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Summary. In this work, the study of molecular mobility in the surface layers by the method of determining
the dielectric characteristics of materials modified by electrospark hydraulic shock, determined the optimal
content of the dispersed filler. Comparative data of the tangent of the dielectric loss angle of treated and untreated
composite materials are presented.

Key words: electric-hammer, molecular mobility, composite.

https://doi.org/10.33108/visnyk_tntu2021.03.070 Received 31.08.2021

Statement of the problem. Polymer composite materials (CM) on epoxy resins basis
are widely used in technology to form coatings for various purposes. The main requirements
for these products and coatings on their basis are the comprehensive increase in their molecular
and mechanical characteristics, which leads to experimental studies of the dynamics of the
processes of CM structure formation at different modes and specifically selected stages of
polymerization of materials [1].

Analysis of available research. The study of physical and chemical processes in the
polymer epoxy matrix during electrospark hydrotreatment (ESHT) has not yet been sufficiently
studied [2]. In this regard, it is important to conduct research on the impact of ESHT on the
structural characteristics and physical and mechanical properties of raw materials and modified
materials.

Objectives of the research are to investigate the temperature characteristics of
relaxation processes in the original and modified epoxy matrix, determine the temperature
dependences of dielectric losses of epoxy composites in electrospark hydrotreated and untreated
composites, as well as to investigate the temperature characteristics of relaxation processes in
modified composites.

Formulation of the problem. Study of molecular mobility in the surface layers by
determining the dielectric characteristics has shown that the presence of the phase separation
boundary, due to the introduction of a dispersed filler into the oligomeric system, leads to
significant change in the relaxation behavior of the polymer at the phase separation boundary
[3, 4]. This also causes a change in the glass transition temperature and the expansion of the
spectrum of relaxation times, which, in turn, indicates a change in both the conformational set
of macromolecules and supramolecular formations in the surface layers. Herewith it should be
noted that the effect of conformational changes on the properties of the surface layers is
complemented by the energy interaction between the surface of the dispersed particles and the
oligomeric binder [5]. This interaction, in turn, depends on the chemical and magnetic nature
of the filler and determines the adhesive strength at the interface, and therefore in the volume
of material between the components of the system.

Results of the research. When studying the material of unfilled resin ED-20 at
frequency of v=1 kHz three areas of relaxation were experimentally determined (Table 1). It
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was assumed that these relaxation areas are caused by the mobility of groups of macromolecules
(y-transition) in the range AT=323...373 K, segments that are parts of the chain in the range
AT=343...393 K and chains as a whole in the range AT=373...433 K. such relaxation processes
on the temperature dependence of dielectric losses of the studies specimens prove that during
formation of epoxide matrixes the mobility of various types of kinetic units in adsorption und
subsurface layers of the polymer have been detected. It is known [6, 7] that during the material
formation there appears a surface layer with the properties different to the ones of polymer in
volume. As a result of its non-homogeneousness, the areas with different density are observed
both near the filler surface and at certain distance from it. The study results show (Table 1) that
using of original and ESHT modified of epoxide resign ED-20 as a matrix causes manifestation
of three relaxation processes characteristic for molecular mobility in the adsorption and
subsurface layers. The obtained results make it possible to state that in such polymers, two types
of segment activity exist in the surface layer: segments and groups situated in the adsorption
layer and segments of groups in the surface layers remoted from filler. Besides, the research
results point out that alongside with groups and segments, single chains may take part in
relaxation processes.

Table 1

Temperature characteristics of relaxation processes in original and modified
epoxy matrix

. Process of segments . .
Process of groups relaxation . Process of chain relaxation
Com- ESHT relaxation
ponents of .| Width of the | Temperature | Width of the | Temperature | Width of the | Temperature
.~ |processing : . .
matrix process, AT, | of maxima, | process, AT, | of maxima, | process, AT, | of maxima,
K Tm, K K Tm, K K Tm, K
ED 20 - 10 323 19 353 48 383
ED 20 + 19 363 12 383 15 413
o | : : 20 373 9 403
R 16 343 : . 30 433
Note.

