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Abstract. This article investigates the influence of the components of epoxy systems — curing agents,
modifiers, and fillers — on the properties of epoxy resins, including the formation of materials
exhibiting an electret state. The study examines three key aspects of epoxy composite formation: the
type of curing agent, modifying additives, and fillers, as well as their impact on the structure and
characteristics of the final material. It is demonstrated that curing agents determine the basic structure
of the epoxy network, and the correct selection of a curing agent is essential to achieve the desired
combination of mechanical and dielectric properties. By varying the type of curing agent and the
curing conditions, it is possible to alter the gel fraction content. The uncrosslinked portion of the
epoxy polymer can enable the orientation of dipolar groups or macromolecular segments under the
influence of an external electric field, thereby inducing material polarization and yielding a
chemoelectret with high electret performance. A high gel fraction content ensures the retention of the
polarized state over extended storage (service) periods of the chemoelectret. Modifiers of the epoxy
matrix serve for fine-tuning the properties. Increasing the modifier content in the composition alters
the number of functional groups capable of polarization, which in turn affects their electret properties.
Fillers are used to enhance the mechanical and functional (including electret) characteristics of epoxy
compositions. It is shown that, for the creation of chemoelectrets capable of long-term charge
retention, non-conductive fillers that do not form conductive pathways are preferable. Such fillers may
act as charge traps while simultaneously increasing the strength of the polymer. To ensure long-term
retention of the electret state, composite systems with minimal conductivity should be developed to
prevent rapid charge dissipation. It may be assumed that, when creating an epoxy composite with a
curing agent and a conductive filler (up to 5 vol.%), the dispersed particles act as sources of additional
injected charge carriers, functioning even after the removal of the external electric field. It is
concluded that the combination of epoxy resin with various curing agents, modifiers, and fillers
enables the production of materials with tailored parameters. These materials can simultaneously serve
as load-bearing structures and protective coatings, which is particularly relevant for modern
construction challenges. Further research in the field of epoxy chemoelectrets will expand the
application boundaries of these materials in construction.
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1. INTRODUCTION

Epoxy resins (epoxy polymers) are widely used thermosetting oligomers capable of forming a
robust three-dimensional network upon curing. They are known for their excellent dielectric
properties, adhesion, and resistance to moisture and chemical agents. Owing to these characteristics,
epoxy compositions have found applications in a wide range of fields, from adhesives and protective
coatings to composites, electrical insulation materials, and sealants [1, 2].

One of the largest sectors consuming epoxy materials is the construction industry, where they are
used as matrices in glass- and carbon-fiber reinforced plastics (such as pressure pipes and
reinforcement bars, water treatment tanks, etc.), as elements of chemically resistant flooring systems,
as adhesive compositions, decorative elements, and more. The increasing use of epoxy compositions
in construction is facilitated by their high strength characteristics and chemical resistance, ease of
application, and technological versatility. Both Russian and international experience demonstrates that
the use of epoxy composites in construction is unquestionable [1, 3, 4].

At many industrial facilities, there is a problem of delamination of protective coatings based on
thermosetting polymers from the protected structures under the influence of aggressive environments,
elevated pressures, and temperatures [1]. Advances in the chemistry of epoxy polymer modification
offer virtually unlimited possibilities for adjusting the properties (including adhesion) of epoxy
polymers by the relatively simple method of mixing with modifiers, plasticizers, or fillers of various
natures. Furthermore, both practical and scientific interest is directed towards methods for enhancing
the performance properties (including adhesive strength) of polymer coatings using advanced
technologies, such as exposure to electric or magnetic fields, ultrasound, and others [5-7]. It has been
shown that converting a polymer into an electret state can significantly increase its level of adhesive
interaction with various materials [7].

Electrets are dielectrics that retain internal charge or dipole polarization after the application of an
external electric field [6]. Depending on the method of preparation, they are classified as thermo-,
corona-, radio-, tribo-, and chemoelectrets, among others. Chemoelectrets are polymer electrets whose
polarization is “imprinted” during the chemical process of material formation - for example, during the
curing of a polymer resin in the presence of an external electric field [8]. Unlike thermoelectrets,
where the charge is fixed upon cooling the melt in a field, in a chemoelectret the polymer matrix is
formed chemically (through the curing reaction), and the embedded charge becomes “frozen” as the
structure stiffens.

Epoxy resins are a promising basis for the creation of polymer electrets. Until recently, the most
extensively studied electret polymers were thermoplastic fluoropolymers; however, the epoxy matrix
is attractive as a robust structural material [4, 5]. Curing an epoxy resin in an electric field with salt
additives can achieve charge trapping within the polymer bulk. Such epoxy chemoelectrets are capable
of maintaining stable surface electret voltage and are used, for example, in strain and vibration
sensors, as well as in filtering materials with an electrostatic effect.

It is important to note that uncured epoxy resin is a liquid oligomeric system in which various
components — curing agents, modifiers, fillers — can be dispersed. The proper selection of these
components and polymerization regimes allows for significant control over the final material
properties.

The aim of this study is to elucidate the influence of the components of epoxy systems - curing
agents, modifiers, and fillers — on the properties of epoxy polymeric materials, including the aspect of
forming materials with an electret state.
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2. METHODS AND MATERIALS

The study investigated polymer materials based on:

- Epoxy oligomer DER-331 (The Dow Chemical Company);

- Modifier: polyurethane low-molecular-weight rubber with terminal epoxy groups (PEF-3A),
whose characteristics are detailed in [9].

Curing Agents:

1) Aliphatic amine-based: Diethylenetriamine (DETA). Schematic structure of the polymer matrix
fragment:
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2) Anhydride-based (HT-152B): Liquid mixture of modified methyltetrahydrophthalic anhydride
(iso-MTHPA) isomers. Schematic structure of the polymer matrix fragment:
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3) Aromatic amine-based (HT-450/1): Low-viscosity aromatic amine blend. Schematic structure of
the polymer matrix fragment:
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4) Modified oligoamide amine (L-20). Schematic structure of the polymer matrix fragment.
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5) Modified tertiary amine (HT-104B): Mannich phenolic base derivative. Schematic structure of
the polymer matrix fragment:
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Table 1. Characteristics of Curing Agents.

