glass is technologically less suitable for the preparation of

experimental samples. Therefore, the epoxy compound

T20-60 (produced by
”
ITEKMA“ LLC) was chosen for

the study as its behavior is closer to the behavior of

inorganic glasses than to the behavior of linear polymers,

since it forms a rigid polymer grid in the polymerized

state [28]. It should be noted that α-transition is as-

sociated in amorphous polymers with unfreezing of the

segmental mobility of segments, chain links, or simply

small-scale defects, as well as their structural change with

the increase of the temperature, suggesting a relaxation

nature [27,28].

Studies of internal friction in the selected binder are also

of great practical importance for the following reason. For

example, we studied in Ref. [35] the internal friction in the

region of α-relaxation in fiberglass with an epoxy polymer

matrix of the commercial grade T-107. Two rectilinear

regions with a king point temperature corresponding to the

glass transition temperature were observed on dependence

lnQ−1(1/T ), which made it possible to associate the growth

of Q−1 in the region of α-relaxation with the diffusion of

vacancy-like defects in the amorphous structure (broken
bonds of oxygen, which is part of the end group of the

epoxy resin). The authors assumed that oxygen atoms

involved in the relaxation process did not interact with

the radicals of the hardener since the energy of defect

formation turned out to be twice as high as the energy of

migration. It should be noted that the amount of hardener

in the binder T-107 relative to the resin component itself

was below 10mass% (as a result of which the authors

assumed the presence of unbound oxygen in the cured

polymer). Considering the above, a commercially available

epoxy binder T20-60 (manufactured by
”
ITEKMA“ LLC)

was selected, which has a different ratio of components

mixed in a mass ratio of 100 : 31.6 [54]. It was assumed

that a large amount of the hardener involved in the

polymerization process should lead to the full completion

of the polymerization process. Thin-film samples were

selected for the studies in this paper since the peak Q−1

was not reached in previous experiments because of the

high attenuation level.

1. Samples and measurement procedure

Samples of epoxy binder T20-60 [54] deposited on

a polycrystalline glass substrate were used to measure

internal friction. The epoxy binder was made by mixing the

components at room temperature A and B in a mass ratio of

100 : 31.6 until a homogeneous mixture is obtained. Next,

the resulting mixture was applied to the largest surfaces

of a rectangular-shaped polycrystalline glass substrate with

geometric dimensions 30 × 2.5× 0.54mm and was kept at

room temperature for 24 h. The thickness of the epoxy

binder layers was ≈ 30 µm.

The structure of the obtained films was studied by

X-ray diffraction using Bruker D2 Phaser diffractometer

(λCuKα1 = 1.54 Å) with DIFFRAC.EVA 3.0 software and

ICDD PDF Release 2012 database jcite55.

Differential scanning calorimetry (DSC) was performed

using Netzsch STA 449 F3 instrument in a flowing atmo-

sphere N2 (99.999%).
The internal friction was measured by the method of

freely damped bending vibrations of the sample [56] in

the temperature range from 20 to 160◦C at infra-low

frequencies. The sample was heated at a rate of 1◦C/min

by a thermoradiative heater made of nichrome wire and its

temperature was maintained using temperature controller

Thermodat-14E5. The sample temperature was controlled

using a chromel−alumel differential thermocouple with an

error of less than ±0.5◦C.

The amount of internal friction was determined by the

formula

Q−1 =
1

πN
ln

A1

AN
, (7)

where N is the number of vibrations of the sample when

the oscillation amplitude changes from A1 to AN .

The internal friction of the epoxy binder film Q−1
f was

calculated according to the equation [57]:

Q−1
f = Q−1

C − Q−1
S , (8)

where Q−1
C is the internal friction of the experimental

sample (film with substrate), Q−1
S — is the internal friction

of the substrate.

The setup is configured to measure Q−1 with a relative

strain amplitude from 10−5 to 10−6. The relative measure-

ment error Q−1 did not exceed 3%.

