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Abstract

The tribological properties of filled epoxy polymer composites were studied in order to improve the operational
characteristics of friction nods of means of transport. The polymer matrix of the composite is formed on the basis of ED-20 epoxy
oligomer (q = 100 wt. parts) with the addition of orthophthalic dicyclopentadiene unsaturated pre-accelerated polyester resin
ENYDYNE H 68372 TAE (q = 10 wt. parts per 100 wt. parts of epoxy resin), at the same time, cold hardening hardener
polyethylene polyamine (PEPA) (q = 10 wt. parts), initiator for polyester resins Butanox-M50 (q = 1.5 wt. parts) was used. The
modifier methylene diphenyl diisocyanate (q = 0.25 wt. parts) and fillers: hexagonal h-NB 8—10 um (q = 60 wt. parts) and mica
20-40 um were added to the composition of the epoxy-polyester composite (q = 20 wt. parts). The tribological properties of the
composites were studied using a 2070 CMT-1 friction machine after exposure for 150 days in aggressive river water (Dnipro
River) and alkaline environments (50 % NaOH solution).

Keywords: aggressive environment, anti-friction material, coefficient of friction, epoxy-polyester composite, tribological
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Introduction

Today, for the cargo transportation, in particular,
products of the oil and gas industry, means of water
transport with the use of specially designed vessels are
widely wused. At the same time, reliability,
maintainability and longevity of all elements of vehicles
are important, which ensures technical and economic
characteristics of cargo delivery to the consumer [1-2].
Tribological parts, in particular the material from which
they are made, play a key role in the failure-free and
reliable operation of vehicles [2—3]. One of the methods
of increasing the efficiency of friction nodes is the use
of polymer materials and coverings based on them [3—
5]. However, the constant operation of parts and
mechanisms under the influence of an aggressive
environment, variable temperatures and loads puts high
demands on the material from which they are made and
requires constant improvement in order to increase
efficiency [4—6]. Therefore, the creation of polymer
composite materials with improved complex physical-
mechanical, thermophysical and tribological properties
is relevant and promising [4—7].

Currently, reactive plastic polymers based on
epoxy and polyester resins are widely used [4—7]. The
authors [5-9] proved, that ease of manufacture,
controlled influence on properties in a wide range,
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resistance to aggressive environments, and efficiency
make it possible to use polymer composite materials
based on epoxy resins in many parts and mechanisms of
means of transport, in particular, friction pairs. The
researches results of the tribological properties of epoxy
resin modified with molybdenum disulfide and carbon
nanotubes are given in the study [8]. The authors noted
an increase in the hardness and modulus of elasticity of
the composites, which could be used as materials in
environments with high temperatures and high pressure,
where lubricant materials and lubricants are not
effective. There are known studies of the effect of
carbon nanofibers with graphene nanoplates on the
antifriction properties of epoxy composites [9]. At the
same time, the use of nanotubes and graphenes
significantly affects the cost of the part. Therefore, it is
relevant and promising to create an anti-friction material
that will be characterized by increased operational
characteristics, availability of ingredients and a
relatively low cost.

The purpose of the work is to study the tribological
properties of filled epoxy polymer composites to
improve the operational characteristics of friction nodes
of vehicles due to their use.

Materials and methods of research

The following components were used in the
formation of matrices of composite material (CM).:

Epoxy oligomer ED-20 (g = 100 wt. parts).

Orthophthalic dicyclopentadiene unsaturated pre-
accelerated polyester resin ENYDYNE H 68372 TAE —
q = 10 wt. parts (the content is indicated per 100 wt. parts
of epoxy resin), which contains an inhibitor to prevent
instant polymerization (gelation time 7z = 20-24 min).
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Cold hardening hardener polyethylene polyamine
(PEPA) ¢ = 10 wt. parts (the content is indicated per
100 wt. parts of epoxy resin).

Initiator for polyester resins Butanox-M50 -
q = 1.5 wt. parts, which is methyl ethyl ketone peroxide
(MEKP), and contains a low amount of water and a
minimal amount of polar compounds, compared to
ethylene glycol.