Parameter DETA HT-152B HT-450/1 L-20 HT-104B
Appearance of liquid Clear, Brown Brown Yellow to dark | Light yellow to
colorless brown reddish-brown
Density at 20°C, kg/m? 952 - - 1030 -
Mass fraction of acid- | — 6.0-8.0 6.0-8.0 - -
titratable nitrogen, %
Amine number 1626 (mg | — - 175-220 (mg | 450-550 (mg
KOH/g) HCl/g) HCl/g)
269-339 (mg
KOH/g)
Viscosity at 20+£0.1°C, Pa-s, | 7.7x1073 120 1.0 85 0.06
max
Pot life, h, min 1.5 96 8 - 0.9
Gelation time at 85°C, min - 30 - - -
Gelation time at 150°C, h - 0.1 - - -
Curing conditions 20°C/24h | 95°C/0.3 h 20°C/24 h 20°C/42 h 20°C/5-7h
120°C/2 h 80°C/4 h 65°C/1-2 h

Samples of various compositions were prepared using stoichiometric curing agent ratios under
different temperatures and curing durations, following manufacturer recommendations.

To induce the electret state, a constant electric field was applied during curing. The epoxy
composition (resin blended with modifiers/curing agents) was poured into a Teflon-coated metal mold,
where the upper and lower plates served as flat electrodes. The sealed mold was placed in a
thermostatic chamber under a constant voltage (5—15 kV).

d 2 3
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Fig. 1. Schematic of installation for preparation of thermoelectrets. (1) High-voltage generator, (2)
heating chamber, (3) electrodes, (4) samples being polarized, (5) control samples.

Measurement Techniques:

- Electrostatic field parameters: IPEP-1 electrostatic field meter.

- Shore D hardness: Measured per GOST 24621-2015 using an HGIB Shore D durometer.

- Tensile strength (c): Determined per GOST 11262-2017.

- Gel fraction content: Extracted via Soxhlet apparatus with boiling acetone (24 h), followed by
drying to constant mass.
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3. RESULTS AND DISCUSSION

The curing of epoxy oligomers is a chemical crosslinking (polymerization) process resulting in the
formation of a three-dimensional network structure. Special reagents - curing agents (also known as
hardeners, vulcanizing agents, or the second component of epoxy formulations) - are used to initiate
and sustain this reaction. There are several main classes of epoxy resin curing agents. The choice of
curing agent type determines the kinetics and completeness of crosslinking, as well as the properties of
the resulting polymer (glass transition temperature 7, elastic modulus E, tensile strength o, (table 2)).

Amine curing agents represent the most common group, including polyamines of various types.
Primary and secondary amines are capable of reacting with epoxy groups, opening the three-
membered epoxy rings and forming strong —-CH-CH—OH-N- bonds. In this reaction, each active
amine hydrogen atom leads to chain growth with the formation of new hydroxyl groups, which can
further react. Thus, multifunctional amines (e.g., ethylenediamine, diethylenetriamine,
triethylenetetramine, etc.) form a branched network, crosslinking epoxy oligomers.

Table 2. Characteristics of Epoxy Materials Using Various Curing Agents.

Curing Agent Tg,° C E, GPa o, MPa
Aliphatic amines 80 2.50 60
Cycloaliphatic amines 120 3.0 70
Aromatic amines 160 3.75 85
Anhydrides 140 3.50 80
Mercaptans 50 1.50 40

Amines are subdivided into aliphatic, cycloaliphatic, and aromatic types. Aliphatic amines (e.g.,
diethylenetriamine) generally react at room temperature, providing relatively rapid polymerization.
Resins cured with aliphatic amines exhibit good strength and adhesion, but their thermal properties
(e.g., glass transition temperature T,) are typically lower compared to those cured with aromatic
agents.

In [10], the epoxy monomer diglycidyl ether of bisphenol A and the aliphatic amine
triethylenetetramine (TETA) were studied. As expected, changes in thermal fusibility reflected
structural changes occurring in the macromolecular network depending on amine content. Two notable
regularities in the thermal conductivity of thin film and bulk samples were observed. This particular
behavior was explained as resulting from different phases that may form in the system as a function of
local curing temperature at the phase boundary and in the bulk.

In [11, 12], materials based on the epoxy-dian oligomer DER-331 and aliphatic amine curing
agents (DETA and PEPA) were obtained, and studies of the physical-mechanical and electret
properties of the cured systems were conducted.

Investigation of the effect of curing agent content relative to the base oligomer showed that for
aliphatic amines (using DETA as an example), increasing the curing agent content up to the
stoichiometric ratio with respect to the base oligomer leads to a significant increase in ultimate tensile
strength. At the stoichiometric ratio and with a slight excess of DETA, the cured polymer material
(cured at 90°C for 2 hours), obtained under a constant electric field (polarization voltage 5 kV),
exhibited maximum tensile strength values (c = 43.30 MPa at 12 wt.% and o = 45.15 MPa at 15
wt.%). The three-dimensional network structure obtained without the application of a constant electric
field was characterized by lower tensile strength values (¢ = 13.50 MPa at 12 wt% and 6 = 26.70 MPa
at 15 wt.%). As the curing agent content increased from 7 to 15 wt.% relative to the base epoxy
oligomer, Shore D hardness values also increased from 68 to 80 units for non-polarized samples and
from 71 to 82 units for polarized samples.

The conducted studies demonstrate that epoxy oligomer—curing agent systems (using aliphatic
amines as an example) can exhibit variability in their physical-mechanical and electret properties upon
curing. The curing agent content can be modified in relation to the base epoxy oligomer, thereby
allowing for a relatively substantial variation in the concentration of crosslinking nodes. Furthermore,
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the synthesis of the material under a constant electric field leads to an augmentation in the number of
functional groups that are able to engage in the orientation process.

The synthesis of epoxy polymer material under a constant electric field can be used to enhance the
strength characteristics of networked systems [11].