The modulus of elasticity of the deposited polymer

sample film was calculated using the formula [57]:

E f = Es
8− 1

(1 + δ)3 − 1
, (9)

where ES — elastic modulus of the substrate,

8 =
f 2c l4c
f 2

s l4s

(

1 +
ρ f

ρs
δ

)

— coefficient, f s — resonant fre-

quency of the substrate, ls — substrate length, ρs —
substrate density, f c — resonant frequency of the film

substrate, lc — length of the film substrate, ρ f — film

density, δ = d f /ds , ds — substrate thickness, d f — film

thickness.
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Figure 1. Diffraction patterns of synthesized samples after

polymerization at room temperature (curve 1) and after heat

treatment at T = 150◦C (curve 2).

2. Experimental results and discussion

2.1. Experiment

Analysis of the diffraction patterns of the synthesized

samples showed that the structure of the binder T20-60

polymerized at room temperature (curve 1 in Fig. 1) and

heat-treated at T = 150◦C (curve 2 in Fig. 1), is amorphous.

Curve 1 in Fig. 2, a shows the dependence Q−1(T ) of

the studied polymer T20-60 on a substrate exhibiting a

wide peak Q−1
max at T ≈ 90◦C, and the dependence Q−1(T )

of the studied polymer (after deducting the contribution

of the substrate), determined by expression (8) is shown

in Fig. 2, it b. The peak at T ≈ 90◦C has been identified as

a process of α-relaxation observed near Tg for many amor-

phous polymers and composites based on them [25,26].
Q−1

max shifts to a higher temperature (T ≈ 130◦C) (curve 2

in Fig. 2) after heating the sample to T = 140◦C, cooling

and subsequent heating of the sample. The behavior of

Q−1(T ) and the position of Q−1
max change slightly after

subsequent heating and cooling of the sample (curve 3

in Fig. 2).

The temperature dependences of the elastic modulus

E f (T ) for the studied samples are shown in Fig. 3. E f

behaves in a complex way in case of heating for the first

time: first it decreases to a temperature of 50◦ C, then it

increases, reaching a peak at T = 60◦C, and then decreases

again when the temperature changes to 120◦C (curve 1

in Fig. 3). E f decreases to about T ≈ 93◦C during the

second heating, then a sharp decrease is observed, reaching

a minimum value at T = 140◦C (curve 2 in Fig. 3). The

value of E f after subsequent heating and cooling of the

sample changes slightly to about 100◦C, after which a strong

decrease is observed (curve 3 in Fig. 3).

Fig. 4 shows the results of measuring the DSC of the

studied polymer, cured at room temperature (curve 1) and

after heating to 140◦C (curve 2). An exothermic peak is

observed on the DSC curve of the studied polymer cured

at room temperature (curve 1 in Fig. 4), which correlates

with the maximum modulus of elasticity (curve 1 in Fig. 3).
There is no peak on the heat-treated sample, which indicates

the completion of the polymerization process of the sample.

The glass transition temperature Tg in the studied sample

could not be determined by the DSC method due to the

low mass of the sample.

2.2. Discussion of the results

The observed wide peak of Q−1 at temperature

T ≈ 90◦C of the polymer cured at room temperature

(curve 1 in Fig. 2) can be associated with the process

of α-relaxation in the polymer binder T20-60, since its

glass transition temperature (Tg ≈ 87◦C) [54] is in the

region of the relaxation process. The region of initial

growth of Q−1 correlates with a sharp increase of the

modulus of elasticity (curve 1 in Fig. 3) and the exothermic

peak of DSC (curve 1 in Fig. 4). This reflects the high

diffusion mobility of the polymer chain atoms, as well as the

”
secondary“ polymerization of the binderT20-60, since this

temperature range corresponds to the post-curing tempera-

ture (50−80◦C for 3−6 h) [54]. Relaxation processes in the

region of α-relaxation are observed at T > 100◦C (curve 2

in Fig. 2) after the completion of the polymerization process

and formation of a three-dimensional grid and shift to higher

temperatures after heat treatment at temperatures of the

order of 140◦C (curve 3 in Fig. 2).
The activation energy of the relaxation process can be

