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Abstract

In the work, to form a composite material with increased physical and mechanical properties, an epoxy diane oligomer ED-
20. a hardener polyethylene polyamine PEPA and a modificr 2,4 diaminotoluene were used as a binder. The dependence of the
nanoparticle content as a mixture of nanodispersed compounds on the physicomechanical properties of epoxy composites was
studied. To form a protective coating with increased cohesive properties, the optimal content of nanoparticles is q = 0.5 pts.wt. by
100 parts by weight of epoxy oligomer ED-20. which provides an incrcasc in the ability of the developed material to resist static,
dynamic, and shock loads. The adsorption and catalytic activity of nanofillers has been proved by optical spectroscopy, which
provides interaction with the side chains of the epoxy oligomer chain, as a result of which the cohesive strength of the materials

increases.
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Nowadays the development of polymer
nanocomposite materials 1s one of the ways of polymer
technologies development. If we introduce inorganic
nanodispersed fillers as components to a polymer
binder, we can improve the properties of composite
materials (CM), developed on their basis [1, 2]. Epoxy
polymers are widely used in the oil and gas industry as
matrices for such materials due to a wide range of their
properties. These include: increased cohesive and
adhesion strength, chemical resistance. workability,
resistance to aggressive environments and relatively low
cost [3-3]. Epoxy composites with a dense three-
dimensional mesh structure have relatively high thermal
stability and glass transition temperature. At the same
time, such materials are susceptible to fragile
destruction and have a low counteraction to the
propagation of cracks when they are operated under
critical conditions. This limits their use in the oil and
gas industry to increase the stability of protective
coatings. Therefore, increasing the cohesive strength of
thc CM without reducing the thermophysical propertics
is a prerequisite for the formation of materials that are
exposed to siress.

The authors [6, 7] researched the propertics of CM
on the basis of epoxy diane resin for different contents
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of nano-fillers. The regularities of surface and bulk
modification for obtaining polymer materials with
increased performance parameters [8] have been
established. The modes of ultrasonic treatment of epoxy
compositions have been investigated in order to form
disperse  systems with uniform distribution of
nanoparticles in volume [9]. This -allows the formation
of protective coatings and CM with impreved cohesive
properties. It is proved that the introduction of
insignificant content of nano-fillers increases the ability
of materials to resist static and dynamic (including
shock) load [10]. In the papers of [11, 12] it is shown
that for insignificant content of nano-dispersed fillers,
the indexes of physical and mechanical propertics of
CM are increased. Therefore. the study of the effect of
various nano-fillers on the properties of epoxy
composites is an wrgent task in crcating maicrials with
increased performance characteristics for the oil and gas
industry.

The aim of the work is to study the influence of
nanoparticles as a mixture of nanodispersed compounds
(MNDC) on the cohesive properties of epoxy
composiles,

Materials and methods of research

The cpoxy dianc oligomer ED-20 (GOST 10587~
84), which is characterized by high adhesion and
cohesive strength, slight shrinkage and technological
cfficicncy when applicd on the surface of a complex
profile, is chosen as the main component of the binder
during the formation of epoxy CM.
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2.4-diaminotoluene (DAT) is used as a modifier.
The modifier was injected into the binder (1.00 mass
parts for 100 mass parts of an epoxy oligomer ED-20)
(hereafter mass parts referred to as for 100 mass parts of
an epoxy oligomer ED-20). Molccular formula of the
modifier is C;H;(N,. The molecular mass of 24-
diaminotoluene is 122.1677. The melting point is 98 °C.
This substance is from a series of diamines of the
phenylene series. The medifier is soluble in polar
organic solvents. such as methanol, cthanol, acetone,
ethyl acetate and is slightly soluble in water. It is used
as a synthon for the synthesis of acridine dycs.

For cross-linking of epoxy compositions, a
polyethylene polyamine PEPA (TU 6-05-241-202-78)
hardener was used, which allows the materials to be
cured at room temperatures. PEPA is a low molecular
weight substance that consists of the following
interconnected components: [-CH,-CH,-NH-],. CM was
cross-linked, introducing the hardener into the
composition at a stoichiometric ratio of components
{mass parts) — ED-20 : PEPA - 100 : 10.

As a nanodispersed filler for experimental studics
we used powders that are MNDC and are characterized
by the following composition,%:

MNDC 1: SizN, — 59.5; Al,O; — 24.4; AIN - 10.1;
TiN - 6.0;

MNDC 2: SizN, - 85; AlIF; — 5; IH - 5; ZrH - 5.

