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of protective coating

0.0.Sapronovl, A.V.Buketovl, P.O.Maruschak2, S.V.Panin3’4,
M.V.Brailol, S.V.Yakushchenkol, A.V.Sapronoval,
O.V.Leshchenkol, A.Menou,5

IKherson State Maritime Academy, 20 Ushakov Ave.,
73009 Kherson, Ukraine
2Ter’nopol I. Pul’uj National Technical University,
56 Ruska Ave., 46001 Ternopil, Ukraine
Institute of Strength Physics and Materials Science Siberian Branch of
the Russian Academy of Sciences, 2/4 Academicheskii Ave., 634055
Tomsk, Russia
“National Research Tomsk Polytechnic University,
30 Lenin Ave., 634050 Tomsk, Russia
®International Academy of Civil Aviation, Casablanca, Morocco

3

Received September 12, 2018

The analysis of destruction process under the impact loading of developed epoxy
composites with different content of carbon nanotubes is carried out. Introduction of
nanoparticles into the epoxy binder at the optimal content of ¢ = 0.010 pts-wt. allows
3 times increase of impact resilience relative to the epoxy matrix. The loading value at the
moment of material destruction, the value of critical strain and the crack propagation rate
in time to the materials destruction on the impact testing machine RKP-300 for high-
speed loading are established. By the method of optical and electron microscopy it is
established that the uniformity of particles distribution of carbon nanotubes influences the
morphology of nanocomposites, and hence the properties of the formed materials.
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ITpoBemen amanma mporecca paspylleHUA IIPU YAAPHOU Harpyske paspaboTaHHBIX SII0K-
CHIHBIX KOMIIOBHTOB C Pa3JIMYHBIM COAEPIKAHMEM YIUIEPOJHBIX HAaHOTPYOOK. BBemeHne HaHoOudac-
TUI[ B SIOKCUIHOE CBA3YIOIlee Ipu onrumManbHOM cozep:xanuu ¢ = 0,010 mac-u. mossBossier
MOBLICUTEL YAAPHYIO BA3KOCTL B 3 pasa OTHOCUTENLHO JIOKCUIHON MATPHUILI. ¥ CTAHOBJIEHO 3HA-
yeHrMe HATPYSKH B MOMEHT paspyIllleHns MaTepuaja, 3HaueHre KPUTUYECKON medopManuu ¥
CKOPOCTL PacCIIPOCTPAHEHNA TPEIWHLI BO BpeMeHH IO PaspylleHnsa MaTepuaaoB Ha Kompe RKP-
300 BLICOKOCKOPOCTHON HATrpy3ku. MeToZaMM ONTHYECKON M JIeKTPOHHON MHKPOCKOINN YCTA-
HOBJIEHO, UTO PABHOMEPHOCTL PACIpPEReseHNA YACTUI] YIVIEPOAHLIX HAHOTPYOOK BAMAET HA MOP-
(hoJIOrMI0 HAHOKOMIIO3UTOB, a CJeJ0BATEILHO, M CBOMCTBA CPOPMUPOBAHHBIX MAaTEPUAJIOB.

HocaigskeHHss oco6JNBOCTEH 3aPONKEHHA i IOUNIMPEHHS TPIMH NPHM HABAHTAMKEHHI IJIA
3a0e3neueHHs ygapHol B askocti 3axmcHux nokpurrtiB. O.0.Canponos, A.B.Byxemos, I1.0.Ma-
pywax, C.B.Ilanin, M.B.Bpaino, C.B.Axyuwenro, A.B.Canponosa, O.B.Jleujenro, A.Meny.

ITpoBegeno amasisa mpoliiecy pPYHHYBAHHS [OPHU yIapPHOMY HAaBaHTaKeHHI po3pobieHux
eIIOKCHUIHNX KOMIIO3HUTIB i3 pisHmM BMicTOM ByrieneBux HAHOTPYOOK. BBegeHHsda HAHOUACTOK
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y emoKcupHu# 3B’sizyBau sa onTumagbHOoro Bmicry ¢ = 0,010 mac-u. posBossic TiABUITUTI
yaapHy B’AsKicTh y 8 pasu BiHOCHO emoOKCHAHOI MaTpuili. BcraHoBIeHO SsHAUEHHSA HABAHTA-
JKeHHS y MOMEHT PyHHYBaHHS MaTepiany, sHaueHHA KPUTHUYHOI medopmariii Ta mMIBUIKICTH
HOLIMPeHHd TPpimuan y yaci go pylinysauHs marepiauais Ha xonpi RKP-300 BucoxkomBugkic-
HOro HaBaHTaXeHHs. MeTomaMu OIITHYHOI Ta €JeKTPOHHOI MiKpOCKOIIili BCTAHOBJIEHO, IO
piBHOMIipHiCTE pO3IIOLieHHA YACTOK BYIJIEIeBUX HAHOTPYOOK BILIMBAae Ha MopQoJiorioo Ha-
HOKOMIIOSHUTiB, a oT:Ke i BiaacTuBocTi chopmMoBaHUX MaTepianis.