determined based on the shape of the left (or right)
leg of the peak taking into account (5) and (6). If

we reconstruct the dependence Q−1(T ) near the peak

in coordinates lnQ−1(1/T ), then the activation energy of

the relaxation process can be estimated from the slope

of the rectilinear region. Three rectilinear regions with

intersection points at T1 = 316K and T2 = 326K were

found on the left leg of the dependence lnQ−1(1/T ) for a

polymer cured at room temperature (Fig. 5). The evaluation
of the activation energy in different regions gave the follow-

ing values: EB1 = 0.35± 0.06 eV, EB2 = 1.75 ± 0.06 eV,

EB3 = 0.39 ± 0.06 eV. The analysis of the high-temperature

leg of the peak of Q−1 will be discussed below.

Only two linear sections with intersection points are

observed for polymer post-cured by heating to 140◦C on

the left leg of the dependence lnQ−1(1/T ) at T1 = 354K

after the first heating (Fig. 6, a) and at T1 = 358K

after the second heating (Fig. 6, b). The evaluation

of the activation energy in different sections of the

left leg of the internal friction peak gave the values

EB1 = 0.42 ± 0.06 eV, EB2 = 1.27 ± 0.06 eV after the first

heating and EB1 = 0.44 ± 0.06 eV, EB2 = 1.35± 0.06 eV

after second heating (Fig. 6).
We associate the initial area of internal friction growth

of the studied polymer T20-60 (Fig. 5), as in Ref. [35]
with the diffusion of vacancy-like defects in the amorphous

Technical Physics, 2025, Vol. 70, No. 1
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Figure 2. Temperature dependences of the internal friction of the polymer sample T20-60 with substrate (a) and after deducting

the contribution of the substrate (b) cured at room temperature (curve 1), after heating to 140◦C (curve 2) and after reheating

to 140◦C (curve 3), as well as the dependence Q−1(T ) of a polycrystalline glass substrate (curve 4).

18020 40 60 80 100

E
, 
G

P
a

0

2

10

18

102

120 140

T, °C

1
2

6

14

22

3

4

160

20

16

8

12

4

100
98

Figure 3. Temperature dependences of the modulus of elasticity

E f (T ) of a polymer sample T20-60 cured at room tempera-

ture (curve 1), after heating to 140◦C (curve 2) and after the

second heating to 140◦C (curve 3), as well as the dependence of

Es (T ) of the polycrystalline glass substrate (curve 4).

structure, representing the excess free volume frozen during

glass transition [58,59]. Such simplest defects in systems

with covalent bonds, to which the studied polymer belongs,

include one dangling chemical bond [43,60]. The defective

atom is the oxygen atom in our case, which is part

of the epoxy groups that have not yet reacted with the

hardener [35]. With an increase of temperature, when the

energy of thermal vibrations of the polymer grid, attributed

to the defective oxygen atom, becomes equal to the energy

of atom delocalization (T = 303K in Fig. 5), the latter

ceases to be bound to the polymer grid and the defect of

the amorphous structure (dangling bond) begins to diffuse
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Figure 4. Temperature dependences of DSC polymer sample

T20-60 cured at room temperature (curve 1) and after heating

to 140◦C (curve 2).