Combining polymer synthesis with the polarization process has virtually no effect on the
accumulation of the three-dimensional polymer. The gel fraction content for samples obtained at
120°C and a curing time of 2 hours was 100% for chemoelectrets (polarization voltage 5 kV) and
98.1% for non-polarized samples obtained under similar conditions.

Cycloaliphatic amines (e.g., isophoronediamine, m-xylylenediamine) have a cyclic structure,
exhibit sufficient reactivity, and yield polymers with higher thermal stability compared to aliphatic
amines.

Aromatic diamines (e.g., diaminodiphenyl sulfone [DDS]) exhibit reduced reactivity due to the
steric hindrance of the aromatic ring and their inherently weak basic character. The utilization of these
materials frequently necessitates the application of heat at temperatures ranging from 120 to 180°C. In
exchange for this heating procedure, these materials offer unparalleled thermal stability and modulus.
The glass transition temperatures of epoxy polymers derived from aromatic amines have been
observed to exceed 150°C. Consequently, aromatic curing agents are employed in scenarios where
heat-resistant materials are necessary, while aliphatic agents are utilized for curing at low temperatures
or in thick sections, where minimized heat generation is important.

Experimental studies of composite materials based on the epoxy oligomer DER-331 and the curing
agent HT-450/1 (a low-viscosity mixture of aromatic amines) on the modification of electret
properties by adjusting the technological regimes of epoxy polymer synthesis using HT-450/1 (in
stoichiometric ratio) combined with polarization showed that increasing the temperature (Fig. 2) and
duration (Fig. 3) of simultaneous curing and polarization does not lead to an increase in electret
properties, as this process is characterized by an increase in the crosslink density of the polymer
network, which is accompanied by a decrease in the mobility of functional groups capable of
polarization due to emerging steric hindrances [10].

For the «DER-331 — HT-450/1» system, altering the «oligomer-to-curing agent» ratio in the
composition also leads to changes in the physical and mechanical properties of the cured epoxy
materials. The dependencies presented in Figure 4 for ultimate tensile strength of both non-polarized
samples and chemoelectrets demonstrate that increasing the content of the HT-450/1 curing agent in
the composition from 35 to 45 wt.% results in a rise in ultimate tensile strength for both types of
samples of similar composition.

0.15 1

0.1

0.05 1

0 10 20 30 40 50 60
T days

Fig. 2. Curves of surface potential variation over time for samples based on DER-331 oligomer and
HT-450/1 curing agent (45 wt.%), obtained via simultaneous curing and polarization at temperatures
of 90°C (curve 1), 100°C (curve 2), and 110°C (curve 3) under a polarization voltage of 5 kV for 2
hours.
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Fig. 3. Curves of surface potential variation over time for samples based on DER-331 oligomer and 45
wt.% HT-450/1 curing agent, obtained via simultaneous curing and polarization for different durations
(2; 2.5; or 3 hours) at 100°C and a polarization voltage of 5 kV.

200 A

10.0 f }

45.0 500
Amount of HT -450/1, wt %

Fig. 4. Dependence of ultimate tensile strength (o) for non-polarized samples (1) and chemoelectrets
(2) based on DER-331 oligomer, obtained via simultaneous curing and polarization at 90°C and a
polarization voltage of 5 kV for 2 hours, on the content of HT-450/1 curing agent.

The minimum values of ultimate tensile strength for both non-polarized samples (curve 1, ¢ =
10.53 MPa) and chemoelectrets (curve 2, o = 15.0 MPa) correspond to a curing agent content of 35
wt.% relative to the DER-331 oligomer in the composition. The maximum values of ultimate tensile
strength (o = 28.47 MPa for non-polarized samples, c = 32.85 MPa for chemoelectrets) are observed
at a curing agent content of 45 wt.%. Increasing the curing agent content in the composition to 50
wt.% leads to a decrease in ultimate tensile strength to 23.68 MPa for non-polarized samples and
26.51 MPa for chemoelectrets, respectively.
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Fig. 5. Dependence of Shore D hardness (HD) for non-polarized samples (1) and chemoelectrets (2)
based on DER-331 oligomer and HT-450/1 curing agent, obtained via simultaneous curing and
polarization at 90°C and a polarization voltage of 5 kV for 2 hours, on the content of HT-450/1 curing
agent.

An investigation into the effect of curing agent content on Shore D hardness (HD) (Figure 5) for
both non-polarized samples and chemoeclectrets revealed that increasing the HT-450/1 curing agent
content in the composition from 35 to 40 wt.% results in an increase in Shore D hardness for both non-
polarized samples (curve 1) from 78.4 to 81.9 conventional units, and for chemoelectrets (curve 2)
from 79.1 to 85.3 conventional units. Further increasing the HT-450/1 curing agent content in the
composition to 45-50 wt.% does not lead to a further rise in Shore D hardness. For chemoelectrets
(curve 2), Shore D hardness values remain around 82 conventional units, while for non-polarized
samples (curve 1) a decrease in Shore D hardness is observed (at 45 wt.% the value is 77.6 units, and
at 50 wt.% — 80 units, respectively).

Varying the HT-450/1 curing agent content relative to the base oligomer influences the
accumulation process of the three-dimensional polymer, as determined by the gel fraction value for the
cured system (Fig. 6-8).
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Fig. 6. Dependence of gel fraction for non-polarized samples (1) and chemoelectrets (2) based on
DER-331 oligomer and HT-450/1 curing agent, obtained via simultaneous curing and polarization at
90°C and a polarization voltage of 5 kV for 2 hours, on the content of HT-450/1 curing agent.
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Fig. 7. Dependence of gel fraction for non-polarized samples (1) and chemoelectrets (2) based on
DER-331 oligomer and HT-450/1 curing agent (45 wt.%), obtained via simultaneous curing and
polarization at a polarization voltage of 5 kV for 2 hours, on the temperature of simultaneous curing
and polarization.
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Fig. 8. Dependence of gel fraction for non-polarized samples (1) and chemoelectrets (2) based on
DER-331 oligomer and HT-450/1 curing agent (45 wt.%) on the duration of simultaneous curing and
polarization (temperature 100°C, voltage 5 kV).

