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Protective polymer composite coatings are widely used in marine transport owing to their improved ad-
hesion and cohesion properties. Modifiers are introduced to enhance the performance characteristics of pol-
ymer coatings based on epoxy binders. This study investigates the impact of the eco-friendly nano modifying
additive d-ascorbic acid on the structure and properties of an epoxy matrix. Based on the test results, a
modified epoxy matrix with improved adhesion and physicomechanical properties was developed. The nature
of the chemical bonds in the structure of the synthesized modifier and its molar mass were investigated by
gas chromatography. A significant number of hydroxyl groups in the structure of the
d-ascorbic acid molecule is one of the main criteria that determine the activity of this nano modifying addi-
tive in terms of homogeneous interactions during the cross-linking of the epoxy binder-based compound. It
has been established that modifying epoxy compositions with d-ascorbic acid in the amount of 0.75 to 1 mass
% per 100 mass % of ED-20 epoxy resin ensures an increase in adhesion strength while reducing residual
stresses. The positive impact of the modifier on improving the adhesive properties of the modified epoxy
matrix to the metal substrate is due to the chemical structure of the nano modifying additive, which deter-
mines the intermolecular interaction in the homogeneous polymer system. It has been proven that the epoxy
composite's cohesive property indicators (elastic modulus, destructive stresses, impact toughness) signifi-
cantly increase at the optimal d-ascorbic acid content. This is due to the additional formation of physical and
chemical bonds in the structural network of the compound during its cross-linking in the presence of the
modifying additive, which affects the indicators of the material's cohesive strength and impact resistance.
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1. INTRODUCTION

The reliability of marine and river transport equip-
ment is primarily determined by the characteristics of
structural materials, such as corrosion resistance and
wear resistance, while the physical and mechanical
properties of products rely on their mechanical strength
indicators [1-4]. Simultaneously, the environmental ef-
ficiency of marine and river transport receives consider-
able attention in a global strategy to reduce the anthro-
pogenic impact on the environment. Consequently, high
demands are placed on the structure and properties of
materials used in modernizing and repairing machinery
and mechanisms used in marine and river transport.

In this context, the effectiveness of polymer compo-
site materials (CM), which can be used as products or
protective coatings, is particularly noteworthy. It is
well-known [5-8] that protective polymer composite
coatings are widely used across various industrial sec-
tors because of their enhanced adhesive, cohesive, and
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thermophysical properties. These properties are primar-
ily influenced by the characteristics of polymer matrices,
which are often formed using epoxy oligomers to protect
transport assets. In addition, catalysts, additional lay-
ers, plasticizers and modifiers, including nanomodifying
additives, are used to improve the operational charac-
teristics of protective materials [9-17] in the form of pol-
ymer coatings based on epoxy binders, as well as multi-
layer films.

Incorporating such additives in small quantities ac-
tivates the course of physicochemical interactions,
thereby increasing the gel fraction in CM and conse-
quently improving the durability of new materials. In
this regard, it was expedient to enhance the properties
of the epoxy matrix by incorporating the chemically ac-
tive and environmentally friendly nano modifying addi-
tive d-ascorbic acid (DAA).

The positive impact of chemically active nano modi-
fying additives on epoxy matrix properties has been

https://jnep.sumdu.edu.ua

© 2024 The Author(s). Journal of Nano- and Electronic Physics published by Sumy State University. This article is
distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.

Cite this article as: A.V. Buketov et al., /. Nano- Electron. Phys. 16 No 4, 04027 (2024) https://doi.org/10.21272/jnep.16(4).04027


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
https://jnep.sumdu.edu.ua/
https://int.sumdu.edu.ua/en
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.21272/jnep.16(4).04027
https://doi.org/10.21272/jnep.16(4).04027
mailto:tt.scaet@gmail.com
https://orcid.org/0000-0002-4241-280X

A.V. BUKETOV, K. DYADYURA ET AL.

demonstrated by researchers [18-22]. Specifically, it has
been found that modifying the epoxy binder with addi-
tives such as 4,4-sulfonylbis, 4,4-sulfonylbis (4,1-phe-
nylene) bis (N,N-diethyldithiocarbamate), 3,31-(1,4-phe-
nylene) bis (2-chloropropionitrile), 2-methyl-2-thiocya-
nate-3-(4-thiocyanate phenyl) propionamide,
phthalimide, and others significantly enhances the ad-
hesive, physicomechanical, and thermophysical proper-
ties of epoxy composites, depending on the chemical na-
ture of the activator.

It should be noted that the introduction of nano mod-
ifying additives in small quantities (0.1...3 mass % per
100 mass % of epoxy binder) activates matrix structur-
ing processes, leading to an increase in the gel fraction
by increasing the material density through the for-
mation of additional chemical and physical bonds be-
tween the macromolecules of the epoxy oligomer and the
additive per unit volume of the compound.