5. Modifier methylene diphenyl diisocyanate,
commonly known as pure MDI (4,4-MDI) — g = 0.25
wt. parts. Methylene diphenyl diisocyanate is an
aromatic diisocyanate wused for three-dimensional
crosslinking of polymers in the manufacture of
polyurethane. Chemical formula: CH,(C¢H4NCO),,
molar mass 250 g/mol, density 1.18 g/cm’.

Filler 1: hexagonal h-NB 8-10 um — g = 60 wt.
parts.

Filler 2: mica 20..40 uym — g = 20 wt. parts
(fractionated micromica of the "Standard" series (TU
5725-005-40705684—2001) grade MC-20-80 with a
dispersion of 20-40 um. Mineral composition: mica-
muscovite KAL[(OH, F),AlSi;0,¢]. Chemical
composition according to TU 5725-005-40705684—
2001: silicon oxide (SiO,) — 44-50%, aluminum oxide
(ALO3) — 27-35 %, iron oxide (Fe,O;) — less than 5 %,
magnesium oxide (MgO) — less than 2 %, potassium
oxide (K,0) — more than 8 %, water-soluble salts — less
than 0.2 %).

Before the introduction of hardeners, the
composition was modified by ultraviolet irradiation for
5 minutes.

The materials were approved according to the
experimentally established regime: the formation of
samples and their aging during the time #=12.0 £ 0.1 h.
at a temperature of 7 = 293 £ 2 K, heating at a rate of
v =3 K/min to a temperature of 7= 393 + 2 K, keeping
the samples at this temperature for a time of
t=2.0=£0.05 h., slow cooling to the temperature
T=293+2 K. In order to stabilize the structural
processes in the matrix, the samples were kept for
¢t =24 h. in air at a temperature of 7=293 + 2 K.

The tribological properties of the materials were
studied on the testing machine 2070 CMT-1 according
to the "disk-pad" scheme and the method in accordance
with ASTM G77-17.

The mass intensity of wear was determined by the
formula [10]:

Am

I m = E ’ (1)

where Am is the difference in mass of the sample before
and after friction, mg; AL is friction distance, km.

The coefficient of friction was calculated
according to ASTM G77-17 using the formula [10]:

M
e 2)
where M is the average arithmetic value of the moment
of friction, N'-m; F is the load on the pad, N; r is the
radius of the metal counterbody (arm), m.

The disk (counterbody) was made of material steel
45, heat-treated to a hardness of 45-48 HRC with
surface roughness of Ra = 0.16—0.32 um [10].

The tribological properties of composite materials
that were kept in river water (Dnipro River) and alkaline
medium (NaOH 50 %) for 150 days were studied. All
studies were carried out under specific load p = 1 MPa
and sliding speed v = 1.0 m/s in accordance with the
operating conditions of composite materials. The sliding
path of the samples during the tests was 10,000 m.

The temperature in the contact zone was
determined using a “chromel-copel” thermocouple, the
signal from which was recorded by measuring
equipment. The thermocouple was placed at a distance
of /, = 2 mm from the contact area of the sample with
the counterbody.