As shown in Figure 6, increasing the HT-450/1 curing agent content in the composition from 35 to
40 wt.% leads to an increase in gel fraction for both non-polarized samples (curve 1) and
chemoelectrets (curve 2). When the HT-450/1 curing agent content in the composition is increased to
45-50 wt.%, a decrease in gel fraction values is observed for non-polarized samples, while an increase
is observed for chemoelectrets of similar composition. At a curing agent content of 50 wt.%, the gel
fraction value is 93.77% for non-polarized samples and 95.67% for chemoelectrets.

The gel fraction curves for non-polarized samples depending on curing temperature (Fig. 7) exhibit
an extremal character. Minimum gel fraction values (91.97%) correspond to a curing temperature of
100°C, while maximum values (98.73%) occur at 110°C. For chemoelectrets, gel fraction values under
simultaneous curing and polarization show minor variations, ranging between 93.3-94.6%.

Increasing curing duration from 2 to 3.5 hours leads to a gradual rise in gel fraction values for non-
polarized samples from 92% to 93.97% (Fig. 8, curve 1), attributed to increased crosslink density and
the proportion of non-extractable three-dimensional polymer. For chemoelectrets, gel fraction values
range from 93.3% (2-hour curing/polarization) to 94.2% (3.5 hours), peaking at 95% for 2.5-hour
duration.

The transition of crosslinked polymer structures to a polarized state enhances properties - tensile
strength, Shore D hardness, and gel fraction — compared to non-polarized systems. This results from
the orientation of polar groups, creating a denser network of physical bonds.

A critical factor for amines is their functionality (number of amine groups). Multifunctional amines
(polyetheramines, polyamidoamines) improve flexibility and impact resistance. For example,
polyamide curing agents—products of di-/triamine condensation with carboxylic acids—cure epoxy at
room temperature, forming a more flexible network [12]. Such systems are often used in anti-
corrosion coatings and adhesives requiring toughness.

As demonstrated in [13], the utilization of geloximodifier 67 (a diepoxy resin in the form of 1,4-
butanediol diglycidyl ether) as an epoxy resin, in conjunction with lithium perchlorate at a weight
percentage of 20%, and a curing agent composed of 4,7,10-trioxatridecane-1,13-diamine at a weight
percentage of 15%, resulted in the desired outcome.The presence of a curing agent and a polarizing
electric field of 720 V/m results in the formation of an electret, which exhibits a maximum voltage of
3.4 V in the polarization direction during the polishing process (30 min). Additionally, a stabilizing
electric field of 720 V/m is observed. The presence of a curing agent and a polarizing electric field of
720 V/m results in the formation of an electret, which exhibits a maximum voltage of 3.4 V in the
polarization direction during the polishing process (30 min). Furthermore, a stabilized voltage of 0.67

10
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V is observed after de-stressing (7.0 h). An epoxy system that cures slowly (e.g., a system with a
reduced amount of curing agent) is preferable for electret formation because of the extended period
during polishing during which the ions maintain high mobility. The pivotal factor in this analysis is the
rate of curing, rather than the rate of hardening. Lithium salt has been demonstrated to accelerate the
curing process; however, it must concurrently provide the requisite ions and stabilize the electret
voltage, a function it fulfills, especially during the initial 30 minutes of depolishing. Subsequent to the
initial 30 minutes of depolymerization, crosslinking emerges as a pivotal mechanism for enhancing the
stability of the electret voltage. The time constant for depolymerization is 0.8 hours during the initial
30 minutes of the process and increases to 9 hours after the first 30 minutes. A reduction in the lithium
salt fraction from 20 wt.% to 10 wt.% still results in an effective electret, although the electret
production rate experiences a decrease.

The group of acidic anhydrides includes anhydrides of multi-basic acids (phthalic anhydride,
methyl tetra-hydrophthalic anhydride [MTHPA], hexahydrophthalic anhydride, etc.). In the presence
of hydroxyl groups, epoxy groups react with anhydride rings, forming esters. This reaction results in
the cross-linking of epoxy resin through polyester bonds. Anhydride curing typically necessitates
elevated temperatures (80-150 °C) and frequently involves the use of catalysts (e.g., tertiary amines) to
initiate the reaction. The primary benefit of anhydride curing agents is their ability to extend the
mixture's viability time while maintaining low exothermicity of the cure. This facilitates the
fabrication of thick pours and compounds without the risk of overheating and the subsequent
development of internal stresses. Furthermore, anhydrides result in polymers that exhibit exceptional
electrical insulation properties and moisture resistance. For instance, epoxy cross-linked with MTHPA
anhydride is a prevalent constituent in the fabrication of high-voltage transformers, capacitors, and
analogous electrical products. The heat resistance of these materials is also notable, with a glass
transition temperature (T,) ranging from approximately 130 to 150°C. The disadvantages of
anhydrides include the necessity of heating and the brittleness of the resulting polymers (low impact
toughness compared to amines). The selection of amines or anhydrides is determined by the specific
requirements of the given application. Amine-cured resins are primarily employed in structural
applications that are subjected to impact loads, while anhydride resins find application in electrical
engineering, where their dielectric properties and low internal stresses are particularly advantageous
[13].

A distinct category of curing agents is constituted by polysulfides and thiols, with
trimercaptopropionate derivatives serving as a representative example. These materials exhibit an
exceptional reactivity to epoxides, rapidly curing them within minutes or even seconds, even at low
temperatures. Mercaptan systems find application in scenarios necessitating ultra-fast polymerization,
such as in the formulation of express adhesives, repair sealants, and road marking compositions.
Mercaptan-cured polymers generally exhibit diminished strength and heat resistance, yet they
demonstrate notable resistance to acids and alkalis. In many cases, mercaptans are combined with
amines, with a small proportion of mercaptans being added to accelerate the setting process. Presently,
the number of publications and researches devoted to electrets with mercaptans is limited. This
phenomenon impacts the comprehension of their inherent properties and the identification of their
potential applications. Despite the recognized benefits of mercaptans, including their capacity to
establish robust chemical bonds and enhance polar characteristics, there has been a paucity of
systematic research examining their involvement in electret material formation. This creates the need
for further research in this area to determine the mechanisms of interaction of mercaptans with
polymer matrices and to evaluate their influence on electrical and mechanical properties.