Concentration of matrix ingredients: ED-20 is 100 m/v, DEG-1 is 10 m/v, PEPA is 11 m/v; + is ESHT processing
of material; — is unprocessed material

It is established that after treatment of the ED-20 oligomer with an electric spark
hydraulic impact, the temperature of the dielectric loss maxima (g") shifts to the region of higher
temperatures for all determined relaxation processes by 30... 40 K. In addition, the width of the
maximum, which is characteristic of the process of relaxation of groups increases after ESHT
by 9 K, and for the process of relaxation of segments and main chains of macromolecules, its
width decreases significantly [8]. These results of the analysis of studies before and after
treatment of the eligomer of the ESHT epoxy resin allow to propose new modes of material
formation after such treatment. The results of the research confirm the assumption that after
ESHT treatment of resin most of the oligomer transfer into the state of surface layers, and the
subsurface layers become not only more saturated segments of macromolecules, but also their
total volume increases. By this, a positive contribution of the pre-treatment of the components
of ESHT matrix on the properties and the degree of crosslinking of the CM matrix have been
established.

The above research results indicate the relaxation of segments and groups of
macrochains in areas of the surface layer. In this regard, it was interesting to study the
dependence of the loss factor (¢”) on temperature for epoxy matrices containing DEG-1
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plasticizer. It is found that the introduction of a plasticizer into an epoxy oligomer leads to a
slightly different mechanism of structure formation of the composite. It is revealed that
introduction of a plasticizer into an epoxy oligomer causes slightly different mechanism of
structure formation of the composite. It is shown (Table 1) that compared to raw oligomer ED-
20 (not ESHT processed), on temperature dependencies of dielectric losses were not observed
on areas responsible for relaxation of groups (y-transition). In addition, the width of the
maximum of the loss factor (¢”) of the relaxation process of the segments almost does not change
(increases by 1 K), but the displacement of its maxima in the area of higher temperatures occurs
by 20 K compared to the original untreated and unplasticized oligomer. This indicates that when
crosslinking in the process of structure formation involves a larger amount of oligomer ED-20,
as well as molecules of aliphatic resin DEG-1. Besides, it should be noted that in this
comparative context, the behavior during temperature relaxation of a plasticized epoxy matrix
with a simultaneously modified ESHT epoxy oligomer is of an interest. When analyzing the
dependence of dielectric losses of the specified epoxy composite on the temperature, the absence
of the area responsible for relaxation of segments was experimentally established (Table 1).
Note that the maximum temperature characteristic of relaxation process of the groups is shifted
to the area of lower temperatures (20 K), and the maximum temperature responsible for the
relaxation process of the main chain is shifted to the area of higher temperatures (20 K)
compared to these characteristics based on epoxy resin modified by ESHT. Data analysis
suggests that in such a studied material there is a sufficiently high degree of gelation, while the
rate of structure formation is quite high in the initial hardening stages.