The study of DAA as a modifier, even in small quan-
tities, has been of significant interest from both scien-
tific and practical viewpoints, particularly concerning its
impact on the structure and properties of epoxy matri-
ces. This nano modifying additive contains hydroxyl and
carbonyl groups that interact during curing with nitro-
gen-containing groups of the hardener, forming addi-
tional chemical bonds with both the primary amine-
epoxy adduct (PEPA) and similar side groups in the ED-
20 epoxy oligomer's main chain. As noted previously,
this interaction can effectively increase matrix cross-
linking, thereby enhancing its adhesive and cohesive
properties.

At the same time, using d-ascorbic acid allows for en-
vironmentally safe nanomodification of epoxy polymers.
This modifier is one of the stereoisomers of ascorbic acid,
a natural, non-toxic compound. The
D-stereoisomer of ascorbic acid does not occur in nature
but has similar physicochemical properties. Therefore,
the use of synthesized DAA as a nano modifying additive
should be considered an environmentally safe approach
to forming epoxy polymers, which will be in constant
contact with the environment when used as coatings for
marine transport.

2. MATERIALS AND METHODS

Epoxy resin grade ED-20 (ISO 18280:2010) was used
to form the polymer matrix, a widely adopted choice in
global applications. The epoxy resin has a molecular
weight of 390...430 with an epoxy group content of
20.0...22.5 %, a hydroxyl group content of 1.25%, and an
average functionality of 2.0 based on the epoxy groups.

This indicates the enhanced activity of the side groups
and segments in the main chain of epoxy resin macromol-
ecules for homogeneous and heterogeneous interphase in-
teractions with nano modifying additives or plasticizers in
compositions and with active centers on the surface of dis-
persed or fibrous fillers.

Additionally, the viscosities of the epoxy resin ranged
from 13 to 20 Pa s, and its density wa 1.16 g/cm?®. It should
be noted that epoxy resins are reactive plastics that cure
even at room temperature [17]. Considering this and the
technology for forming composites and protective coatings
under industrial conditions, it was deemed appropriate to
use polyethylene polyamine (PEPA, TU 6-05-241-202-78)

JJ. NANO- ELECTRON. PHYS. 16, 04027 (2024)

as the hardener for the epoxy binder. PEPA has a molecu-
lar weight of 230...250, a hardener viscosity of 0.9 Pa s, and
a density of 1.05 g/em®. The general chemical formula of
PEPA is represented as [-CH2-CH2-NH-]..

To enhance the properties of the polymer matrix, a
nano modifying additive in the form of d-ascorbic acid was
added to the epoxy binder at a content of 0.1-2.0 mass %
per 100 mass % of epoxy resin ED-20. The molecular for-
mula of the modifier is C6H806. The molar mass of d-
ascorbic acid is 176.032088 g/mol. It has a density
of 1.69 g/lcm®. Its thermal properties include a melting
point of 190 °C and boiling point of 553 °C. D-Ascorbic acid
dissolves in water and breaks down upon prolonged boil-
ing. It actively participates in oxidation-reduction reac-
tions by transferring hydrogen protons. It exhibits antiox-
idant properties, ensuring stability in homogeneous sys-
tems. Additionally, it influences iron metabolism. Under
conditions of physicochemical interaction with active sites
on the surface of additives, trivalent iron can be reduced
to its divalent state.

Technology of Forming Polymer Composites.

The technology used to fabricate polymer composites is
described below. Before composite formation from the in-
dependent ingredients, preparatory work is necessary be-
cause the gelation period of the resulting mixtures after
component alignment is 40...60 min. Components are
manually mixed for 4...6 min using a drill with a special
mixer at a rotor rotation speed of n = 600...800 rpm. Addi-
tionally, in certain cases, if possible, hydrodynamic mixing
of ingredients 1is conducted at a temperature
of 25...30 °C for 7= 10 + 0.1 min. After cooling the mixture
to room temperature (z = 60 + 5 min), the hardener is
added, and the compositions are stirred for a period
of 7=5+0.1 min.

The mold should be filled slowly and continuously to
allow for the removal of air residues from the composites
and to avoid "capturing" new air inclusions. The pouring
should continue uninterrupted until the mold is com-
pletely filled, after which the material is cured at room
temperature (7= 295 £+ 2 K) for 7= 12.0 £ 0.1 h. The next
step involves heating the composition to a temperature of
T =393 + 2 K, holding it at this temperature for a period
of 7=2.0+ 0.05 hours, and then cooling it to a temperature
of T=293+2K.

Research Methods for Epoxy Composites

During the development of composites with enhanced
characteristics, standard methods were employed to inves-
tigate adhesive and physicomechanical properties (de-
structive stresses and modulus of elasticity in bending, im-
pact toughness), residual stresses in materials, and their
structures [19-22].

In studying the adhesive strength of polymer compo-
site materials (CM), destructive stresses were determined
during uniform separation of samples in accordance with
ISO 8510-2:1990. The diameter of the working part of the
steel samples was d = 25 + 0.2 mm.

To analyze the indicators of residual stresses that arise
during the curing of polymer composites in the presence of
a metal base, a methodology was used to analyze the be-
havior of a cantilever under load [19].
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The thickness of the adhesive was maintained within
6 =0.1...0.2 mm. The parameters of the base were: total
length [ = 100 mm; working length /o = 80 mm; thickness
6=0.18 mm.