Latent agents (e.g., dicyandiamide (DICY), BFs-amines, acid hydrazides) remain inert at room
temperature but activate upon heating (150-180°C). They enable single-component epoxy
formulations with extended shelf life, used in microelectronics adhesives and powder coatings.
Despite their potential, research on latent agents remains limited, highlighting the need for systematic
studies on their mechanisms and applications.

Despite the growing interest in sustainable and efficient materials in modern technologies, research
on latent curing agents remains limited. Latent curing agents, which are activated under certain
conditions, offer promising opportunities for improving polymer properties, but their characteristics
and mechanisms of action are poorly understood. This lack of data affects the development of new

11
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products and the application of existing technologies, emphasizing the need for more in-depth
scientific analysis and experimentation in this area.

The judicious selection of a suitable curing agent has been demonstrated to exert a substantial
influence on the properties of the epoxy material. This selection can be instrumental in enhancing the
properties of the epoxy composition, including its heat resistance and elasticity. Furthermore, it can
ensure that the curing process occurs under optimal conditions. For instance, in the production of a
chemo-electret, it is imperative that the curing process is executed at a rate that is sufficiently slow at a
specific temperature. This allows for the polarization of the resin during the polymerization stage. In
such cases, the utilization of less reactive systems, such as anhydride or low-reactive amines, or the
implementation of lower curing temperatures, is recommended to facilitate an extended gel time.
Conversely, the presence of unreacted curing agent groups in the final structure is undesirable. Studies
demonstrate that residual free amine groups can enhance the electrical conductivity of the material and
contribute to electret charge leakage. Consequently, the ratio of epoxy groups and curing agent, in
conjunction with the heat treatment mode, are selected to ensure the most complete conversion of
epoxy groups. Consequently, by manipulating the type of curing agent and process conditions, it is
possible to exert a degree of control over the crosslinking, network density, and the presence of polar
fragments. This, in turn, has significant implications for the mechanical performance and dielectric
properties of the epoxy resin.

Despite the numerous advantages of epoxy polymer, including its strength, adhesion, and chemical
resistance, certain applications necessitate properties that the pure epoxy matrix is incapable of
providing [8]. In order to make precise adjustments to the characteristics, the introduction of
modifying additives is necessary. These additives can be categorized into two groups: reactive
modifiers, which interact with the resin, and inert insoluble phases, which are formed during the
curing process. The process of modification has been demonstrated to enhance a variety of properties
of epoxy materials, including impact toughness, plasticity, electrical and thermal conductivity,
adhesion to substrates, and fire resistance.

While epoxy polymers excel in strength and adhesion, certain applications require tailored
properties. Modifiers — reactive (e.g., elastomers) or inert (fillers) - enhance impact resistance,
thermal/electrical conductivity, and flame retardancy.

Liquid rubbers like carboxyl-terminated butadiene-nitrile (CTBN) are widely used (5-15 wt.%).
During curing, CTBN partially reacts with epoxy groups and forms microphase-separated rubber
particles, absorbing impact energy via shear banding and cavitation [14]. However, CTBN reduces
glass transition temperature (Tg) due to plasticization. At 15% CTBN, fracture energy increases 5—
10x%, but tensile strength and Tg decrease proportionally [15].

Core-shell nanoparticles (~100 nm diameter) with rubbery cores and rigid shells (e.g.,
polymethacrylate) disperse uniformly in epoxy matrices. At 10-15 wt.%, they increase fracture energy
tenfold without Tg reduction. For example, 15% core-shell particles raise fracture energy from 77 J/m?
to 840 J/m? while maintaining Tg ~145°C [16].

In addition to elastomers, thermoplastic modifiers are used to enhance fracture resistance. For
example, thermoplastics soluble in epoxy resin—such as polyethersulfone (PES), polyimide, and
polyamides—are introduced into the initial mixture at concentrations of 5-20%. During curing, the
thermoplastic often separates into a distinct phase (in the form of submicron particles or a branched
morphology), which also impedes crack propagation. Unlike rubbers, thermoplastics generally reduce
stiffness and glass transition temperature (Tg) to a lesser extent, although the increase in impact
toughness may be less pronounced. Sometimes, two types of modifiers are combined—hybrid
toughening. For instance, a mixture of CTBN and thermoplastic poly(ether ketone) particles
demonstrated a synergistic effect: both strength and impact toughness of the epoxy matrix increased
more significantly than with each modifier alone.

Another category includes reactive diluents and plasticizers. Low-molecular-weight epoxides (e.g.,
glycidyl ethers of alkanols) are added to reduce resin viscosity and facilitate processing. They
participate in the curing reaction, becoming incorporated into the network, but decrease the crosslink
density, which leads to increased elasticity and reduced strength/Tg. In small amounts (a few wt.%),
reactive diluents may even slightly increase strength due to improved phase compatibility and reduced
internal stresses. However, in excess, they lead to a drop in modulus and strength. Non-reactive
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plasticizers (e.g., dibutyl phthalate) are rarely used today due to their tendency to migrate and
deteriorate the long-term stability of properties.

For specialized purposes, other modifiers are introduced into epoxy compositions: phosphorus-
containing compounds (for enhanced flame retardancy), UV absorbers and antioxidants (for light
stability), organosilicon resins (for heat resistance and hydrophobicity), and so on. Each additive
affects the polymer structure. For example, the introduction of polyurethane oligomers (epoxyurethane
resins) increases flexibility and impact toughness of the epoxy matrix due to the presence of soft
segments. Studies by foreign researchers have shown that modification of epoxy with a polyurethane
prepolymer significantly increases impact toughness compared to unmodified epoxy-amine material.
Similarly, the addition of small amounts of hyperbranched polymers (e.g., hyperbranched polyester
with terminal epoxy groups) can increase fracture energy density without significantly affecting
system viscosity.