Results and discussion

In this paper, the effect of aggressive river water
environment (Dnipro River) and alkaline medium
(NaOH 50 %) on the tribological properties of the
developed composite [11-12] with the content of mica
(20 wt. parts) and hexagonal boron nitride (60 wt. parts).
Previously, the samples were kept for 150 days in these
environments with further testing after the specified
period expired. The choice of test environments is
directly connected with the introduction of developed
materials in the transport industry. When studying the
tribological properties of composite materials, a
comparison was made with a composite of the same
composition and molding technology tested under dry
friction conditions, which is characterized by the
following indicators of the studied properties: coeffi-
cient of friction f=0.14-0.16, working temperature
T=357-360 K, burn-in path [/=2800-3000 m and
wear intensity [m=13.9-14.1 mg/km [11]. The
coefficient of friction of the material kept in river water
has decreased from f = 0.14-0.16 (during dry friction)
to f = 0.09-0.11, and the intensity of wear decreased
significantly from /m=13.9-14.1 to Im=0.18-0.20
mg/km (Fig. 1). However, the burn-in path increased
from /=2800-3000 to /=4700-5000 m. This is
obviously due to the formation of friction products in
the contact zone and oxidation of the counterbody with
subsequent formation of oxides. Since the oxides have
less strength than the counterbody material, they break
down faster on contact, as a result of which the duration
of the burn-in stage increases until the stable wear zone
is established. This theory was confirmed by the
analysis of the friction surface of the material
(Fig. 2, a), on which the oxidation products of the
counterbody are present. The working temperature in
the contact zone was 7=308-309 K (Table 1). The
obtained results can be explained by the influence of
river water on the friction process. It is known that
during liquid lubrication, the resistance to body
movement is determined by internal friction (viscosity
of the liquid) and consists of the sliding resistance of
liquid layers along the thickness of the lubricating layer.
Comparing the values of the coefficients of friction of
the material when lubricated in grease and river water, it
was found that the coefficient of friction of CM in river
water is lower, which follows from the lower viscosity
of river water compared to grease.
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Figure 1 — Dependence of the coefficient of friction (1) and operating temperature (2)
from the testing path of the composite material

a)

a) testing in river water, b) testing in an alkaline environment

b)

Figure 2 — The surface of the composite material, which was kept in river water and NaOH environments
after friction with an increase in 3 times

Table 1 —Tribological properties of CM,
which were kept in aggressive environments

Testing CM
Parameters in the conditions of
river water NaOH
(50 %)
Operating time M, N-m 0.44-0.59 0.24-0.32
Coefficient of friction f | 0.09-0.11 0.05-0.06
?pliratmg temperature 308-309 305-306
Burn-in path L, m 4700-5000 [ 46004800
Wear intensity 0.18-020 | 0.10-0.20
1, mg/km

For the material tested under conditions of an
alkaline environment influence, the values of the
friction coefficient and wear intensity decreased from
f=0.14-0.16, I, =13.9-14.1 mg/km (in case of dry
friction) to f=0.05-0.06, [,=0.10-0.20 mg/km,
respectively. At the same time, the section of stable
wear for such material begins after the burn-in path
[=4600-4800 m. The value of the operating
temperature in the contact zone was 7'=305-306 K.
The absence of significant changes in the studied

characteristics along the entire friction path indicates the
resistance of the developed material to the influence of
aggressive highly concentrated alkaline environment.
The similarity of the values of the coefficient of friction
by friction in grease and alkaline media can be
explained by the increase in the viscosity of the NaOH
solution at a concentration of 50 % alkali. It is obvious,
that the influence of an aggressive environment does not
reduce the adhesive strength between the matrix and the
fillers. The obtained results of the CM study, namely,
low indicators of the coefficient of friction and intensity
of wear, indicate the feasibility of using the developed
material in aggressive alkaline environments.

Fig. 2 shows the friction surfaces of the samples
tested in river water and an alkaline environment. The
friction surface of the composite, which was tested in
river water, has traces of lapping 1 in Fig. 2, a. Also, as
mentioned above, there are oxides of the counterbody
on the surface of the material (2 in Fig. 2, a), which
indicates the corrosive activity of the river water
environment. In the photo of Fig. 2 b, there are no
typical friction tracks, which allows us to assert about
liquid lubrication of the friction surfaces material and
the presence of a layer of liquid lubricant (alkaline
medium) in the contact zone. It should be noted that the
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viscosity of the lubricant is not a function of the
coefficient of friction, but the oiliness of the lubricant is
such a characteristic. Therefore, analyzing the surfaces
of the material and the coefficients of friction, it can be
stated that alkaline environment is more oily compared
to river water.

Comparing the results of the study of the epoxy-
polyester composite during friction in different
environments, it can be stated that the studied
properties, namely, the coefficient of friction, the
intensity of wear decrease by 1.5-2.8 times and 50—150
times, respectively, compared to dry friction. At the
same time, the burn-in path increased by 1.3—1.7 times,
which, together with the decrease in wear intensity,
indicates a decrease in wear. Therefore, the obtained
results of the tribological properties of CM with the
content of mica and hexagonal boron nitride (20 : 60 wt.
parts) indicate the expediency of using such materials in
the friction nodes of mechanisms that work under the
influence of aggressive environments of river water and
alkali NaOH (50 %).