It should be noted that during the curing process of the
polymer coating, adhesive interaction occurs at the phase
boundary "polymer-base." As a result, deviations of the
cantilever from its initial position were observed. This
characteristic, along with the parameters of the substrate
and coating, is important for calculating the magnitude of
residual stresses in cured adhesives after their polymeri-
zation. The experimental setup is shown in Figure 1 [19].

The investigated stresses were destructive stresses,
the modulus of elasticity under bending, and the impact
toughness of materials.

s

=

Fig. 1 — Scheme of analysis of residual stresses in adhesives
polymerized on the selected substrate: 1 — pillar;
2 — adhesive; 3 — lining

Destructive stress indicators were determined following
ISO 178:2001(E) using the following formula

_ 3Fpax’L
Op = 2:b-h2 "’

()

where Fmax — maximum load at failure of the specimen,
measured in newtons (N); L — distance between pillars of
the specimen, measured in millimeters (mm); b — width of
the specimen, measured in millimeters (mm); A — thick-
ness of the specimen, measured in millimeters (mm).

The modulus of elasticity was determined using a four-
point bending scheme ISO 178:2001(E) according to the
following equation

0.185-L3-AF
E= e @
where L, — distance between s pillars of the specimen,
measured in millimeters (mm); AF — load applied, meas-
ured in newtons (N); b — width of the specimen, measured
in millimeters (mm); A — thickness of the specimen, meas-
ured in millimeters (mm); Az — deflection of the specimen,
measured in millimeters (mm).

The impact toughness CM was investigated using the
Charpy method without a notch (ISO 179-1) on the MK-30
pendulum hammer at a temperature of 7'=298 + 2 K and
relative humidity of ¢ = 50 + 5%. Sample dimensions were
(65 x 12 x 12) £ 0.5 mm. The distance between the pillars
was 40 + 0.5 mm. The impact toughness CM was deter-
mined using the following formula:

—4n 103
w=:t-10% 3

JJ. NANO- ELECTRON. PHYS. 16, 04027 (2024)

where An — energy absorbed by the specimens during frac-
ture without notches, measured in joules; b — width of the
specimen, measured in millimeters (mm); s — thickness of
the specimen, measured in millimeters (mm).

Additionally, the fracture surfaces of the developed
materials were analyzed by optical microscopy. For this
purpose, a metallographic microscope model XJL-17AT
with a 130 UMD camera (1.3 Mega Pixels) was used. The
images were processed using the "Image Analyse" soft-
ware.

3. DISCUSSION OF RESEARCH RESULTS

Prior to this, the nature of the chemical bonds in the
structure of the synthesized nano modifying additive DAA
and its molecular mass was investigated. Gas chromatog-
raphy (GC) with mass-selective detection was employed
for this purpose. According to our methodology, a 0.01-g
sample of the material was dissolved in methanol. The ex-
periments were conducted using gas chromatography-
mass spectrometry (GC-MS; Agilent Technologies 6890 N
instrument) with an HP 19091S-433 column (HP-5MS).
The capillary column was 30 m in diameter and 0.25 mm
thick, and its phase thickness of 0.25 um. The experiments
were conducted using helium as the carrier gas at a con-
stant flow rate of 1.5 ml/min. Additionally, an autoinjector
7683, Split 20:1, and a mass-selective detector with an in-
terface temperature of 280 °C were used during the exper-
iment.

The chromatographic analysis of the samples was con-
ducted at an evaporator temperature of 255 °C under the
following heating protocol: initial and final experiment
temperatures were Tswart = 100 °C and Tena = 285 °C, re-
spectively. The samples were held for 2 min at a rate of
15 °C/min. Electron impact ionization at 70 eV was applied
at an ion source temperature of 230 °C and a quadrupole
temperature of 150 °C.

At the initial stage, testing was conducted by chro-
matographing samples, resulting in the establishment of
the dependency of signal intensity (I, %) on the retention
time (¢, minutes) of nano modifying additive. The results
of this study are presented in Fig. 2. As a result, the first
peak on the curve of "signal intensity-retention time of the
sample" was identified, allowing for the evaluation of the
structure and characteristics of the investigated sub-
stance. Experimentally, the maximum signal intensity pa-
rameter was determined to fall within the retention time
range of ¢t = 1.14-1.31 min (Fig. 2).

Abundance [17428084] 0 targets (), 3 companents (=) TIC

100

Time: 093 115 136 158 179 201 222 244 265 287 308 330 352 3.3 395

Fig. 2 — Dependency of signal intensity (I, %) on exposure time
(t, min) of the nano modifying additive (DAA)

In the next stage, based on the experimentally deter-
mined exposure range (within the time interval ¢ =
1.14...1.31 min), additional investigations were conducted
regarding the dependency of signal intensity (I, %) on the
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duration (¢, minutes) of the sample exposure. The experi-
mental exposure time of the signal was established as ¢ =
1.246 minutes, according to which the characteristics of the
synthesized modifier were further investigated (see Fig. 3).