The granularity of the particles is as follows:

1. MNDC 1 —d = 20-80 nm.

2. MNDC 2 — d = 3040 nm.

The characteristics of nano-fillers are given in
Table 1.

Table 1 - The characteristics of nano-fillers

Characteristics 1 SiaN; | ALO; | AIN | TiN
Specific surface arca 44 44 39 48
S, m2/g

Particle size by heat 41 41 47 23
adsorption method
d, nm

Particle size by 39 76 26 43
electron microscopy
d, nm

Epoxy composites were formed according to the
following technology: warming the resin to a temperature
T =353 = 2 K and curing it at the given temperature
during the time ¢+ = 20 x= 0.1 min; hydrodynamic
combination of oligomer, modifier and filler particles
during the time ¢ = 10 + 0.1 min; ultrasound processing
of the composition during the time = 1.5 + 0.1 min;
cooling the composition to room temperature during the
time ¢ = 60 = 5 min; introduction of the hardener and
mixing of the composition during the time r= 35 + 0.1 min.
CM was cured according to the mode: the formation
of specimens and their curing during the time
t=12.0+0.1 h at a tecmperature 7'= 293 + 2 K, heating
at a speed of v =3 K/min to a temperature 7= 393 + 2 K,
curing during the time r = 2.0 + 0.05 h, slow cooling to a
temperature of 7 = 293 + 2 K. In order to stabiliz¢ the
structural proccsses in the composite, the samples were

kept at a temperature of 7=293 + 2 K for 1 =24 h in air.
This was followed by experimental testing.

In this study the following properties of CM were
investigated: destruclive stresses and elasticity modulus
at bending, impact strength, the structure of the formed
composites was investigated by optical microscopy.

Destructive stresses and elastic modulus at bending
were determined according to GOST 4648-71 and
GOST 9550-81 respectively. Parameters of samples:
length { = 120 *+ 2 mm, width # = 15 + 0.5 mm, height
h=10%05 mm.

Impact viscosity was determined by the Charpy
impact test according to GOST 4647-80 at the MK-30
pendulum spear at a temperature 7= 298 + 2 K and a
relative humidity d = 50 + 5 %. Samples with the
following parameters were used: (63.5x12.7x12.7) £ 0.5
mm, The distance between the supports is 40 + (0.5 mm.

Deviations of the valucs in thc studics of the
adhesion and physical and mechanical properties of the
CM were 4-6 % of the nominal.

Results and discussion

The influcnce of nanodispersed particles on the
physical and mechanical properties of CM s
investigated in this paper. The developed epoxy matrix
based on the oligomer ED-20 (100 mass parts) was
previously modificd with 2,4-diaminotoluene (1 mass
part) and treated with ultrasound (before the
introduction of the hardener). After cooling the
composition 10 room temperature, a
polyethylenepolyamine hardener was injected into the
binder (10 mass parts).

It is established (Fig. 1) that the values of
destructive stress and elastic modulus at bending of the
modified epoxy matrix are respectively o, = 57.2 MPa
and E = 3.4 GPa, and the impact strength is W = 7.9 kJ/m’.
In the first stage, regularities of the influence of the
filler of MNDC 1 on the physical and mechanical
characteristics of the CM were established. Results of
experimental tests of CM for the contents of a nano-
filler in the range of ¢ = 0.10-2.00 mass parts are
presented in Fig. 1. Tt was established that with
insignificant introduction of the additive in the quantity
of g = 0.10 mass parts, the cohesive properties of the
material are almost unchanged. Indicators of destructive
stress and elastic modulus at bending have the following
values: o, = 57.0 MPa, E = 3.5 GPa, impact strength -~
W = 7.7 k)/m’. As the content of the filler increases (o
g = 0.50 mass parts, an incrcasc in the indexes of the
properties of studied CM is observed. Correspondingly,
the parameters of the destructive stresses al bending
increase from 6., = 57.2 MPa (for a modified epoxy
matrix) to oy, = 63.7 MPa (Fig. 1, curve 1), the elastic
modulus for bending increases from E = 3.4 GPa to
F = 3.9 GPa (rice 1, curve 2), and indicators of impact
strength — from W = 7.9 ki/m* to W = 8.1 kl/m®
(Fig. 1, curve 3). It is obvious that for the given content
of MNDC 1, compounds that make it up have a positive
effect on the physical and mechanical propertics of the
materials under study. With a further increase in the
content of nano-dispersed filler (¢ = 1.00-2.00 ppm), a
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1 — the modulus of elasticity at bending (E); 2 - fracture stresses at bending (0y); 3 — impact viscosily (W, kJ/m®)