under the impact of thermal vibrations. Such a process can

be represented as switching a dangling chemical bond from

one atom of the polymer grid to another, and the migration

energy during such a switch can be equated to the energy

of the chemical bond of oxygen with the atoms of the epoxy

group. The application of alternating stresses results in the

directed diffusion of the defect from the region of tension

to the region of compression, which is accompanied by

the appearance of a low-temperature leg in the region of

α-relaxation (Fig. 5). The oxygen atom in this case passes

from the bound state to the delocalized state according

to Sanditov’s terminology [61]. From a physical point of

view, the value of Q−1 in this case is proportional to the

concentration of defects frozen during quenching n and the

Technical Physics, 2025, Vol. 70, No. 1
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Figure 5. Temperature dependence of the internal friction of

the binder T20-60 in coordinates lnQ−1(1/T ) after deducting

the contribution of the substrate for a sample cured at room

temperature.

average length of their diffusion L, i.e. [51]:

Q−1 ∝ nL ∝ n
√

Dt ∝
n

ω1/2
exp

(

−
Em

2kT

)

, (10)

where D — defect diffusion coefficient, t — time, k —
Boltzmann constant, Em — activation energy of defect mi-

gration. We will assume in this case that the concentration

of defects in the amorphous structure n is determined

according to Ref. [62], as

n =











n0, T < Tg

A exp

(

− Ev

kT

)

, T > Tg .
(11)

Here n0 and A — constants, Ev — the energy of formation

of vacancy-like defects in the amorphous matrix associated

with a delocalized oxygen atom at temperatures above Tg .

Thus, the low-temperature region of growth of Q−1

(up to Tg ≈ 316K in Fig. 5) of the polymer T20-60

cured at room temperature can be associated with the

migration of nonequilibrium defects (broken oxygen bonds

of epoxy groups). An increase of temperature above

Tg = 316K (Fig. 5) results in the formation of new

equilibrium defects in the amorphous matrix that are caused

by the breakage of chemical bonds of the epoxy groups

of the polymer grid, which is reflected by an increase of

the angle of inclination in the second region of α-relaxation

(above Tg = 316K in Fig. 5). In this case, the amount

of internal friction in the first and second sections of the

dependence lnQ−1(1/T ), respectively, can be described

using the following formulas [62]:

Q−1 = Q−1
0 exp

(

−
Em

2kT

)

, (12)

Q−1 = Q−1
0 exp

(

−
Em/2 + Ev

kT

)

, (13)

where Em is the activation energy of migration of a mobile

defect, Ev is the energy of formation of defects in an

amorphous structure.

Therefore, the activation energy of defect migration

for a sample cured at room temperature can be esti-

mated from the tangent of the slope angle of the de-

pendence lnQ−1(1/T ) to the glass transition tempera-

ture. The activation energy of migration of the point

defect Em = 0.70± 0.09 eV, is estimated based on expres-

sion (12), which, within the margin of error, coincides with

the estimates for the epoxy polymer T-107 [35].

The energy of formation of a vacancy-like defect of

Ev = 1.75− 0.35 = 1.40± 0.09 eV was estimated in the

second region of growth of Q−1, taking into account the first

region. The obtained value within the error range coincides

with a value twice as high as the value of the activation

energy of defect migration for the amorphous structure of a

polymer cured at room temperature. It should be noted that

the formation energy of metallic glasses within the margin

of error coincides with the energy of migration of vacancy-

like defects of the amorphous structure [62]. The observed

difference of the energy of migration and the energy of

formation of new dangling bonds (Ev is twice as high as Em)
was attributed by the authors of Ref. [35] to the breakage

of two chemical bonds of oxygen atoms, which are part

of the epoxy groups of the polymer grid of polymer T-107,

resulting in the formation of free oxygen ions. The results of

studies of the epoxy binder T20-60, in which the structure

of the hardener differs from the structure of hardener of

polymer T-107, showed the same values of the energy of

migration and formation, which indicates the reliability of

the conclusions reached.