The next stage was the study of CM filled with dispersed particles of different chemical
and magnetic nature and modification of ESHT about the properties of epoxy composites. In
Fig. 1... 3, the results of studies of dielectric losses from the temperature of CM containing
different concentrations of fillers (alumina, chromium oxide, carbon black) after modification
of ESHT epoxy resin, which was subsequently plasticized with aliphatic resin DEG-1 (10 m/v
per 100 of ED-20 m/v) are presented. For comparison, these graphs also show the results of
curves of dependence of the loss factor (&) on the temperature of CM, containing a disperse
filler based on a plasticized but unmodified ESHT matrix. Analysis of relaxation areas of
groups, segments and chains of the matrix is given in table. 1. It has been experimentally
established that in general three sections can be distinguished on the curves of the dependence
of dielectric losses (¢”) on temperature. It is shown (Fig. 1, Table 1) that the introduction of
alumina (50 parts by weight per 100 parts by weight of binder) in the unmodified ESHT matrix
leads to the appearance of three maxima of the relaxation process of groups, segments and
chains. In this case, pre-treatment of ESHT epoxy oligomer in a plasticized matrix with the
subsequent introduction of the filler at different concentrations shows a significant shift of the
maxima of relaxation processes in the region of higher temperatures [9, 10]. This indicates an
improvement in the adhesion interaction at the interface «oligomer-disperse filler». In our
opinion, this is due to the activation of macrochains and free radicals during ESHT processing.
Such free radicals have greater activity and mobility compared to the original macrochains,
which provides a significant interaction with the active groups on the surface of alumina
particles. Note that when filling the matrix with alumina at concentration of 30 weight part
per 100 parts by weight part of binder, causes a significant increase in the maximum loss factor
(") to 0.32 (in the area of relaxation of the segments) and to 0.59 (in the area of relaxation of
the chain). Such a sharp increase in the dielectric loss indicates high mobility in the surface
layers of macromolecules. This indicates a low degree of crosslinking of the matrix around
the filler and in the volume of the polymer, which is obviously due to the insufficient
concentration of dispersed particles in the system. Accordingly, to increase the cohesive
characteristics of these CM, the concentration of additives should be increased. It is shown
(Fig. 1, Table 1) that introduction of 50... 80 weight part of alumina in the matrix leads to
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decrease in the maximum dielectric loss, i.e. to decrease in mobility on one side, as well as to
a more uniform layer-by-layer distribution of segments in the volume of the surface layers.
Note that, in our opinion, the optimal concentration is the particles content is 50 m/v per 100
m/v of ED-20, because then the segments are more evenly distributed in the volume of the
surface layers.

A slightly different pattern was observed when the untreated plasticized matrix was
filled with chromium oxide paramagnet. t is experimentally established that the introduction
into the original composition of 50 m/v chromium oxide leads to the appearance of one
maximum of dielectric losses, which corresponds to the relaxation of segments in the
adsorption layer (Fig. 2, Table 1). The indicators of the loss factor (¢”) of the specified
maximum is quite large and is 0.40.

Modification of the ESHT epoxy oligomer followed by introduction of the filler at the
same concentration leads to the appearance of three maxima of segments relaxation and groups
of macromolecules. However, we note that the mobility of groups and segments in such layers
is not high enough and is €” = 0.05 (when analyzing the relaxation process of the main chain).
This indicates a fairly high degree of crosslinking and the percentage of gelation in the surface
layers of the CM with the specified filler. Subsequently, the introduction of chromium oxide
at concentrations of 30 and 80 m/v per 100 m/v of the binder also causes a decrease in the loss
factor and the manifestation of relaxation maxima (Fig. 2).

Analysis of the results of studying the curves of dependence of dielectric losses on
temperature, given in Table 1, allows to state that the optimal concentration of the specified
filler in the system is 30... 50 m/v per 100 m/v of binding agent. Introduction of chromium
oxide at this concentration provides more even distribution of segments throughout the volume
of the surface layer formed around the filler. Increasing concentration of filler in the system
leads to decrease in the width of the maxima, which, in turn, increases the mobility of
macromolecules due to increasing temperature, which is the result of low cohesive
characteristics of the studied composites.
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Figure 1. Temperature dependence of dielectric losses Figure 2. Temperature dependence of dielectric losses

(¢ ") of epoxy composites containing alumina: (¢ ") of epoxy composites containing chromium oxide:
1 — without processing (50 m/v); 2 — after ESHT 1 — without processing (50 m/v); 2 — after ESHT
processing (30 m/v); 3 — after ESHT processing processing (30 m/v); 3 —after ESHT processing (50

(50 m/v); 4 — after ESHT processing (80 m/v) m/v); 4 — after ESHT processing (80 m/v)
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Figure 3. Temperature dependence of dielectric losses (¢ ") of epoxy composites containing
gaseous carbon black: 1 — without processing (50 m/v); 2 — after ESHT processing (30 m/v);
3 — after ESHT processing (50 m/v); 4 — after ESHT processing (80 m/v)