Figure 1 — Dependence of physical and mechanical properties and impact viscosity of the CM
on the content of the filler MNDC 1

decrcase in the values of destructive stresses at bending
and toughness was abserved up to 6., = 41.2-47.6 MPa
and W = 5.4-5.6 kJ/m*. By increasing the content of the
filler over @ = 1.00 mass parts, the parameters of the
elastic modulus at bending almost do not change and
make k£ = 3.1 GPa (Fig. 1, curve 2). Thus, it has been
cxperimentally established that when introducing into
the modified epoxy matrix of a nano-dispersed additive
such as a MNDC 1 (d = 20-80 nm) (0.50 mass parts),
the destructive stresses at bending, the elasticity at
bending and impact strength are maximally raised to
Open = 63.7 MPa, E = 3.9 GPa and W = 8.1 kI/m’
respectively. To obtain a CM with improved
performance, it is appropriate to use a material with the
following composition: epoxy resin ED-20 (100 mass
parts), 2.4-diaminotolucne modifier (1 mass part),
PEPA hardencr (10 mass parts), nanodispersed filler
MNDC 1 (0.50 mass parts). In the formation of such a
composite, the destructive stresses at bending ol a
relatively modificd epoxy matrix increase 1.1 times, the
modulus of elasticity at bending - 1.2 times, the index
of impact strength practically does not change.

At the next stage, physicat and mechanical properties
of modified epoxy CMs, containing nanodispersed filler
MNDC 2 were studied. The dynamics of the parameters
ol the studied characteristics for the content of the
additive ¢ = 0.10-2.00 mass. parts is shown in Fig. 2. It
was established that the introduction of the [iller into an
epoxy binder in the amount of 0.10 mass parts leads to a
significant increase in the indexes of destructive stresses
at bending from ., = 57.2 MPa to a;., = 76.6 MPa
{Fig. 2, curve 1). AL the same time, CM is characterized
by a modulus of elastisity, having similar characteristics
as the modified polymer matrix — £ = 3.4 GPa, and the
impact strength of this material is reduced f{rom
W= 7.9 kI/m" to W = 7.6 kJ/m* (Fig. 2, curves 2, 3). At
the content of nanofiller of ¢ = 0.50 mass parts, we
observed an increasc in the indexes of all investigated
properties. The values of destructive stresses at bending
increase from o, = 57.2 MPa (for a modificd epoxy

matrix) to ., = 65.2 MPa, elastic modulus at — from
£ =34 GPa (0 E = 3.8 GPa, and impact strength — from
W =79 kl/m’ to W = 9.6 kl/m”. With the introduction
of MNDC 2 in a binder in the amount of 1.00 mass
parts, physical and mechanical properties of the CM
were decreased to oy, = 48.4 MPa, E = 3.3 GPa and
W = 5.2 kl/m’ respectively. Subsequently, the nano
filler was injected into an epoxy binder in an amount of
g = 2.00 mass parts. It is determined that the physical
and mechanical properties of CM for such contents of
particles considerably deterioratc and make respectively
Ojn = 44.6 MPa, E =2.9 GPa and W = 5.8 ki/m’".

On the basis of the results of the study, the critical
conltent of the MNDC 2 nanoparticles was established in
the modified epoxy CM. It has been experimentally
proved that the introduction of a nanodispersed filler
MNDC 2 in the amount of ¢ = 0.50 mass parts provides
formation of CM with maximum (in complex)
indicators of physical and mechanical properties:
destructive stresses at bending — ., = 652 MPa,
elasticity modulus — E = 3.8 GPa, impact strength —
W = 9.6 kI/m>. It is proved that at the content of the
additive in the amount of 0.10 mass parts the destructive
stresses at bending are maximum for the investigated
range ol concentrations (ay,, = 76.6 MPa). However, the
valuc of the elasticity modulus at bending and impact
strength, as compared with the critical content of the
additive (g = 0.50 mass parts ), is 1.12 and respectively
1.26 times lower. Since these characteristics have a
decisive influence on the performance of materials, it is
appropriatc to form a CM of the following composition:
epoxy resin ED-20 (100 mass parts), 2.4-diamino-
toluene modifier (1 mass part), PEPA hardencr (10 mass
parts), nanodispersed filler MNDC 2 (0.50 mass parts).