The dependence of the intensity of characteristic sig-
nals on the ratio of the pre-specified mass of the investi-
gated sample of the modifier to the charge size at the sig-
nal exposure duration (¢ = 1.246 minutes) is presented in
Fig. 4. Relative intensity indicators of characteristic sig-
nals (Fig. 4, a) have been determined by us, as well as sim-
ilar intensity parameters in expanded coordinates, aiming
to provide additional confirmation of the reliability of the
obtained results of the conducted experiment.

Abundance [21.0%)][3396981] TIC
100
75-
50-
116
25
0""]“".&""!"“]
Time: 1213 1246 1280 1314

Fig. 3 — Dependency of signal intensity (I, %) on exposure time
(t, min) of the sample (within the time interval
¢t=1.14...1.31 min)

Analytical calculations of the dependency of signal
intensity (I, %) on the m/z ratio, obtained based on ex-
perimental curves, are presented in Table 1. As a result
of the analysis of the obtained data (Table 1), the highest
peaks of the characteristic signal intensities
(I, %) and their corresponding m/z ratio values were
identified (Table 2).

The obtained experimental results were further corre-
lated with library data, resulting in the determination of
the structural formula (Fig. 4, ¢) and the molecular mass
of the synthesized modifier. Thus, it was established that
the molecular formula of the modifier is CeHsOs. Addition-
ally, calculations determined the molar mass of d-ascorbic
acid, which is 176.032088.
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Fig. 4 — Dependence of the intensity of characteristic signals on
m/z at a signal duration of ¢ = 1.246 min; m — mass of the sub-
stance; z — charge: a) relative indicators of the intensity of char-
acteristic signals; b) relative indicators of intensity in expanded
coordinates; ¢) chemical formula of the modifier molecule, de-
termined according to the signal intensity indicators and li-
brary data

Table 1 — Dependence of the signal intensity (I, %) on the
value of m/z

miz | I, miz | I, miz | I, | mlz | I, miz | I,
% % % % %
25 10.8 26 6.7 27 186 | 29 | 71.3] 30 [22.3
31 149.1 | 33 0.8] 36 [1.2 37 14| 38 [2.3
39 |6.7 41 2.8 | 42 282 | 43 | 87.9| 44 145.9
45 |12.5 | 46 2.8 | 47 3.0 50 0.5] 51 |0.5
53 | 5.2 54 | 15.3| 55 [18.1 | 56 6.8 57 |7.8
58 [21.8 | 59 | 18.5] 60 |7.2 61 |39.2] 62 [1.1
63 0.5 68 20| 69 [11.3 | 70 [21.3| 71 [25.9
72 19.2 73 11.0| 74 [3.0 75 06| 76 |75
83 10.9 84 45| 85 |[58.7 | 86 3.4 | 87 |15.6
88 |6.56 89 3.0 91 [9.1 92 05| 95 |1.3
98 | 2.1 99 1.8 | 100 [12.7 | 101 | 14.6| 102 [12.8
103 [ 1.3 112 1.8 ] 113 |1.0 114 1.1 | 115 |2.8
116 199.9 | 117 | 7.2 | 118 [2.1 | 119 | 22.8] 120 |1.0
127 11.3 | 128 | 1.9] 129 |0.9 | 130 | 1.9 | 140 |0.8
144 |06 | 145 | 2.2| 146 |0.8 | 158 | 0.6 | 176 |9.6

Based on the conducted tests, the following conclusion
can be drawn: The structure of the d-ascorbic acid modifier
molecule contains a significant number of hydroxyl
groups. This is one of the main criteria that determine the
activity of the additive in terms of homogeneous interac-
tions during the crosslinking of the epoxy-based com-
pound. Chemical bonds were expected to form with the ac-
tive groups of the PEPA hardener and similar side hy-
droxyl groups of the ED-20 epoxy oligomer.

Additionally, it should be noted that the structure of the
modifier contains carbonyl C=0 groups, which can also par-
ticipate in the structuring of materials. This can increase
the degree of gel fraction and, consequently, the cohesive
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properties of the nanomodified matrix. To confirm these as-
sumptions, studies were conducted on the adhesive and
physicomechanical properties of the original and modified
matrix with varying contents of d-ascorbic acid in the
binder, the results of which are presented below.

Table 2 — The highest peaks of signal intensity (I, %) and m/z
charge values for them

I |\mlz | I, | miz| I | mz| I mlz I, miz
% % % % %
22.8/ 119 |259| 71 [28.2]| 42 [39.2 | 61 | 459 | 44
49.1] 31 |58.7| 85 [71.3] 29 |87.9 | 43 | 99.9 | 116

Initially, the adhesive and cohesive properties of the
original epoxy matrix (control sample) were investigated.
It was observed (Fig. 5) that the adhesive strength of the
original epoxy matrix, formed according to the polymeri-
zation scheme described in the "Research Methodology"
section, is ou = 24.8 MPa. Introducing the nano modifying
additive DAA modifier into the epoxide oligomer at low
concentrations ensures an increase in the adhesive char-
acteristics of the developed composites. In particular, it
can be stated that modifying epoxy composites by adding
0.25 wt.% DAA ensures an increase in the adhesive
strength from 24.8 MPa to 29.5-32.1 MPa (Fig. 5, depend-
ence 1). The maximum adhesion values in the entire range
of the studied composites were noted for modified materi-
als containing DAA in 0.75...1.00 wt.%.