From a scientific and practical point of view, it is interesting to study the processes of
relaxation of groups and segments in the surface layers of composites containing ferromagnet
gas black (GB). It is found (Fig. 3, Table 2) that the temperature shift of the maximum
characteristic of the groups relaxation in the second surface layer, depending on the
concentration of the filler is practically not observed and is 323 K. After ESHT modification of
epoxide, a shift in the temperature of the maximum was observed, which is responsible for
relaxation of segments which are the parts of macromolecules in both directions along the
temperature axis, depending on the concentration of dispersed particles. It is shown (Table 2)
that at a concentration of additives of 80 m/v there is a shift in the temperature of the maximum
of the specified relaxation process in the area of lower temperatures (20 K) after ESHT
modification of the epoxy oligomer. Introduction of GB with a content of ED-20 30... 50 m/v
per 100 m/v causes a similar shift of the maximum ¢” in the area of higher temperatures (10 and
17 K, respectively). This is due to the overlap of segments and groups relaxation areas in the
surface layers around the additives at the indicated concentrations in CM. Therefore, such
composites are characterized by a more uniform distribution of segments in the adsorption and
near-surface layers around the filler in the composition. Introduction of fillers at higher
concentrations leads to formation of material with rather rigid structure in the surface layers,
especially the adsorption one [11].

Thus, the analysis of the research results shows the effect of particles on the
physicochemical interaction of the surface, which allows to experimentally determine the
optimal concentration of additives in the volume of composites. Note that when evaluating these
characteristics, both the width of the peak dielectric loss and its height on the curve ‘loss factor —
temperature’ should be taken into account. Only with such comprehensive approach it is
possible to assess the effect of surface activity and filler concentration on the degree of
crosslinking of the matrix in the surface layers and the length of the latter.

It is known [1] that physical modification, as well as chemical grafting of oligomers to
the filler surface provides improved physical interaction at the ‘polymer-filler’ phase boundary.
This, in turn, causes a decrease in internal stresses in the surface layers around the filler. In this
regard, it was interesting from a scientific and practical point of view to conduct the studies of
molecular mobility in the surface layers around the filler, which was introduced into the matrix
after pre-heat treatment according to the modes described in the method.
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Temperature characteristics of relaxation processes in original and modified
epoxy composites

Process of groups relaxation Process of segments Process of chain relaxation
relaxation
Filler m/v | Width of Temperature of Width of | Temperature | Width of the | Temperature
the process, maxi?na Tm. K the process, | of maxima, | process, AT, | of maxima,
AT, K ’ ’ AT, K Tm, K K Tm, K
Al,O3 (without
ESHT treatment | 50 15 323 13 353 24 433
of resin)
Al;O3 30 - - 17 373 16 433
Al,03 50 16 343 11 373 12 393
Al,Os 80 18 343 - - 30 433
Cr;03 (without
ESHT treatment | 50 - - - - 10 423
of resin)
Cr203 30 17 323 10 353 56 433
Cr203 50 16 330 22 363 18 433
Cr203 80 - - 18 353 28 393
GB (without
ESHT treatment | 50 21 323 11 363 16 433
of resin)
GB 30 - - 15 373 11 413
GB 50 15 323 10 380 10 433
GB 80 16 323 8 343 22 433

This physical modification of the dispersed particles will allow to activate the hydroxyl
and other groups on the surface of the additives blocked by hydrogen bonds before the
physicochemical interaction. This, in turn, will improve the interfacial interaction, which in our
opinion, will be manifested in the length and relative content of segments in the subsurface and
adsorption layers.

It has been experimentally established that physical temperature modification of the
dispersed filler affects the molecular mobility in the surface layers in different ways (Table 3).
In particular, it is shown that GB heat treatment does not provide a shift in the maxima of the
dielectric losses during the process of relaxation of groups. However, the maximum &” in the
process of segment relaxation is shifted to the region of higher temperatures by 20 K. It is proved
that such a sharp change occurs due to the activation of physical and mechanical processes after
heat treatment of the filler, which is associated with the active influence of phase separation of
‘filler-polymer’ boundaries.