Since not all epoxy groups reacted with the hardener

molecules during polymerization at room temperature, the

high diffusion mobility of oxygen ions in this tempera-

ture range is accompanied by the process of secondary

polymerization, which is reflected by an increase in the

modulus of elasticity in this temperature range (Fig. 3)
and a peak on the DSC curve (Fig. 4). All oxygen atoms

of the epoxy groups, interacting with the radicals of the

hardener, are embedded in the main bulk polymer grid

after the full completion of the polymerization process

(T = 326K Fig. 5) [28]. As a result, a third rectilinear

region is observed on the dependence lnQ−1(1/T ) (Fig. 5),
which already reflects the migration process of broken

chemical bonds (having the weakest chemical bonds)
formed at the post-curing stage of the polymer grid. In

this case, the energy of the broken chemical bond of the

formed polymer grid increases (as evidenced by a different

angle of inclination of the 3rd rectilinear region compared to

the first one) to the value Em = 0.39 · 2 = 0.78 ± 0.09 eV.

It should be noted that all oxygen atoms for this sample

in this temperature range have broken chemical bonds and

the diffusion process takes place without the formation of
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Figure 6. Temperature dependences of the internal friction of the binder T20-60 in coordinates lnQ−1(1/T ) after deducting the

contribution of the substrate for polymer after the first (a) and second (b) heating.

new vacancy-like defects in the polymer grid. Consequently,

the diffusion process at the third region of growth of

Q−1 (Fig. 5) proceeds with a constant concentration of

broken bonds embedded in the basic polymer grid.

It should be emphasized that the pattern of interaction

of all end epoxy groups with the hardener and the second

region of dependence lnQ−1(1/T ), where the energy of

defect formation, twice the energy of defect migration,

ceases to exist after post-curing of the binder T20-60,

which is of great practical importance for the control of

polymerization process by the internal friction method.

The determination of the physical nature of the process

of α-relaxation requires an analysis of the curves Q−1(T )
after heating above Tg , when the polymerization processes

are completed and do not affect the mechanical relaxation

of the amorphous structure. Therefore, we will devote

further consideration only to samples that have undergone

polymerization and were cooled to room temperature

(Fig. 2, curves 2 and 3). Thus, only two rectilinear

regions are observed on the dependence lnQ−1(1/T ) of

the left leg of Q−1 peak (Fig. 6). Moreover, the estimation

of the migration energy of defects in a low-temperature

region gives the value Em1 = 0.84± 0.09 eV after the first

heating and Em2 = 0.88± 0.09 eV after the second heating.

These values slightly increased relative to estimates of the

migration energy of broken oxygen bonds in the third

region of dependence lnQ−1(1/T ) for a polymer cured

at room temperature. The values of the energy of de-

fect formation are Ev1 = 1.27− 0.42 = 0.85± 0.09 eV and

Ev2 = 1.35− 0.44 = 0.91± 0.09 eV, respectively, which,

within the error range, coincides with estimates of migration

energy after heat treatment. Most of the defects in the main

polymer grid regained their chemical bonds after heating

to 140◦C and subsequent cooling to room temperature,

and some of the broken bonds were frozen in the glass

transition region. Therefore, only two rectilinear regions

and not three, as in Fig. 5 are observed on dependence

lnQ−1(1/T ) for the polymer T20-60 when measuring Q−1

after heating to a temperature of 140◦C (Fig. 6). Heat

treatments that facilitate the completion of polymerization

process also led to an increase of the glass transition

temperature from Tg = 316K for the sample cured at

room temperature (Fig. 5), to Tg = 354K after the first

heating and Tg = 358K after the second heating (Fig. 6).
The completion of the polymerization process after heat

treatment resulted in a greater thermal stability of the

polymer, which is confirmed by the higher temperature of

the onset of internal friction growth: T = 340K after the

first heating and T = 343K after the second heating (Fig. 6)
vs. T = 303K (Fig. 5).
When the relaxation maximum temperature is reached, all

defects in the amorphous structure (broken chemical bonds)
will reach the sample boundary (diffuse to the sample

thickness) and the maximum condition (by analogy with

thermoelastic attenuation) can be written as follows [37]:

τ −1 = π2D/h2, (14)

where D is the diffusion coefficient of the amorphous

structure defect, h is the thickness of the sample.