T, MPa o, MPa
2 1.4 -
13-

32
12+
3 1.1
28 1.0 -
0.9
2 05
4 0.7 4
N R A R B A N A ]

0 0250.50 0.75 1.00 1.25 1.50 1.75 g.wt. %

Fig. 5 — Dynamics of adhesive strength to a steel substrate
(steel St 3) and residual stresses in the composite material (CM)
depending on the concentration of the nano modifying additive
DAA: 1 — adhesive strength (ou); 2 — residual stresses (oz)

Such developed materials are characterized by an adhe-
sive strength of 32.6...33.1 MPa. Further increasing the
amount of modifier in homogeneous systems is not advis-
able in terms of improving material adhesion because the
strength indicators of adhesive bonding to the metal sub-
strate decrease. In particular, it was found that filling sys-
tems with the addition of DAA in the amount of 1.25...2.00
wt.% results in materials for the matrix with an adhesive
strength of 27.4...31.7 MPa. The obtained adhesion values
are somewhat lower than the quantitative adhesion val-
ues characteristic of composites with the optimal additive
content.

Thus, it has been experimentally proven that the mod-
ifier positively affects the improvement of the adhesive
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properties of the epoxy matrix. The obtained research re-
sults can be explained as follows.

The authors [18, 19] reported that the intermolecular
interaction in a homogeneous polymer system depends on
the chemical structure of the modifier. The possibility of
forming van der Waals, hydrogen, or acceptor bonds be-
tween the macromolecules of the modifier and the main
oligomer or polymer is of significant importance. These
bonds significantly influence the main properties of poly-
mer compounds, such as adhesive and mechanical
strength, modulus of elasticity, intermolecular distribu-
tion, and molecular packing density.

In the case of filling the epoxy oligomer with the nano
modifying additive DAA, it can be stated that the presence
of hydroxyl and carbonyl groups in the additive allows for
the catalysis or inhibition of polymerization reactions. The
IR spectroscopy method was used to study the interaction
mechanism of the ED-20 epoxy resin with DAA. It was ex-
perimentally established that the IR spectra of the original
epoxy composite based on ED-20 showed an absorption
band at a wavenumber of 821...828 ¢cm -1, indicating the
6-deformation vibrations of C-H bonds in the aromatic
ring. In composites with the modifier, the absolute value
of this band decreased. This effect was particularly notice-
able in the IR spectra of composites containing the addi-
tive at amounts of 0.75...1.25 wt.%. This indicates addi-
tional interactions between these groups in the presence
of the nano modifying additive, leading to the formation of
new bonds.

In addition, the vibration band at 922 ¢m —1, which il-
lustrates the presence of epoxy groups, was absent in the
composites with the optimal content of DAA. This indi-
cates the opening of epoxy rings during crosslinking with
polyethylene polyamine in the presence of the modifying
additive.

In the IR spectrum of the modifier, absorption bands
were observed at 1716...1732 ¢m — 1, which correspond to
the stretching vibrations of the C=0 bond in aldehydes, ke-
tones, and complex ethers. In the compounds, these bands
shifted toward lower wavenumbers, along with a decrease
in peak intensity. This is also evidence of the interaction
of the carbonyl group with the hardener and possibly with
active radicals of the epoxy oligomer. The results indicate
that the additive activates crosslinking in epoxy polymers,
enhancing the degree of structural formation in epoxy
composites.

Tt is crucial to note separately the presence of hydroxyl
groups both in the epoxy oligomer (3441 cm ~1 — stretching
vibrations of OH groups) and in the modifier (3206 cm -1 —
stretching vibrations of OH groups). In materials with the
nano modifying additive, significant broadening of the ab-
sorption band and a reduction in peak height were ob-
served compared with the original epoxy matrix. This
clearly indicates the overlap of two or more peaks in the
spectra of the modified composites. Moreover, the de-
creased peak intensity suggests that both the hydroxyl
groups of the epoxy oligomer and the nano modifying ad-
ditive are involved in the crosslinking process.

It should also be noted that in the modified composites,
new absorption bands appeared in the wavenumber range
of 2965...2976 cm ! compared to the epoxy matrix. These
bands indicate stretching vibrations of C-H bonds in epoxy
and methyl groups. Therefore, new peaks appear on the IR
spectra of the composites with the modifier. This directly
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demonstrates the formation of additional chemical bonds
in the developed materials, indicating an increase in their
cross-linking degree.

Based on the above, it can be concluded that the influ-
ence of the nano modifying additive DAA on the structure
and properties of the crosslinked polymer in the composite
manifests itself in a kinetic aspect, as the modifier in-
creases the rate and degree of crosslinking reactions. Ad-
ditionally, compared with the original epoxy matrix, the
formed polymer is characterized by a narrower intermo-
lecular distribution and thus limited molecular mobility,
which results from the action of energetic and entropic fac-
tors. It can be asserted that such activation of the physico-
chemical processes during composite crosslinking in the
presence of the nano modifying additive significantly en-
hances the properties of the materials, including their ad-
hesive strength.