A slightly different picture was observed after heat treatment of chromium oxide and
aluminum. In particular, when modifying chromium oxide, a decrease in the maximum loss
factor, which is responsible for the relaxation process of the groups, was not detected.
Obviously, when the concentration of the filler (50 m/v per 100 m/v of binder) is introduced,
after the heat treatment of the filler, a strongly crosslinked polymer structure is formed in the
surface layer, which is specific by its considerable length. In this case, the entire volume of the
polymer turns into the state of the surface layer.
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In the case of heat treatment of alumina, it is found that the temperature shift of the
maxima after thermal modification of the filler occurs in the direction of lower temperature on
the time axis (in the analysis of the relaxation processes of the segments). This, in turn, indicates
the formation of polymer structure with a high degree of crosslinking in the surface layer, but
not as rigid as in the case of filling CM with chromium oxide. Accordingly, such composites
are characterized by less stressful state and better relaxation properties.

Table 3

Temperature characteristics of relaxation processes in modified composites during
pre-treatment (T = 423 K) of filler

Process of groups Process of segments Process of chain relaxation
relaxation relaxation
Heat treatment
Filler offillers 1 \wigth of the | Temperature | Width of the | Temperature | Width of the | Temperature
at423 K process, of maxima, process, of maxima, process, of maxima,
AT, K Tm, K AT, K Tm, K AT, K Tm, K
Al,O3 + 21 348 12 363 11 403
Al,O3 - 16 343 11 373 12 393
Cr,03 + - - 23 383 23 433
Cr,03 - 16 330 22 363 18 433
GB + 20 323 14 393 10 433
GB - 15 323 10 380 10 433

Note:
Concentration of the filler is 50 m/v per 100 m/v of epoxy resin.
+ is heat treatment of the filler; — is unprocessed filler.

Conclusions. The results of the research show that the preliminary modification of the
fillers allows to regulate the properties of the material in the surface layers depending on the
nature of the filler. In most cases, this modification provides a more equilibrium state of the
polymer in the surface layers, which allows to develop a method of predictive control of the
performance of heterogeneous systems.

Herewith, the results of the research show the importance of conducting an
electrospark hydraulic impact of an epoxy oligomer followed by hydrodynamic combination
of components with a plasticizer (aliphatic resin DEG-1 and filler). This step-by-step creation
of a matrix with the subsequent introduction of dispersed particles and a hardener provides
the formation of composites with high cohesive strength due to the creation of surface layers
of considerable length and with a high degree of crosslinking. Dielectric loss studies have
shown that three areas of the groups relaxation, segments and chains of matrix
macromolecules were observed in composite materials at different stages of temperature
increase, respectively. The obtained relaxation areas were interpreted by analyzing the
relaxation processes of different kinetic units of the epoxy binder, which correspond to the
regions of their location on the curves of temperature-time dependences of the dielectric loss
angle tangent. This, in turn, allows to predictably regulate the processes of structure formation
in the material by selecting the optimal concentration of the filler and temperature-time modes
of processing of the epoxy composite.

In our opinion, the approach to the regulation of the structure in the surface layers around
the filler by its preliminary heat treatment in a thermal field at certain modes is promising. This
physical modification, depending on the nature of the filler, can affect the length of the surface
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layers. This, in turn, allows to predictably create a more rigid structure of the polymer, as well
as a material of considerable length with relatively homogeneous surface layers.