It follows from the condition of the maximum ωτ = 1

that Q−1 at temperatures above the temperature of the

peak of α-relaxation can be described using the following

formula [63]:

Q−1 = Q−1
0 exp

(

Em + Ev

kT

)

. (15)

Therefore, if we estimate the activation energy of the

peak of α-relaxation based on its right leg, then higher

energy values should be obtained for Q−1 of a diffusive
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Figure 7. Energy barrier in the amorphous structure of polymer

T20-60.

nature compared to the values determined on the left leg

(see expression (13)). The activation energy estimates

amounted to EH1 = 1.08 ± 0.09 eV for the sample cured at

room temperature (Fig. 5), EH2 = 1.92 ± 0.09 eV after the

first heating (Fig. 6, a) and EH3 = 2.03± 0.09 eV after the

second heating (Fig. 6, b). The activation energy of diffusion

of vacancy-like defects ED can be obtained by summing the

formation energy Ev and the migration energy Em. The

diffusion activation energy was estimated as follows

ED1 = Em1 + Ev1 = 0.84 + 0.85 = 1.69± 0.09 eV

after the first heating and

ED2 = Em2 + Ev2 = 0.88 + 0.91 = 1.79± 0.09 eV

after the second heating. And the activation energy

estimates made based on the high-temperature leg of the

peak exceed the diffusion activation energy by

1E1 = EH2 − ED1 = 1.92− 1.69 = 0.23± 0.09 eV

after the first heating and

1E2 = EH3 − ED2 = 2.03− 1.79 = 0.24± 0.09 eV

after the second heating. The estimates of 1E1 and 1E2

correlate well with each other and reflect the contribution

of two-level amorphous structure systems to mechanical

relaxation (Fig. 7). The results obtained in this study

indicate that the energy landscape of the amorphous

polymer does not change even above Tg (at least in the

region of α-relaxation), which is somewhat different from

the results of Ref. [64]. The high joint mobility of atoms

of the amorphous structure causes irreversible viscous flow

and is associated with thermal activation of the free volume

with an increase in temperature.

Thus, the results obtained above confirm the diffusive

nature of the peak of α-relaxation. The activation energy

values determined from the right and left legs should be

equal for a relaxation peak of a non-diffusive nature. An

additional confirmation of the diffusive nature of the peak

Relaxation transitions in epoxy polymer T20-60 in the region of

α-relaxation

Sample Tm, K τ0, s Ei , eV

Initial state 363 6.24 · 108 EB3 = 0.39

After the 1st
403

9.06 · 10−8 EB1 = 0.42

heating 3.8 · 10−13 Ev = 0.85

After the 2nd
408

5.95 · 10−8 EB1 = 0.44

heating 9.3 · 10−14 Ev = 0.91

of α-relaxation of the polymer T20-60 is the presence of

a kink on the dependence Q−1(T ) in the peak region

(curve 3 in Fig. 2), which can be associated with different

thicknesses of polymer layers the material deposited during

the preparation of the sample. The maximum condition in

this case is realized earlier in the thinner layer than in the

thicker one, which results in the occurrence of a kink on the

experimental curve (curves 2 and 3 in Fig. 3). It should be

noted that control measurements of the polymer deposited

on one side of the polycrystalline glass did not show

”
bifurcation“ of a maximum in the region of α-relaxation.