To prove the results of the study of physical and
mechanical propertics, an analysis of the fracture
surfaces of the CM with the help of optical microscopy
was performed. In Fig, 3 there are microimages of the
fracture surfaces of the CM, filled with nano-filler
MNDC 1. The photos of the fracture surfaces at the
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1 — the modulus of elasticity at bending (E); 2 — fracture stresses at bending (0y); 3 — impact viscosity (W, kl/m’)

Figure 2 — Dependence of physical and mechanical properties and impact viscosity of the CM
on the content of the filler MNDC 2

content of particles of ¢ = 0.25 mass parts (Fig. 3, ) do
not differ significantly from the photos of the control
sample (modified epoxy matrix) (Fig. 3, ¢). The fracture
surfaces of the samples are characterized by uneven
lines of shaking, due 10 the presence of residual stresses
in the CM. Thc dynamics of the parameters of the
elasticity modulus at bending and impact strength
(Fig. 1, curves 2. 3) is confirmed by the analysis of the
fracture surfaces. In particular, for the contents of the
filler in the amount ¢ = 0.50 mass parts (Fig. 3, ¢) a
material with a flat fracture surface is [ormed. It can be
argucd that there are insignificant rcsidual stresses in
this composite, which implies its reliability during
operation. Obviously, this is due to the adsorption
activity of the particles of the nano-filler in the polymer
binder when structuring (hc material. In this case, the
dispersed particles during the cross-linking of CM are
interphase inleraction catalysts. The macromolecules of
the binder are adsorbed on the catalytic surface of the
filler, which ensures its interaction with the side groups
of the epoxy oligomer and modificr chains. This leads to
an increase in the strength of the material. The above
assumptions correlate and coincide well with the results
of studies on the physical and mechanical properties of
the CM (Tiig. 1). With further increase of MNDC 1
content (g = 0.75-2.00 mass parts) in a polymer binder
we obscrved the formation of inhomogeneous lines of
shaking and increased fragility of the investigated CM
(Fig. 3, f~i). It was envisioned that, at the cross-linking
of such materials, local temperature stresses in polymer
significantly increase, which lcads to a decrease in the
cohesion strength of the composites (Fig. 3. A, ).

Thus, the method of optical microscopy has
established adsorption and catalytic activity of nano-
fillers of MNDC 1 and MNDC 2, providing interaction
with lateral groups of chains of an epoxy oligomer, as a
result of which the cohesive strength of investigated
materials increases. Experimental studies of physical
and mechanical properties correlate with the results of the
analysis of the microimages of fracture surfaces of CM.
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Conclusions

The paper defines optimum content of nano-fillers
for formation of materials and protective coatings with
improved cohesive properties, which allows to provide
long-term  operation of surfaces and parts of
technological equipment in the oil and gas industry. The
following has been defined:

1) For the formation of coatings with improved
physical and mechanical properties, it is expedient to
use composites bascd on a polymer matrix containing an
epoxy dianc oligomer ED-20 (100 mass parts), a
polvethylene polyamine PEPA (10 mass parts) and a
2.4-diaminotolucne modifier (1 mass part). Introduction
of a nanodispersed filler into a binder (d = 20-80 nm),
which is a mixture of nanodispersed compounds: SizNy -
59.5 %; ALO; - 24.4 %; AIN - 10.1 %; TiN - 6.0 %
provides the formation of a composite, in which the
indices of cohesive properties compared (o the modified
matrix are increased as follows:

the modulvs of clasticity at bending — from £=3.4
GPato 7 =3.9 GPa;

fracture stresscs at bending — from oy, = 57.2 MPa
10 Gy, = 63.7 MPa;

impact  viscosity —
W=28.1 kJfm".