To confirm the above-mentioned mechanism of inter-
action between DAA and the ED-20 epoxy oligomer in the
formation of compounds, an analysis of residual stress dy-
namics in the composites was conducted depending on the
additive content. The magnitude of residual stress was de-
termined for the original epoxy matrix as oz = 1.4 MPa
(Fig. 5, curve 2). Upon introduction of the nano modifying
additive in amounts ranging from 0.25 % to 0.50 % by
weight, materials with residual stress values within 1.0-
1.2 MPa were formed. It is important to note that this re-
duction in residual stress values indirectly indicates a de-
terioration in the cohesive strength of the newly formed
systems. This could be explained by the decrease in gel
fraction content in the composites due to an ineffective in-
teraction between the additive and the hardener. It is evi-
dent that, in this case, the modifier does not fully act as a
catalyst for the molecular interaction.

Conversely, when the additive is introduced at concen-
trations ranging from 0.75 % to 2.00 % by weight, materi-
als with elevated residual stress levels are formed com-
pared to those previously mentioned. For such composites,
residual stresses fall within the range of 1.1 to 1.3 MPa.
This indicates the formation of a structural network
within the compound, characterized by a substantial num-
ber of physical and chemical bonds per unit volume in the
material. This further underscores the activation of inter-
action within the homogeneous system in the presence of
the nano modifying additive.

Therefore, based on the above-mentioned research re-
sults, it can be stated the following. To achieve an epoxy
matrix with enhanced adhesive characteristics to a metal
substrate, a d-ascorbic acid modifier should be incorpo-
rated into the epoxy oligomer (100 % by weight) at concen-
trations of 0.75 % to 1.0 % by weight. In this case, the mod-
ified epoxy matrix exhibits the following properties: adhe-
sive strength upon detachment
32.6-33.1 MPa, residual stress 1.1 MPa.

In the next stage, the physical and mechanical proper-
ties of the modified materials were investigated. It was
shown that the elastic modulus of the original epoxy oligo-
mer matrix was E = 2.8 GPa, and the flexural strength at
rupture was op = 48.0 MPa (Figure 6). According to the
results of the conducted tests, introducing a modifier into
the epoxy oligomer enhanced the mechanical properties of
the epoxy resin. Specifically, incorporating d-ascorbic acid
into the epoxy oligomer
ED-20 significantly improved both the elastic modulus
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and the flexural strength at rupture. It is important to
note that such improvement dynamics in material proper-
ties are observed only under conditions in which com-
pounds are modified up to the optimal concentration of the
modifier, which is 1.5 wt.% based on 100 wt.% of the inves-
tigated epoxy oligomer (Figure 6). These materials exhibit
enhanced physical and mechanical properties. Experimen-
tally, it was established that the parameters for these com-
posites increased from 2.8 to 3.5 GPa (elastic modulus) and
from 48.0 to 59.4 MPa (flexural strength at rupture) com-
pared with the epoxy matrix. Furthermore, increasing the
additive concentration leads to further deterioration of the
mechanical properties of the materials. Specifically, com-
pared to composites with optimal additive content, the
properties decrease to 3.3 GPa (elastic modulus) and to
57.3 MPa (flexural strength at rupture).
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Fig. 6 — Dynamics of the physico-mechanical properties of
epoxy matrix as a function of DAA concentration:
1. Young's modulus (E); 2. Flexural strength (op)

Note that one of the objectives of this work was to de-
velop an epoxy matrix to form polymer composites de-
signed to withstand impact loads. Therefore, it is essential
to conduct tests to determine the impact resistance of the
modified materials.

According to the results of the conducted studies, it
was found that the impact strength of the original epoxy
matrix was found to be W= 7.4 kd/m? (Fig. 7). Modification
of the compound increased the impact strength of the com-
posites due to the improvement of their cohesive strength.
It has been proven that adding DAA as a modifier at an
optimal content (1.5 wt. %) results in a material whose im-
pact strength increases from 7.4 to 8.6 kJ/m? compared to
the original epoxy matrix. As described above, this is due
to the additional formation of physical and chemical bonds
in the compound's structural network during cross-linking
in the presence of the modifying additive. This undoubt-
edly affects the cohesive strength of the materials and,
consequently, their impact resistance.

To validate the earlier findings on the physicomechan-
ical properties of the developed epoxy composites, their
structure was further analyzed using optical microscopy.
Experimental observations (Fig. 8, a-g) revealed that
epoxy composites modified with 0.5...0.75 wt.% of DAA ex-
hibited branched fracture lines on their surfaces, indicat-
ing uneven fracture patterns and the presence of crater
formations suggestive of material tearing upon impact.
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These surface characteristics highlight the heterogeneous
nature of the composites' cohesive properties within their
volume.
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Fig. 7 — Impact strength (W) dynamics as a function of DAA
concentration: a) original epoxy matrix; b) 0.75 wt. %; ¢) 1.25
wt. %; d) 1.50 wt. %; e) 1.75 wt. %; f) 2.00 wt. %
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The composites modified with 1.25 wt.% of DAA
showed directional crack propagation on the fracture sur-
faces (Fig. 8, d, e). Notably, these major cracks exhibited
complex relief, indicating significant residual stresses
within the heterogeneous system. This phenomenon can
be attributed to intensified structural formation processes
during composite bonding. Consequently, the resulting
materials lack equilibrium from a kinetic standpoint, po-
tentially compromising their cohesive properties during
operational use.

