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INVESTIGATION OF MOLECULAR MOBILITY IN A MODIFIED EPOXY BINDER
USING THE DIELECTRIC LOSS TANGENT METHOD

Ascertaining molecular mobility in the near-surface layers, relying on dielectric assessment, has shown that the creation of
a phase border—brought about by incorporating dispersed additives into the polymeric matrix—markedly alters the relaxation
patterns of the macromolecule at the interfacial zone. A comprehensive study was carried out to investigate the influence of electric
spark hydro-impact (ESHI) treatment on the structure formation processes and relaxation behaviour of epoxy-based composites. The
experimental results demonstrated that the application of ESHI leads to a noticeable shift of relaxation maximum temperatures
toward higher values by approximately 30-40 K, accompanied by variations in the width and intensity of dielectric loss peaks. These
changes are indicative of an increased degree of molecular cross-linking, enhanced network density, and the development of more
organized surface layers within the polymer matrix. Furthermore, the modification of the oligomer by ESHI promotes the formation
of a spatially homogeneous and energetically stable structure, resulting in improved thermo-mechanical stability. The combined
effect of ESHI and the incorporation of the DEG-1 plasticiser has been shown to positively influence the segmental mobility of
macromolecular chains, facilitating a more flexible yet robust polymer network. This synergy contributes to improved adhesive
strength at the filler—matrix interface and greater resistance to thermal degradation. Overall, the obtained data confirm that ESHI
treatment represents an efficient pre-processing technique for tailoring the molecular architecture of epoxy composites, providing a
promising approach for enhancing their operational reliability and durability in demanding environments.

Keywords: epoxy matrix, composite materials, structure formation, relaxation processes, dielectric losses, segmental
mobility.

CTYXJISK IETPO, TOTOCBKO OJIET, CTYXJIAAK JAHWJIO

TepHOMiNECHKMIT HalliOHANBHAIT TeXHIYHMI yHiBepcHuTeT iMeHi IBana [Tymos

JTOCJIKEHHSA MOJIEKYJISIPHOI PYXJIMBOCTI B MOJUPIKOBAHOMY ENNOKCUJIHOMY
CIIOJIYYHOMY 3A JOITOMOT' OI0O METOAY TAHI'EHCY JAIEJIEKTPUYHUX BTPAT

Byno npoedeno komnieKcHe 00CIIOHCEHHS 3 MEMOI0 8UBUEHHS BNIUBY 0OPOOKU eleKmpudHuM ickposum 2iopoyoapom (EII'Y) na npoyecu
Gopmysanns cmpykmypu ma peraxcayitiny NnoeeoinKy KOMNO3umié Ha OCHOGi enokcuonoi cmoau. Excnepumenmansui pesynomamu
npodemoncmpysanu, wo sacmocysanus EIIY npuzeooums 00 nomimuozo 3cy8y MakcumanbHux memnepamyp penakcayii 6 Oik Oinbut 6UCOKUX
3Hayenb npubausno Ha 30—40 K, wo cynpoooxrcyemocs sMiHaMu WUpuHy ma iHmeHcueHocmi nixie dienekmpuynux empam. Lfi sminu cgiovame npo
nioguIyentss Cmynens MONeKYIApHO20 3UUEAHHSA, 30INbUIeHHA WINbHOCII Mepedici ma po3eUmoK Oilbl OpeaHi306aHUX NOGEPXHEsUX wapie y
nonimepniti mampuyi. Kpim moeo, moougixayis onicomepy 3a oonomozoio EII'Y cnpuse gpopmysannio npocmopogo 00Hopionoi ma enepeemuyHo
CcMaobinbHOI CMpPYKmMypu, wo npu3gooums 00 NONINUWEeHHs mepmomexaniunoi cmabirvnocmi. Ilokasano, wo rkom6inoeanuti egpexm EII'Y ma
sxmoyenns naacmugpixamopa JJEI-1 nosumueno eniueac Ha ce2Menmuy pyxausicns MakpOMONEKYIAPHUX JIAHYI02I8, CRPUSAIOYU CIMEOPEHHIO Dibul
eHyuKoi, ane miynoi noaimepnoi mepeoici. Lla cumnepeis cnpusic noainuwennio aoee3itinoi Miynocmi Ha Medci HanOGHIOBAY-MaAmMpuys ma OLnbuill
cmitikocmi 00 mepmiyHo2o po3knady. B yinomy, ompumani dawi niomeepoicyroms, wo obpooxa EII'Y € epekmusnoro mexronozieio nonepeonvoi
00pobKU 0N adanmayii MONeKyIApHOL apXimeKkmypu enoKCUOHUX KOMNO3UmMie, wo 3abesneyye nepcnekmugHuil nioxio 00 niosuuyeHHs ix
excnyamayiunoi HadiuHocmi ma 006208i4HOCHII 8 CKIAOHUX YMOBAX.