Conclusions

According to the results of studies of the
tribological properties of the composite material in the
environment of river water, the following indicators
were established: coefficient of friction f=0.09-0.11,
burn-in path [/=4700-5000 m, wear intensity
Im = 0.18-0.20 mg/km, operating temperature 7= 308—
309 K. For the composite material, which was tested in
alkaline conditions, the value of the coefficient of
friction decreased from f=0.14-0.16 (during dry
friction) to f=0.05-0.06, wear intensity from
Im=13.9-14.10 mg/km to Im =0.10-0.20 mg/km. At
the same time, the burn-in path and operating
temperature in the contact zone were / =4600—4800 m
and 7=305-306 K, respectively. The results of the
study were confirmed by optical microscopy. The
obtained results of the study of the tribological
properties of CM with the content of a bidisperse filler
(mica, h-BN) indicate the feasibility of using the
developed materials in the friction nodes of mechanisms
that operate under the influence of an aggressive
environment (river water, alkaline environment).

The publication contains the results of research
within the framework of R&D of young scientists
"Development of anti-friction nanocomposite materials
in order to improve the operational characteristics of
friction nodes of land and water transport” (state
registration number 0120U101566).

References

[1] Chen, X 2019, ‘Marine Transport Efficiency
Evaluation of Cross-border E-commerce Logistics Based on
Analytic Hierarchy Process’, Journal of Coastal Research,
94(spl), 682. https://doi.org/10.2112/S194-135.1

[2] Sui, C, Stapersma, D, Visser, K, de Vos, P & Ding,
Y 2019, ‘Energy effectiveness of ocean-going cargo ship
under various operating conditions’, Ocean Engineering, 190,
106473. https://doi.org/10.1016/j.oceaneng.2019.106473

[3] Kerber, ML, Vinogradov, VM & Golovkin, GS
2014, Polymer composite matherials: structure, properties,
technology, COP «Professiya». [in Russian]

[4] Buketov, A, Brailo, M, Yakushchenko, S &
Sapronova, A 2018, ‘Development of Epoxy-Polyester
Composite with Improved Thermophysical Properties for
Restoration of Details of Sea and River Transport’, Materials
Science and Engineering, pp- 1-6.
https://doi.org/10.1155/2018/6378782.

[5] Park, JH & Rutledge, GC 2017, ‘50th anniversary
perspective: Advanced polymer fibers: High performance and
ultrafine’, Macromolecules, vol. 50, pp. 5627-5642.

[6] Kashytskyi, V, Sadova, O, Liushuk, O, Davydiuk, O
& Myskovets, S 2017, ‘Examining a mechanism of generating
the fragments of protective film in the trybological system
“epoxycomposite—steel”,  Eastern-European J.  Enterp.
Technol, vol.2, pp.10-16. https://doi.org/10.15587/1729-
4061.2017.97418

[7] Jamshidi, R, Heidarpour, A, Aghamohammadi, H &
Eslami-Farsani, R 2019, ‘Improvement in the mechanical and
tribological behavior of epoxy matrix with the inclusion of
synthesized Ti 3 AIC 10 MAX particles’, J. Compos. Mater.
vol. 53, pp- 3819-3827. https://doi.org/10.1177/
0021998319848140

[8] Ren, Z et al. 2019, ‘Tribological properties of
molybdenum disulfide and helical carbon nanotube modified
epoxy resin’, Materials, vol. 12, no. 6, pp. 903.

[9] Ma, X et al. 2021, ‘Highly thermally conductive
epoxy composites with anti-friction performance achieved by
carbon nanofibers assisted graphene nanoplatelets assembly’,
European Polymer Journal, vol. 151, pp. 110443.