In contrast, analysis of the fracture surface of the com-
posites containing 1.5 wt.% DAA reveals the formation of
a uniformly distributed structure (Fig. 8, f, g). The images
show smooth surfaces devoid of craters or air inclusions.
This surface homogeneity indicates the material's kinetic
and thermodynamic equilibrium, which serves as the
foundation for achieving enhanced cohesive properties.
Therefore, the findings from the image analysis corrobo-
rate the results of the mechanical tests.

As demonstrated earlier (Fig. 6, 7), the composite with
1.5 wt.% additive content exhibits the highest mechanical
properties.

Analysis of the images of composites containing 1.75
and 2.0 wt.% DAA reveals uneven surface characteristics,
marked by deep fracture lines and irregular cracks. This
unevenness is attributed to an excessive amount of the
nano modifying additive in the systems, resulting in a de-
cline in their cohesive properties.

Therefore, based on the results discussed above, it is
confirmed that optical microscopy validates the research
outcomes on the physico-mechanical properties of the
modified materials. It has been demonstrated that adding
1.5 wt.% of the nano modifying additive modifier to the
epoxy matrix is optimal to enhance both the mechanical
properties and impact resistance of the materials. As
shown earlier through IR spectroscopy, this specific con-
centration allows maximum involvement of side groups
and segments from both the epoxy oligomer and the mod-
ifier in the composite bonding processes. This contributes
significantly to the improved cohesive strength of the
modified composite, thereby positively influencing its me-
chanical properties.
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4. CONCLUSIONS

This study investigated the influence of eco-friendly nano
modifying additive d-ascorbic acid (DAA) on the structure
and properties of epoxy matrix. Based on the test results,
a modified epoxy matrix with improved adhesive and
physico-mechanical properties was developed. In this re-
gard, the following conclusions can be drawn:

Using gas chromatography, the nature of chemical
bonds in the structure of the synthesized d-ascorbic acid
for nanostructural modification and its molar mass were
studied. It was determined that the molecular formula of
the modifier is C6H806. According to calculations, the
molar mass of DAA was found to be 176.032088.
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Fig. 8 — Micrographs of fracture surfaces of epoxy composites
at different DAA concentrations, g, wt.% (calculated relative to
100 wt.% ED-20) (x50): a, b) 0.50; ¢, d) 0.75; e, f) 1.25; g, h) 1.50;
i,j) 1.75; k, 1) 2.00.

The molecule of this modifier contains a significant num-
ber of hydroxyl groups. This is a crucial criterion defining
the activity of the additive in achieving homogeneous in-
teraction during the bonding of compounds based on the
epoxy binder. It was anticipated that chemical bonds
would form with the active groups of the PEPA hardener
and analogous side hydroxyl groups of the ED-20 epoxy
oligomer. Additionally, the presence of carbonyl C=0
groups in the structure of the modifier was noted. These
groups can also participate in forming material structure,
enhancing the degree of gel fraction and thereby improv-
ing the cohesive properties of the modified matrix.

1. It has been found that modifying epoxy composi-
tions with d-ascorbic acid in the range of 0.75 % to 1 % by
weight per 100 % of ED-20 epoxy resin increases the ad-
hesive strength from 24.8 MPa to 32.6 to 33.1 MPa, while
reducing residual stresses from 1.4 MPa to 1.2 MPa. The
positive influence of the modifier on enhancing the adhe-
sion of the modified epoxy matrix to the metal substrate
is attributed to its chemical structure. This structure gov-
erns the intermolecular interactions within the homoge-
neous polymer system. In the presence of the additive, in-
teractions are activated, allowing for additional bonding
between the macromolecules of the modifier and the main
oligomer through van der Waals, hydrogen, and acceptor
bonds. These interactions significantly enhance the adhe-
sive properties of the polymer compound to the metal sub-
strate.
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MeTon migBUIIEeHHA MEeXaHIYHUX XapaAKTEePUCTHUK 3aCO0IiB MOPCHKOI'0 TPAHCIOPTY 34 PAXyHOK
€KOJIOTIYHO YnCTOl HaHOMOAuQiKamil eMOKCUIHUX KOMIIO3UTIB

A.B. Byxreros!, K. amxopa2, I0.M. Illynera3, B.B. Comenxo!?, JI. I'pedennxt, O.A. ITactyx?, JI.B. HurtHuxk!