For instance, chemoelectrets comprising DER-331, PEF-3A, and polyurethane-based curing agents
have been fabricated and examined, exhibiting a substantial enhancement in impact toughness
compared to unmodified epoxy-amine materials. In a similar manner, the incorporation of modest
quantities of hyperbranched polymers (for instance, hyperbranched polyester with epoxy groups at the
extremities) has been shown to enhance the fracture energy density of the system without exerting a
substantial influence on its toughness.

It should be noted that modification of the epoxy matrix often affects dielectric properties. Elastic
and polar components (rubbers, polyurethanes) typically increase dielectric permittivity and the
dielectric loss tangent due to the introduction of more mobile dipolar fragments. In the context of
chemoelectrets, this can both improve and impair performance. On one hand, the presence of polar
groups can enhance initial electric polarization. On the other hand, soft segments and increased
mobility can lead to faster relaxation of induced charge (i.e., reduced electret stability). Therefore,
modifiers for epoxy chemoelectrets are selected with particular care. For example, additives that
increase conductivity (ionic salts, conductive fillers) generally reduce the material’s ability to retain
charge, as they facilitate charge leakage through the bulk. Conversely, highly epoxy-functional resins
or organosilicon modifiers can help create a more hydrophobic and electrically insulating matrix,
which is favorable for long-term polarization retention.

As an example, chemoelectrets based on DER-331, PEF-3A, and curing agent L.-20 (stoichiometric
ratio to oligomers) were prepared and studied [18]. Fig. 9 and 10 show the decay curves of surface
potential and effective surface charge density for electrets based on DER-331 oligomer with varying
PEF-3A modifier content, cured with a stoichiometric amount of L-20, obtained by simultaneous
curing at 120°C and polarization at 5 kV for 2 hours. The decay curves of the electric field strength for
samples based on DER-331 oligomer, obtained with different PEF-3A modifier contents and cured
with a stoichiometric amount of L-20 under simultaneous polarization, have a similar character.
Increasing the PEF-3A modifier content in the composition up to 5 wt.% leads to an increase in
electret characteristics corresponding to the initial segment of the curves (up to 10 days of storage).
Subsequently, after more than 20 days of storage, the values of Vg, cef, and E become similar and
practically do not depend on the PEF-3A modifier ratio in the composition.
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Fig. 9. Decline of Surface Potential of Samples Based on DER-331 Oligomer with Different Content
of PEF-3A Cured with L-20.
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Fig. 10. Decline of effective surface charge density of samples based on DER-331 oligomer with
different content of PEF-3A cured by L-20.

With increasing PEF-3A content in the composition, the mobility of polar groups decreases, but at
the same time, the number of functional groups capable of polarization increases.

Overall, modification of epoxy resins is an effective tool for tuning their properties. Modern epoxy
compositions often contain a whole range of additives: an elastomer for toughness, a diluent for
processability, a phosphorus-containing fragment for flame resistance, etc.[18]. In combination with a
suitable curing agent, this allows for the production of materials that optimally meet the requirements
of specific applications. In other words, modifiers of the epoxy matrix serve for the “fine-tuning” of its
properties. The introduction of elastomeric additives (CTBN, silicone rubbers, polyurethane
oligomers, etc.) effectively increases impact toughness and crack resistance, which is of particular
interest for constructional materials [19].

In addition to molecular modifiers, epoxy materials are often filled with fillers—dispersed solid
particles or fibers—forming composites based on an epoxy matrix. The use of fillers allows for the
improvement of several characteristics: strength, stiffness, thermal conductivity, wear resistance,
reduction of shrinkage during curing, as well as imparting special properties (electrical conductivity,
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radiation resistance, color, etc.). Fillers are classified by size and nature: microfillers (on the order of
millimeters or hundreds of microns) and nanofillers (<100 nm); inorganic (mineral) and organic;
fibrous and powdery.

Classic mineral fillers for epoxies include: silica powder (silicon dioxide—quartz flour), aluminum
oxide (alumina), talc, calcium carbonate, etc. They are inexpensive and significantly increase the
modulus of elasticity and hardness of the epoxy material. For example, the addition of microquartz is
widely used in electrical insulation compounds: it reduces thermal expansion and shrinkage, and
increases compressive strength. Mineral particles also reduce the flammability of the polymer by
diluting the combustible resin and increasing heat capacity. However, an excess of coarse filler can
impair flexural and tensile strength (due to stress concentration at the particles and weakening of
intermolecular bonds). The optimal content usually ranges from 10-50 wt.% depending on the
purpose. At about 30% mineral filler, a balance is often observed: a sharp increase in hardness and
modulus with moderate reduction in strength.

If a modified montmorillonite Cloisite 15A (MMT-15A)—a natural montmorillonite modified with
a quaternary ammonium salt — is used as a filler, this may lead to a deterioration in the temporal
stability of the electret state [20]. Thermally stimulated surface potential relaxation (TSSR) curves also
indicate a decrease in temperature stability upon introduction of this filler. These results support the
mechanism of electret state relaxation due to the intrinsic conductivity of the samples, catalyzed by
water molecules present in the polymer volume. Desorption of water from the modified filler increases
the conductivity of the polymer, and, consequently, worsens the temporal and thermal stability of the
electret state.

Functional fillers include special additives to impart specific properties to epoxy materials.
Examples: conductive fillers (carbon black, technical carbon, silver powder) for creating conductive
adhesives and coatings; ferromagnetic powders for shielding; high-dielectric ceramic fillers for
increasing dielectric permittivity [21].

A comparison of the electret properties of composite materials based on epoxy resin and barium
titanate revealed the optimal percentage of barium titanate in the electret [22]. It was shown that the
electrophysical characteristics of composite electrets filled with powdered barium titanate exhibited an
anomaly: instead of an increase in dielectric permittivity and specific surface charge with increasing
filler content, the opposite trend was observed. This can be explained by the Maxwell-Wagner effect,
resulting from a significant difference in specific electrical resistivity and relative dielectric
permittivity between the filler and the polymer matrix.