2) For the formation of coatings with improved
physical and mechanical properties, it is expedient to
use composites bascd on a polymer matrix containing an
epoxy diane oligomer ED-20 (100 mass parts). a
polyethylene polyamine PEPA (10 mass parts) and a
2.4-diaminotoluenc modifier (1 mass part). Introduction
of a nanodispersed binder (¢ = 30—40 nm), which is a
mixture of nanodispersed compounds: SizN; — 85 %:
AlFy - 5%: TH — 5%; ZtH - 5% provides the
formation of a composite, in which the indices of
cohesive properties compared to the modified matrix are
increased as follows:

from W=79%kJ/m* to

17
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c)
a) initial matrix (control specimen); b) 0.25; c) 0.50

Figure 3 (1) - Microimages of the fracture surface of the CM with nanofiller MNDC 1, ¢, mass parts (1x1)
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5
d) 0.75; €) 1.00; f) 1.25

Figure 3 (2)
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h)

i)
g) 1.50; h) 1.75; i) 2.00
Figure 3 (3)
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the modulus of elasticity at bending — from
E=34GPato £ =38 GPa;

fracture stresses at bending — (rom @y, = 57.2 MPa
to gpen, = 65.2 MPa;

impact viscosity — from W =
W=9.6 kl/m".

3) With the help of the optical microscopy method
we invesligated the fracture surface of samples,
containing nanodispersed fillers. Tt has been confirmed
that intorduction of additives (0.50 mass parts) leads to
an increase in the coagulation strength of composite
materials. The adsorption and catalytic activity of
MNDC 1 and MNDC 2 nano fillers has been revealed,
which provides the interaction of active centers on the
surface of particles with side groups of the epoxy
oligomer chains, which improves the physical and
mechanical propertics of the materials under study. The
results of the study by the method of optical microscopy
correlate with the results of testing of physical and
mechanical properties of the developed materials.

79 kl/m® to
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Bnnue HaHOYacCTOK Ha (hizMKo-MexaHiyHi BNacTUBOCTI
MOAUKiKOBAHMX eMOKCUKOMMNO3UTHUX NOKPUTTIB

JIT. Cmyx.rmkl, C.B. ﬂkyu(eukoz
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Tepnoninbcokuii RayioHarbHu mexniunui yuiespcumem iveni Isana Ilymoa;
sy, Pycvra, 56, Tepronine, 46000, Vrpaina

“Xepconebka 0epxCa6Ha MOPCLKA AKA0EMIA;
npocnekm Ywaxoea, 20, M. Xepcon, 73000, Vepaina

Jlns (hopMYBaHHS KOMIIO3UTHAX MaTepIaNiB i3 MABHICHAMA LIOKasHAKAMH (H3UKO-MeXaHIIX BIacTHBOCTCH
PO3LIAJIACTLCS  BHKOPHCTAHHS  sIK  3B'S3yBada €NOKCHAHOTO JIianmopore ouairomepa EJ-20, TBepnnwka
nometnieHnoaiaminy ITEIIA 1 monndikaropa 2,4-giaminoroayeH. JlocnijuKeno 3alckHICTs BMICTY HAHOY4CTOK ¥
BHIVIAL CyMIlli HAHOJIUCTICPCHMX CUONYK Ha (i3WKO-MCXaHiuHI BJACTHBOCTI EMOKCHIHMX KOMMO3MTIB. s
(hopMyBaHHS 3aXHCHOI'0 TIOKPHTTS 13 MOJIMIIEHHMH KOT€3iHHHMH BNaCTHBOCTAMHM ONITHMAILHHI BMICT HAIIOYACTOK
cranoButh g = (.5 Mac. 4. #a 100 Mac. 4. emokcugaoro oxiroMepy EJI-20. mo sabc3neuye minBHIIEHHA 3JaTHOCT
pospobnieHoro Martepiany YMHHTH ONIp CTATHYHUM 1 [JMHAMIMHMM (B TOMY 4MCI1 Y/IapHOTO XapakTepy)
HAB4HTAKCHHAM. MeTronom ormTudHOoi  Mikpockonil BussreHo aucopOuiiiny 1 KaTaniTHUHY —aKTHBIICTE
HAHOHATIOBHIOBAYIB, 10 3a0e3iedye B3a€MOJIII0 3 OOKOBMMH I'DyNamMM JAHNOT2 CNOKCHAHOLC OJITOMEpY,
BHACII 10K 4O1'0 3pocTae Kore3ilfHa Milnicts MaTepianis.

Kool cnoBa: enokcudnuit komnosum, mMoOOyie RPVICHOCME, HAHOUACMKU, PVUHIGHI HANDYIICCHHS npu
32UHAHHI, YOAPHA 6 AZKICHb,
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