1 Xepconcvka OeporcasHa mopebka axademis, 73000 Xepcor, Vipaina
2 Hauiornanwvruti yrisepcumem «Odecvka nonimexuika», 65044 Odeca, Yrpaina
3 Iynaiicorkuti incmumym Hauyiornanvrnozo yuisepcumemy "Odecvrka mopcvka axademin”, 68600 Ismain, Yipaina
4 Cymcoruti Oepacasruil ynisepcumem, Meduurnuii incmumym, 40022 Cymu, Yipaina
5 TeproninbcbKuli HAQUIOHAILHUL MexHIuHUL YHisepcumem imeni Ieana Ilymwosn, 46001 Teproninw, YVipaina

3axucHi moJIMEpH]I KOMIIO3UTHI ITOKPUTTS IMMPOKO BUKOPHCTOBYIOTHCA Ha MOPCHKOMY TPAHCIIOPTI 3a-
BISKU CBOIM MOKPAIEHUM AJIre31MHUM 1 KOTe31MHUM BJaacTUBOCTAM. MoudikaTopy BBOIATHCSA JJISA I1IBH-
IIEHHS EKCIUIyaTAlliHUX XapaKTePUCTUK IIOJIMEPHUX I[IOKPUTTIB HA OCHOBI EITOKCUIHWX 3B A3yIOUUX.
¥V 1poMy TOCITIIZKEHH] JIOCITTIKY€ThCSA BILIUB €KOJIOTYHO YUCTOI HAaHOMOAM(DIKyI0Uuol 100aBKHU d-acKOpOIHOBOL
KHCJIOTA HA CTPYKTYPY T4 BJIACTUBOCTI EIIOKCHIHOI MATPHIll. 3a peayJibTaTaMy BUIIPOOYBaHBL OyJia po3pob-
JreHa Mo u(IKOBAHA EIOKCUIHA MATPUILS 3 TOKPAIIEHUMH are3liHIMA Ta (PI3UKO-MEeXaHIYHUMU BJIACTABO-
crssmu. Metozom ra3oBoi xpomarorpadii JOCTIKeHO IPUPOAY XIMIYHIX 3B’I3KIB y CTPYKTYPi CHHTE30BAHOIO
MoudikaTopa Ta HMOro MOJSPHY Macy. 3HAYHA KUIBKICTD TIIPOKCHJIBHUX TPYI y CTPYKTYPl MOJIEKYJIH
d-ackopOiHOBOI KHCJIOTH € OQHUM 13 OCHOBHHMX KPUTEPIiiB, 110 BU3HAYAITH AKTUBHICTD JaHOI HAHOMOIUDIKY-
10901 JOOABKH III0/I0 TOMOT€HHUX B3AEMO/IIH IIPH SIMIMBAHHI KOMIIAYH/y HA OCHOBI €[IOKCHUHOIO 3B’S3yI0Y0TI0.
BeranositeHo, 1110 MoaupIKyBAHHS €IOKCHIHAX KOMIIOSHUINHN d-ackopGiHOBOW KHMCJIOTOM ¥ KlabkocTi Big 0,75
1o 1 mac.% ma 100 mac.% emoxcumuoi emosu EJ-20 3a6eareuye miaBUIIeHHS aATre31fHOI MIITHOCTI IPU 3MEH-
IIeHH] 3AJIUIITKOBUX HAIPYKeHb. [[03MTUBHUM BILIUB MOAU(IKATOPA HA IOJIIIIIEHHSA aare3ifHUX BJIACTHBO-
cTert MOIUQIKOBAHOI €IIOKCHUIHOI MATPHIIL A0 METAJIEBOI MiAKIASKN 3yMOBJIEHUN XIMIYHOI CTPYKTYPOIO HA-
HOMOIU(IKYI0OUOl J0OABKH, AKA BH3HAYAE MIMKMOJIEKYJIAPHY B3a€MOII0 B OJHOPIAHIA ITOJIMEpPHIN CHCTeMI.
JloBeeHo, 110 TOKA3HUKH KOTe31MHNUX BIIACTUBOCTEH EIIOKCH/THOTO KOMIIO3UTY (MO/IYJIb IIPYKHOCTI, PyHHIBHI
HaIpy:KeHHs, yaapHa B'S3KICTh) CYTTEBO 3POCTAIOTH IIPU OIITUMAJIBHOMY BMicTi d-ackopbinoBoi kucioru. Lle
TOB’SI3aHO 3 JOTaTKOBUM YTBOPEHHSIM (D13UKO-XIMIYHUX 3B’sI3KiB Y CTPYKTYPHIH CITIIl KOMIIAYH/Y 1T 9ac Horo
3IIMBAHHS B IIPUCYTHOCTI MOIMQiKy090l J0OABKY, IO BIUIMBAE HA MIOKA3HUKHI KOre31fHOI MIITHOCTI Ta yaapo-

CTIMKOCTI MaTepiaJy.

Knrouori cnosa: Enoxcugua cvona ED-20, Exosoriuno gweri Hanomopudikytodl 1o6aBku, D-ackopbiHoBa
Kucsora, 3atBepmkysad PEPA, Emokcunni kommosutr, Enokenanai Mmopebki mokpurts, Koresiiiai Biaactuso-

cTi, Afresiiga MiIHICTh
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