It is necessary to consider fibrous fillers separately: glass fiber, carbon fiber, and organic fibers
(such as aramid). Their introduction (in the form of chopped fibers, fabrics, or rovings) radically
increases the tensile strength and impact toughness of the epoxy binder, transforming the resin into a
composite material (fiberglass, carbon fiber-reinforced plastic). Fibers function as the reinforcing
phase, bearing the mechanical load. Although the primary role of fibers is mechanical reinforcement,
they also influence other properties: for example, at sufficient concentrations, carbon fibers can impart
electrical conductivity to the composite, while glass fibers reduce flammability.

In study [23], samples of polymer composite materials (PCM) were prepared using epoxy-diane
resin ED-20 (GOST 10587-93) cured with polyethylene polyamine (PEPA, TU 6-02-594-85) as the
binder, and various reinforcing fillers: polyacrylonitrile tow (nitron, TU 13-239-79), polycaproamide
technical yarn (capron), viscose technical yarn (VN), basalt yarn (BN), and glass yarn (GN). All
methods of physical modification in this study were divided into orienting and energy-enhancing
treatments. The first group includes treatments in constant magnetic fields (CMF), constant electric
fields (CEF), and under constant mechanical loads. The second group—energy-enhancing
treatments—are wave-based and include vibrational, ultrasonic, and ultraviolet irradiation. Orienting
treatments reduce the mobility of binder molecules, which is equivalent to lowering the temperature
and leads to preferential acceleration of the crosslinking process, resulting in increased modulus of
elasticity and ultimate strength.

According to the presented theory, treatment with CMF or CEF leads to preferential acceleration of
the crosslinking process, since processes with lower activation energies are most sensitive to
temperature reduction. Analysis of the properties of reinforced thermosets showed that CEF treatment
not only increases ultimate strength but also improves other strength characteristics of PCMs. The
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observed effects indicate that CEF not only affects the matrix structure but also enhances adhesion
between the binder and the filler [23].

In the context of the electret properties of epoxy materials, fillers play a dual role. On the one hand,
non-conductive fillers can stabilize trapped charge, acting as charge traps at the phase boundary. There
is evidence that silica nanoparticles improve the stability of the electret state by preventing
thermodepolarization due to deep traps on the surface of silicon dioxide. On the other hand,
conductive fillers (carbon nanotubes, graphite, metal particles) sharply increase the bulk conductivity
of the composite, leading to charge leakage. Upon reaching the percolation threshold, a dielectric
composite becomes conductive. For example, with 15-20% graphite powder or about 0.5-1% multi-
walled carbon nanotubes, a branched conductive network forms, and the specific conductivity of the
material jumps by several orders of magnitude. Such a material can no longer retain an electret charge.
Therefore, the use of conductive fillers in epoxy chemoelectrets is impractical unless the goal is to
create a ferroelectric composite (for example, with a piezoceramic filler).

When thermally treated multi-walled carbon nanotubes MWCNT-1020t are introduced into epoxy
materials based on the DER-331 epoxy-diane oligomer and polyaminoamide curing agent L-20 (in
stoichiometric ratio), the surface potential relaxation of these composites follows a specific pattern: by
the 50th day, the decrease in surface potential of the electret based on DER-331 oligomer with varying
MWCNT-1020t content practically ceases (see Fig. 11) [24]. The V. dependencies for all samples are
described by a monotonically decreasing curve over time (Fig. 11), which can be divided into two
segments: the first (during the first 10 days) is characterized by a rapid drop in V., and the second
segment shows relatively stable surface potential values at longer storage times. The curves of
effective surface charge density and electrostatic field strength over time for the same samples are
similar to the surface potential decay shown in Fig. 11.

1.2
VBV

0 20 40 T days &0

Fig. 11. Decay of surface potential of polymer thermoelectrets based on DER-331 oligomer cured with
stoichiometric L-20 and various contents of MWCNT-1020t (1-0 wt.%; 2-0,02 wt..%; 3-0,06 wt.%; 4-
0,08 wt.%; 5-1,0 wt.%), obtained by simultaneous polymer synthesis and polarization at 120°C in a
constant electric field of 5 kV for 2 hours.

Small additions of MWCNT-1020t to the polymer composition reduce the values of surface
potential, effective surface charge density, and electric field strength of the samples, while at
nanofiller contents above 0.8 wt.% a recovery of the electret characteristics of the epoxy polymer is
observed. When epoxy compositions are converted to the electret state, an increase in the mechanical
properties of the materials is observed due to the orientation of polar groups in the epoxy polymer
during polarization.

When introducing any filler, it is important to ensure good adhesion between the epoxy matrix and
the particles. For this purpose, surface treatments of fillers are used (for example, silane coupling
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agents for glass and silica, imidazoline coatings for metal particles, etc.). Good interfacial bonding
prevents void formation and particle debonding under load, thereby maximizing the positive effect of
filling. In electrical insulation composites, filler treatment also reduces the number of polar groups on
the particle surface (e.g., silanol groups on SiO:), which decreases dielectric losses and moisture
adsorption.

Fillers are an integral part of many epoxy materials [25]. Microfillers in large volumes turn epoxy
into a highly filled composite with reduced shrinkage, high modulus, and often improved heat and fire
resistance [26]. Fillers serve to reinforce the mechanical and functional characteristics of epoxy
compositions. Mineral fillers increase modulus and reduce deformation upon heating, while
nanoparticles can increase strength without compromising ductility. Electrically, fillers allow control
over permittivity and conductivity: high-permittivity ceramics (BaTiOs, SrTiOs) significantly increase
the dielectric constant of the composite, while carbon nanomaterials at sufficient concentration impart
electrical conductivity to the epoxy material [27]. Even small doses (1-5%) of nanofillers impart new
qualities to the epoxy matrix: increased strength, crack resistance, and altered electrical properties.
Importantly, filling often improves economic efficiency — highly filled epoxy compounds are less
expensive than pure resin, which is significant in construction and other industries. The negative effect
of excessive filling is increased brittleness and reduced elongation at break. Therefore, formulations
are balanced, and for critical applications, combinations of fillers of different sizes (e.g., hybrid micro-
and nanofilling) are preferred to achieve dense particle packing and optimal properties.