Kniouosi cnosa: enoxcuona mampuys, KOMnO3uyitini mamepianu, oopmysanns cmpykmypu, npoyecu penaxcayii, oielekmpudni émpamu,
ceaMeHmapta pyxaugicno.
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Problem statement

The fundamental requirements for advanced composite materials and the protective or functional coatings
derived from them include the comprehensive improvement of their molecular—-mechanical, physicochemical, and
structural characteristics. Achieving this goal is directly linked to an in-depth understanding of the mechanisms
governing the formation and evolution of their internal structure. Therefore, a detailed experimental investigation of the
dynamic processes associated with the structural organization of composite materials (CM) under various technological
conditions and at distinct stages of material formation is of paramount importance [1].

Although significant progress has been made in the study of polymer-based composites, the physicochemical
transformations occurring in epoxy matrices subjected to electro-spark hydro-impact (ESHI) treatment remain
insufficiently elucidated [2—6]. The ESHI method represents a complex form of surface modification that combines the
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effects of localized electric discharge, mechanical shock waves, and thermal impulses. These combined influences can
induce structural rearrangements at both the molecular and supramolecular levels, potentially altering the energy state,
relaxation behavior, and interfacial interactions within the polymer matrix. In this regard, systematic research on the
influence of ESHI on the structural characteristics, relaxation dynamics, and physicochemical properties of initial and
modified materials is of particular scientific and practical relevance.

The determination of molecular mobility in the near-surface layers, based on dielectric characterization, has
revealed that the formation of a phase boundary—caused by the introduction of dispersed fillers into the oligomeric
matrix—significantly modifies the relaxation behavior of the polymer at the interfacial region [2, 7]. These
modifications are typically expressed as a shift in the glass transition temperature (Tg), a broadening of the relaxation
time spectrum, and, in some cases, the emergence of additional relaxation modes. Such effects suggest changes in the
conformational freedom of macromolecules and in the structural ordering of the surface layers, which play a decisive
role in determining the overall dielectric response and energy dissipation characteristics of the composite.

Moreover, the influence of conformational rearrangements is further enhanced by the energetic interactions
between the surfaces of dispersed particles and the surrounding oligomeric binder [8, 9]. The nature and intensity of
these interactions are strongly dependent on the chemical composition, magnetic properties, and surface energy of the
filler. These parameters collectively define the strength of interfacial adhesion at the phase boundary and consequently
determine the integrity, mechanical performance, and stability of the composite material as a whole.

Thus, understanding the interplay between structural relaxation, interfacial phenomena, and energy transfer
mechanisms in ESHI-treated composites provides a fundamental basis for the targeted design of high-performance
materials. Such materials exhibit enhanced adhesion, improved dielectric stability, and superior mechanical resilience,
which are essential for their application as protective coatings, electrical insulators, and functional layers in modern
engineering systems.

The aim of this study is to investigate the influence of electro-spark hydro-impact (ESHI) treatment on the
molecular mobility, structural organization, and dielectric behavior of modified epoxy composite materials. The
research seeks to establish the relationship between relaxation processes, interfacial phenomena, and the
physicochemical transformations occurring within the polymer matrix during and after modification. By analyzing the
temperature and frequency dependencies of dielectric losses using the dielectric loss tangent method, the study aims to
elucidate the mechanisms of energy dissipation, polarization dynamics, and structural relaxation in both the initial and
ESHI-treated epoxy systems. The ultimate objective is to determine how ESHI treatment affects the adhesion strength,
stability, and functional performance of composite coatings under real operating conditions.