[10] Sahin, Y & De Baets, P 2017, ‘Friction and Wear
Behavior of Carbon Fabric-Reinforced Epoxy Composites’,
JOM, vol. 69, pp. 2443-2447. https://doi.org/10.1007/s11837-
017-2273-2

[11] Buketov, AV, Brailo, MV, Sapronov, OO, Kruglyj,
DG, Appazov, ES, Dulebova, L & Klevtsov, KM 2020,
‘Nanofilled Antifriction Polymeric Composite Materials for
Parts of Friction Units of Sea and River Transport’, Journal of
nano- and electronic physics, vol. 12, no. 5, pp. 05025-1—
05025-6. DOI: https://doi.org/10.21272/jnep.12(5).05025.

[12] Yakushchenko, SV, Brailo, MV, Buketov, AV,
Sapronov, OO, Popovych, V & Dulebova, L 2022,
‘Investigation of the properties and structure of epoxy-
polyester composites with two-component bidispersed filler’,
Composites: Mechanics, Computations, Applications, An
International Journal, 13(1):81-9.

ISSN 2311—1399. Journal of Hydrocarbon Power Engineering. 2022, Vol. 9, Issue 1 17



S. V. Yakushchenko, M. V. Brailo, K. Yu. Yurenin

YK 667.64:678.026

HdocnigxeHHs TPMOGONOriYHNX BNacTMBOCTEN HAaNOBHEHUX €MNOKCUNONiMepHUX
KOMMO3UTIB ANA NiABULIEHHSA eKCniyaTauinHUX XapakTepucTUK By3niB TepTs
3acobiB TpaHcnopTy

C. B. Axywenko, M. B. bpaino, K. IO. IOpenin

Xepconcwra oepoicasna mopcoka akademis,
npocnexm Ywaxosa, 20, m. Xepcon, 73000, Yxpaina

JlocmipkeHo TpHOOJIOTIUHI BIACTHBOCTI HAIMOBHEHWX EMOKCHUAHHMX TIOJIMEPHUX KOMITO3UTIB 3 METOIO
TIOKpAIeHHsI eKCIUTyaTallifHAX XapaKTepUCTHK BY3JIB TEpTS TpaHCHOPTHUX 3acobiB. I[lomimepHa wmatpuist
KOMITO3UTy c(hopMoOBaHa Ha OCHOBi emokcuaHoro ojiromepy EJI-20 (q = 100 mac. yacTwH) 3 JOJaBaHHIM
opTodTaneBoi AWIUKIONCHTAAI€EHOBOI HEHACHYEHOI NomepeqHbo mpuckopeHoi nomedipnoi cmomn ENYDYNE
H 68372 TAE (q = 10 mac. yactun Ha 100 Mac. 4acTHH EIOKCHJHOI CMOJIM), BOJHOYAacC BHKOPHUCTOBYBAIU
3aTBep/KyBad XosoxHoro TBepaiHHs moniermwieHnomiamin (ITEITA) (q = 10 mac. wacTtuH), iHimiatop mis
noiiepipuux cmon byranoke-MS50 (q = 1,5 mac. wactun). [lo ckiagy enokcuIHO-1oJiedipHOrO KOMIIO3UTY
BBeJICHO MojudikaTop MertwieHaudeninaiizonianar (q = 0,25 mac. 4acTUH) Ta HANOBHIOBAYi: T'eKCAaroHAIBHUI
h-NB 8-10 mxm (q = 60 mac. yactun) Ta cmoay 20-40 mxm (q = 20 mac. yactus). TpuOoIOriyHI BIaCTHBOCTI
KOMITO3UTIB BUBYANW Ha MamuHi Tepts 2070 CMT-1 micis BUTpuMKH mpoTsaroM 150 mid B arpecuBHIN pidKoBii
Bozi (p. Juinpo) Ta xyxua0oMy cepenosui (50 % po3una NaOH).

KitouoBi cnoBa: aepecusne cepedoguue, ammupuxyitinuii mamepian, enokcu-noaie)ipHull KomMnozum,
iHmeHcUHicmb 3HOCY, Koeiyichm mepmst, mpuboL0STYHI 61ACTNIUBOCTNL.
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