Knowing the activation energy E of the maximum

of the internal friction and the frequency of mechanical

vibrations f , we determine the pre-exponential factor τ0
in the formula (4) of the relaxation process according to

the formula [36]:

τ0 =
1

2π f
exp

(

−
E

kT

)

, (16)

where f is the frequency of mechanical vibrations of the

sample under resonance conditions (at ωτ = 1).
Let us estimate the pre-exponential factor τ0 of the

relaxation process for a polymer cured at room temperature,

taking the activation energy values determined by the left leg

of the maximum Q−1 (EB3 = 0.39 eV), which corresponds

to the process of migration of defects with a constant

concentration. The obtained values of the pre-exponential

factor (see table) are lower than the inverse frequency

of atomic vibrations (∼ 10−13 s), which also confirms the

diffusive nature of the peak of α-relaxation for a sample

cured at room temperature (Fig. 2).
We obtain similar values of the frequency factor for sam-

ples that have undergone the post-curing process during

heating to 140◦C (Fig. 6) (see table). The first value in

this case corresponds to the activation energy determined

in the low-temperature region Q−1, when the migration

of frozen defects takes place. Let us take the formation

energy to estimate the frequency factor responsible for the

formation of point defects of the amorphous structure taking

into account the fact that diffusion of equilibrium defects

of the amorphous structure (broken oxygen bonds) formed

above Tg as a result of thermal activation takes place in

the high-temperature region. The obtained values of the

frequency factor (∼ 10−13 s) indicate the thermally activated
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nature of their formation. If we take the total energy of the

relaxation peak of α-relaxation of the studied epoxy polymer

of Em + Ev ≈ 1.8 eV, we obtain values of the frequency

factor τ0 ∼ 10−26 s, devoid of physical meaning, which

indicates the course of two thermally activated processes

(diffusion and formation of point defects).
Finally, the question arises: what diffuses — oxygen

atoms (as assumed for inorganic glasses in Ref. [29]) or

point defects of the amorphous structure? The higher

value of Q−1 peak (approximately two times) of the binder

T20-60 after polymerization at room temperature (curve 1

in Fig. 2) compared with the height of the peaks after

heat treatment, leading to the post-curing of the polymer,

indicates the diffusion of point defects (broken chemical

bonds). The diffusion process itself is similar to the

conservative movement of the edge dislocation core in the

crystal [65].

Thus, two rectilinear regions with different angles of

inclination are observed in the epoxy polymer T20-60 in

the region of α-relaxation on the left leg of the dependence

lnQ−1(1/T ) which can be associated with the diffusion of

vacancy-like defects in the three-dimensional polymer grid,

which is consistent with the statement about unfreezing

of segmental mobility of macromolecules of the polymer

mesh, since the vacancy-like defect is an integral part of the

grid [27,28], and the internal friction method itself can be

recommended as a method for controlling the process of

polymerization of epoxy polymers and determination of the

glass transition temperature of amorphous solids.

Conclusion

The temperature dependences of internal friction Q−1(T )
in the epoxy binder T20-60 deposited on a polycrystalline

glass substrate have been studied. A peak associated

with the process of α-relaxation was found near the glass

transition temperature based on the dependence Q−1(T ).
Three linear sections with different angles of inclination are

observed on the dependence lnQ−1(1/T ) for the left leg of

Q−1 peak for the sample cured at room temperature. The

migration energy Em = 0.70± 0.09 eV and the formation

energy Ev = 1.40 ± 0.09 eV were estimated which is asso-

ciated with vacancy-like oxygen defects of the epoxy groups

of the studied polymer.

Q−1 peak shifts towards higher temperatures after heat

treatment, and two rectilinear regions with different angles

of inclination are already observed on the dependence

lnQ−1(1/T ) for the left leg of Q−1 peak. This behavior

is associated with the migration of vacancy-like defects

formed during the post-curing of the three-dimensional

polymer grid. The migration energy Em2 = 0.88± 0.09 eV,

and formation energy Ev2 = 0.91 ± 0.09 eV of vacancy-like

defects in the basic polymer grid is estimated. One straight

section is observed on the dependence lnQ−1(1/T ) for the

right leg of Q−1 peak. The evaluation of the activation

energy on this leg showed higher values compared to the

low-temperature leg, which indicates the diffusive nature of

the process of α-relaxation of the epoxy binder T20-60.
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