Research methodology

The dielectric permittivity (¢') and the tangent of the dielectric loss angle (tan &) of KM samples were measured
during thermostatting using an E7-14 alternating current bridge. The measurements were performed at frequencies of
0.1 kHz, 1 kHz, and 10 kHz, in accordance with the standardized procedure described in [10]. Cylindrical specimens were
prepared with a diameter of 30 £+ 0.5 mm and a height of 5 + 0.05 mm. The deviation in the sample thickness did not exceed
8%, thereby ensuring the uniformity of the electric field distribution and the reliability of the experimental data.

The dielectric loss factor (") was subsequently calculated from the experimental results using the method
outlined in [11]. The electrical resistance of the surface coatings was determined according to the protocol specified in
[12], while the capacitance of the samples was obtained in compliance with the procedure detailed in [13].

These combined measurements provided a comprehensive characterization of the dielectric behavior of KM
under thermal stabilization. Such an approach enabled a detailed assessment of polarization mechanisms, charge
transport phenomena, and energy dissipation processes over a wide frequency range. The obtained data are essential for
understanding the temperature-dependent dielectric properties of the material and for evaluating its potential
applications in electronic and insulating systems.

Research results

The temperature-dependent characteristics of relaxation processes in both the initial and modified epoxy
matrices were systematically investigated. Particular attention was given to determining the temperature dependencies
of dielectric losses in epoxy composites subjected to electro-spark hydro-impact treatment, as well as in untreated
(reference) composites. The comparative analysis of these data allowed for a deeper understanding of the influence of
surface modification on the dielectric response of the material.

The study of the temperature behavior of relaxation processes in the modified composites is of significant
practical importance, as it provides insight into the mechanisms governing charge mobility, dipole orientation, and
energy dissipation under thermal stress. These findings are essential for evaluating the operational stability and
performance reliability of composite materials (CM) when employed as protective or insulating coatings under real-
world service conditions.

When examining the material based on unfilled ED-20 epoxy resin at a frequency of v = 1 kHz, three distinct
relaxation regions were experimentally identified (Fig. 1). It is assumed that these relaxation regions correspond to
different types of molecular mobility within the polymer structure. The first relaxation region, observed within the
temperature range AT = 323-373 K, is attributed to the motion of localized side groups of macromolecules (y-transition).
The second region, occurring within AT = 343-393 K, is associated with the mobility of polymer chain segments. The
third and broadest relaxation region, observed within AT = 373-433 K, corresponds to the cooperative motion of entire
molecular chains.
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The manifestation of these relaxation processes in the temperature dependence of dielectric losses indicates
that the structural formation of epoxy matrices is governed by the mobility of various kinetic units located within the
adsorption and surface layers of the polymer. This suggests that both the local and collective dynamics of molecular
motion play a crucial role in determining the dielectric behavior and relaxation properties of the material.

It is known [1, 2, 14] that during the formation of the material, a surface layer with properties different from
those of the polymer in volume is formed. Due to its heterogeneity, areas of different density can be observed both near
the surface of the filler and at a certain distance from it. The results of the studies show (Table 1) that the use of ED-20
epoxy resin as a matrix for the initial and modified EIGU causes the manifestation of three relaxation processes
characteristic of molecular mobility in the adsorption and surface layers. The results obtained allow us to conclude that
in such polymers there are two types of segmental mobility in the surface layer: segments and groups located in the
adsorption layer, as well as segments and groups distant from the filler.

Relaxation processes: width of DT and temperature of maxima Tt
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Fig. 1 — Temperature characteristics of relaxation processes in the initial and modified matrix. Concentration of matrix
ingredients: ED-20 — 100 wt.%, DEG-1 — 10 wt.%, PEP — 11 wt.%; “+” “-” EIGU material treatment

Table 1 presents experimental data characterising the parameters of relaxation processes in initial and modified
epoxy matrices based on ED-20 resin with DEG-1 plasticiser after treatment with electric spark hydro-impact (ESHI).
A comparative analysis shows that EISH treatment causes a shift in the temperatures of relaxation loss maxima (Tm) to
higher temperatures, which indicates an increase in the degree of polymer structure cross-linking. At the same time, a
change in the width of relaxation peaks (AT) is observed, which reflects the different mobility of groups, segments and
chains of macromolecules in the surface layers. Samples ED-20 (+) and ED-20 DEG-1 (+) are characterised by a
broadening of the relaxation spectrum and an increase in the Tm temperature, which indicates the formation of more
stable and thermally resistant structures. The introduction of the DEG-1 plasticiser contributes to a change in the
relaxation mechanism and a decrease in the temperature of individual processes, which is explained by the increased
flexibility of the polymer chain. The results obtained confirm the positive effect of ESHI on the thermodynamic stability
and molecular order of the epoxy matrix, and also testify to the effectiveness of combined modification with the use of
a plasticiser.