In further researches, the structural transformations in the material containing two types

of binders that are able to form polymer-polymeric systems are to be investigated.
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YAK 691.175

MOJIEKYJIAPHA PYXJUIMBICTD EINIOKCUJIHOI'O B’AKYYO0I'O Y
MOJUPIKOBAHUX EJIEKTPOICKPOBUM I'TIPOYJAPOM
KOMIIO3UTAX

IHerpo Cryxusk; Ouer Torocbko

Teproninbcokull HayiOHANbHUL MeXHIYHUU YHIgepcumem imeni leana 11yntos

Pe3tome. YV pobomi npu 0ocniodicenHi MOAEKYIAPHOL PYXIUBOCMI V NOBEPXHEBUX WAPAX MemoooM
BUBHAYEHHST OleIeKMPUYHUX XAPAKMEPUCIMUK Mamepianie, MOOUDIKOBAHUX eleKMPOICKPOSUM 2IOPAGLIYHUM
Y0apoMm, U3HAYEHO ONMUMATLHUL 6MICT OUCNEPCHO20 HanosHioeaya. IIpedcmasneno nopieHANbHI 0aHi maneenca
Kyma OielekmpuyHux empam o00poOneHux ma HeoOpoOIeHUX KOMNO3uyiinux mamepianie. Pezynomamu
00CTi0HCeHb NOKA3VIOMb, WO NONepeoHs MOOUPIKayis HANOBHIOBAYI8 O0360J5€ Pe2yNI08amu GlACMU80CH
Mamepiany 6 NOGepXHesUx Wapax 3aiexcHo 6i0 npupoou Hanogniogaua. Y OGinvwocmi eunaoxie maxa
Moougixayis 3abe3neuye pigHo8aANCHIWUL CIMAH NOJIMEDPY 8 NOBEPXHEBUX UAPAX, WO 00360IAE PO3POOUNU METNOO
NPOCHO3HO20 KOHMPOTIO NPOOYKMUBHOCIME 2emepo2eHHux cucmem. Dizuuna moougikayis OucnepcHux 4acmuHox
003601UMb AKMUBYBAMU 2i0OPOKCUNbHI A THUL 2PYNU HA NOBEPXHI 000A80K, OIOKOBAHUX 800HEBUMU 38 S3KAMU
nepeo isuxo-ximiunor e3acmoodiero. Lle, y ceoto uepey, nokpawums misxcgasny 63aemo0iro, wjo, Ha Hauty OyMKY,
0y0e nposeiamucs y 008X4CUHI Ma GIOHOCHOMY 8MICII Ce2MeHMI8 Y NPUNOBEPXHEBOMY MA A0COPOYIIHOMY WAPax.
Jloseoeno, wo piska 3miHa 8I00Y8AEMbCS 3a PAXYHOK AKMUBAYIl (i3uKo-MexaniuHux npoyecie nicis mepmivHoi
00pOOKU HANOBHIVEAUA, WO N0 SAZAHO 3 AKMUBHUM GNIUEOM PA306020 NOOJILY KOPOOHIE «HANOBHIOBAY-NONIMEDY.
Hocniosxcenns Oienekmpuynux 6mpam NOKA3GAU, WO HA PI3HUX CMAodiax niOGUWEHHA MeMnepamypu 6
KOMRO3UMHUX Mamepianax cnocmepicaiucs mpu obnacmi 2pynogoi penaxcayii, cecmeHmu ma JaHYIONCKU
maxpomonexyn mampuyi. Ompumani 301U penaxcayii inmepnpemyeany Wisixom auaizy peraKcayiiinux npoyecie
PI3HUX KIHEMUYHUX 0OUHUYL eNOKCUOHO20 8 SJICY4020, AKI I0N08I0AI0Mb OIIAHKAM IX PO3MAULYBAHHS HA KDUBUX
memMnepamypHo-4acoBUx 3anNeldCHOCMAX maHnzenca Kyma odienekmpuunux empam. Lle doseonse npozno3oearo
pezynioeamu npoyecu CMpYKmMypoymeOpeHHA 6 Mamepiani Wiaxom niobopy OnmuManibHoi KOHYeHmpayii
HANOBHIBAYA MA MEMNEPAMYPHO-HACOBUX PENCUMIE 0OPOOKU eNOKCUOHO20 KOMNOZUNLY.

Knrouoei cnosa: enekmpoickpoguii 2iopoyoap, MONEKYIAPHA PYXIUBICMb, KOMROIUM.
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