It can be assumed that when creating an epoxy composite with a curing agent and a conductive
filler (1-5 vol.%), the dispersed particles act as sources of additional injected charge carriers,
continuing to function even after the removal of the external electric field. If the gel fraction content is
95-98% (not reaching 100%), the uncrosslinked part of the epoxy polymer can enable the orientation
of dipole groups or macromolecular segments during the application of an external electric field, thus
inducing material polarization and yielding a chemoelectret with high electret characteristics. A high
gel fraction content ensures the retention of the polarized state over a long storage (service) period of
the chemoelectret. Additionally, polymer macromolecules adsorbed by their segments on the solid
filler surface become less mobile, which hinders their disorientation and, therefore, the polarized state
is preserved for an even longer time. Examples of such compositions are presented in Table 3.

Table 3. Composition and properties of epoxy chemoelectrets.

Polariztion | Polarizati Gel- Vs on the Electret =
Ne Composition temperatur | ontime, | fraction | 50™ day of | lifetime T Hp
e, °C min , % storage, kV , days MPa

1 ED-20 + PEPA 20 1440 100 50 200 41.0 75
DER-331 + L-20 120 180 98.7 80 >1095 48.1 83
DER-331 + L-20 +

>

3 PEF-3A 90 60 98.3 60 1095 443 79
DER-331 + L-20 +

4 PEF-3A 110 120 99.0 70 >1095 46.8 80

5 DER-331 + HT-152B 120 120 95.0 80 >1095 47.4 84

6 DER-331 + HT-450/1 100 150 95.0 70 >1095 45.5 82

7 DER-331 + HT-104B 90 120 96.6 70 >1095 45.1 81

g | DER33L + 120 +1 5, 180 988 | 120 >1095 | 487 |85
graphite

9 353'331 T L2000 180 98.8 | 130 >1095 | 48.1 | 84

jo | DER33L + 120 + ), 180 99.0 | 150 >1095 | 500 |87
antimony oxide*

1 | DER-331 + 120 -+, 180 989 | 120 >1095 | 49.2 |85
aluminum powder**

12 | DER33L + 120+ 1), 180 987 | 120 >1095 | 53.8 | 88
molybdenum oxide
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Continuation of Table 3

13 DER-331 + L-20 + 120 180 99.0 160 >1095 | 55.5 87

zinc oxide***

14 | DER-331 + HT-152B | ), 120 968 | 140 >1095 | 543 | 88

+ antimony oxide*

15 | DER-331 + HT-152B | ), 120 969 | 150 >1095 | 57.1 | 89

+ zinc oxide***

* non-flammable composition;
** silver color composition;
**% white color composition.

In [28], the use of various physical effects was examined - vibration (VE), ultraviolet irradiation
(UVI), constant electric (CEF) and constant magnetic (CMF) fields - as well as different reinforcing
fillers: polyacrylonitrile tow (nitron), polycaproamide technical yarn (kapron), viscose technical yarn
(VN), basalt yarn (BN), glass yarn (GN), and carbon yarn (CN). During electric field treatment, the
yarn was placed in an impregnation bath, then passed through squeezing devices and subjected to
processing in a constant electric field (CEF) at a safe voltage between the electrodes. Afterwards, the
yarn was placed in a thermal chamber for deep curing. Thus, an assessment of the effectiveness of
various physical modification methods was proposed, based on the magnitude of the physicochemical
activity of the studied physical effects, since physical treatment inevitably influences the rate of
subsequent chemical curing. Among the five considered physical modification methods, the highest
physicochemical activity was demonstrated by prepreg treatments with ultraviolet irradiation, CEF,
and ultrasound [28].

4. CONCLUSIONS

In summary, it can be concluded that the combination of epoxy resin with various curing agents,
modifiers, and fillers enables the production of materials with specified parameters, suitable for use in
the construction industry as structural materials or protective coatings. When designing epoxy
chemoelectrets, it is important to consider all three aspects: to ensure an optimal polymer network
(through the choice of curing agent and regime) for charge fixation; to introduce additives that
improve the required properties (in particular, electret properties) without disrupting the electret effect;
and to use fillers that enhance mechanical stability and influence the distribution and retention of
charge.

It has been shown that, for epoxy oligomer—curing agent systems (using aliphatic amines as an
example), it is possible to vary the physical-mechanical and electret characteristics of the cured
systems. Changing the curing agent content relative to the base epoxy oligomer allows for a fairly
wide variation in gel fraction content and the concentration of crosslinking nodes, and, when
synthesizing the material in a constant electric field, also increases the number of functional groups
capable of participating in the orientation process. The uncrosslinked portion of the epoxy polymer
can provide additional orientation of dipole groups or macromolecular segments during exposure to an
external electric field, thereby inducing material polarization and yielding a chemoelectret with high
electret performance. A high gel fraction content ensures the retention of the polarized state over a
long storage (service) period of the chemoelectret.

The introduction of a modifier allows not only for the alteration of mechanical properties (impact
strength, crack resistance, etc.), but also their electret properties. For example, as the content of PEF-
3A in the epoxy composition increases, the mobility of polar groups decreases, but at the same time
the number of functional groups capable of polarization increases.

Fillers are a means to enhance the mechanical and functional (including electret) characteristics of
epoxy compositions. It has been shown that, for the creation of chemoelectrets capable of long-term
charge retention, the introduction of 1-5 vol.% of filler is preferable, as these serve as charge traps.
When using conductive fillers, their particles act as sources of additional injected charge carriers,
continuing to perform their function even after the removal of the external electric field.
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The combination of epoxy resin with various curing agents, modifiers, and fillers makes it possible
to obtain materials with tailored parameters. These materials can simultaneously serve as load-bearing
structures and protective coatings, which is especially relevant for modern construction challenges.
Continued research in the field of epoxy chemoelectrets will expand the boundaries of application for
these materials in construction.

This work was carried out with the support of a 2024 grant from the Academy of Sciences of the
Republic of Tatarstan for fundamental and applied scientific research in scientific and educational
organizations, enterprises, and organizations of the real sector of the economy of the Republic of
Tatarstan.
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