Table 1
Parameters of relaxation processes in initial and modified epoxy matrices after treatment with electric spark
hydro-impact

Sample AT group, K segmAe:ts, K AT chain, K Tm glé'oup, segmzr:ts, K Tm chain, K
ED-20 () 10 22 30 335 375 395
ED-20 (+) 15 35 40 345 405 410
ED-20 DEG-1 (-) 20 10 25 350 380 400
EJ-20 DEG-1 () 12 30 45 340 380 425

Note. AT — width of the relaxation process; Tm — temperature of maximum dielectric losses; “(—)” —
samples without ESHI treatment; “(+)” — after ESHI treatment; DEG-1 — diethylene glycol-1 plasticiser.
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Discussion of results

It has been established that after treatment of the ED-20 oligomer with electric spark hydro-shock, the
temperature of the dielectric loss maxima (€”) shifts to the higher temperature range for all determined relaxation
processes by 30...40 K. In addition, the width of the maximum characteristic of the relaxation process of groups
increases after EIS by 9 K, while for the relaxation process of segments and main chains of macromolecules, its width
decreases significantly [8]. The results of the analysis of studies before and after the treatment of the epoxy resin
oligomer with ESHI allow us to propose new modes of material formation. The assumption that after treatment with
ESHI resin, most of the oligomer transitions to the state of surface layers has been confirmed, with the surface layers
not only becoming more saturated with macromolecule segments, but also increasing in total volume. This confirms the
positive contribution of the preliminary treatment of ESHI matrix components to its properties and degree of cross-
linking.

The above research results indicate relaxation of segments and groups of macrochains in the surface layer
areas. In this regard, it was interesting to study the dependence of the loss factor (¢”) on temperature for epoxy matrices
containing the DEG-1 plasticiser. It has been established that the introduction of a plasticiser into an epoxy oligomer
leads to a slightly different mechanism of composite structure formation. It was shown (Fig. 1) that, compared to the
initial (untreated ESHI) ED-20 oligomer, no areas responsible for group relaxation were observed in the temperature
dependence of dielectric losses. In addition, the width of the maximum loss factor (¢”) of the segment relaxation process
remains almost unchanged (increasing by 1 K), but its maximum shifts to higher temperatures by 20 K compared to the
initial untreated and unplasticised oligomer. It has been proven that during cross-linking in the process of structure
formation, a larger amount of ED-20 oligomer, as well as DEG-1 aliphatic resin molecules, are involved. In addition, it
should be noted that the behaviour of a plasticised epoxy matrix with simultaneously modified ESHI during temperature
relaxation is interesting in this comparative context. When analysing the dependence of the dielectric losses of the
specified epoxy composite on temperature, it was experimentally established that there is no region responsible for the
relaxation of segments (Fig. 1). It should be noted that the maximum temperature characteristic of the relaxation process
of groups shifts to the region of lower temperatures (by 20 K), and the maximum temperature responsible for the
relaxation process of the main chain shifts to the higher temperature region (by 20 K) compared to the specified
characteristics of the material based on epoxy resin modified with ESHI.

Conclusion

Analysis of the experimental data obtained allows us to conclude that a high degree of gel formation occurs in
the material under study, which indicates intensive cross-linking reactions in the polymer matrix. A high rate of structure
formation is observed already at the initial stages of solidification, which ensures uniform formation of the spatial
network and reduces the likelihood of internal stresses in the material. This behaviour is characteristic of systems with
increased activity of oligomers modified by electric spark hydro-impact, which contributes to an increase in the energy
of intermolecular interactions and the strengthening of interphase bonds. The results obtained indicate that, as a result
of the preliminary treatment of EIS components, a more homogeneous and thermally stable structure of the epoxy matrix
with improved physical and mechanical characteristics is formed. Thus, the use of EIS at the oligomer preparation stage
is an effective method for controlling the kinetics of polymerisation and optimising the process of structure formation
in composite materials.
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