1. Introduction

Demand for polymeric materials is grow-
ing rapidly every year both in the world.
Nowadays, a number of scientific researches
[1-8] are published, where it is stated that
polymeric materials according to opera-
tional characteristics compete with high-de-
ficient metals and alloys. Due to the poly-
mer operating features it is used both as ther-
moplastics and thermosetting material. Surely,
the physical-mechanical and thermophysical
properties of filled thermoplastics enormously
exceed the therrnosetting material [7T-12]. At
the same time, taking into account an urgent
need of protection of technological equipment
and metal structures from corrosion in various
industries — thermosetting material are
ahead, because the coatings on their basis are
characterized by high adhesion strength (that
reaches 76 MPa), corrosion resistance, suffi-
cient elasticity and wear resistance [4—-6]. At
the same time, the simplified coating technol-
ogy (pulverization method) on the basis of
therrnosetting material allows to cover the
multidimensional surfaces of configuration
while the use of thermoplastics for protective
coating is limited by the conditions of forma-
tion (casting, tableting).

Taking into account mentioned above com-
parison, as well as polymer operational fea-
tures, it is relevant to develop a protective
coating on the basis of filled therrnosetting
material with a complex of improved proper-
ties for sea and river transport.

2. Experimental

The epoxy diane oligomer (ED-20 grade,
State standard "GOST 10587-84") was cho-
sen as the basic binder component under the
Polymer Composite Material (PCM) forma-
tion. It is characterized with a set of im-
proved properties in comparison with other
spread thermoset materials. Among them
are: high adhesive bonding to metal sub-
strates; ability of running curing process at
low temperatures; lack of volatile organic
emissions at product formation, easy proces-
sibility as well as low coating shrinkage at
deposition onto long-length surfaces of com-
plex profile parts. The molecules of epoxy
oligomers contain glycidyl and epoxy groups
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that can interact with curing agents to form
cross-linked structure in the form of a net.
All these result in substantially improving
of the PCM characteristics.

The curing agent polyethylene polyamine
PEPA (Industrial Standard "TU 6-05-241-
202-78") was used for cross-linking of the
epoxy composites. It allows running curing
process at room-temperatures. As is known
from the literature the PEPA is a low-mo-
lecular substance that consists of such struc-
tural monomeric units: [-CHy—CH,—NH-],.
Different stages of cross-linking were var-
ied and investigated under loading of the
curing agent into composite at the following
mixing rate of the components: 10 pts-wt.
on 100 pts-wt. of epoxy oligomer ED-20.

To ensure the stability of protective coat-
ings for shock loads that occur during the
operation, the use of carbon nanotubes (CNT)
is foreseen. Despite the high mechanical
strength of carbon nanotubes, they are resis-
tant to critical strain bending, stretching, com-
pression. At the same time, due to the high
specific surface area and adsorption capacity,
the introduction of CNT at optimal content will
allow for a change in the structure of the poly-
mer, and hence the ability to counteract the
shock loads. The size of the CNT nanoparticles
(d = 5 nm), was determined by the method of
electron microscopy. The filler content was var-
ied in the range ¢ = 0.010...0.100 pts-wt.

The following technique was employed for
mixing carbon nanotubes with epoxy compos-
ites: I) preliminary dosage of the epoxy diane
resin ED-20; II) heating of the resin up to the
temperature T = (353%£2) K and exposure at
this temperature during t = (20£0.1) min; III)
dosage of the filler and its further loading into
epoxy binder; IV) hydrodynamic combining of
the oligomer ED-20 and nano-filler during
T = (1£0.1) min; V) ultrasonic processing of
the composition during Tt = (1.5+0.1) min; VI)
cooling of the composition down to the ambi-
ent temperature during t = (60£5) min; VII)
loading of the curing agent PEPA and mixing
of the composition during t = (510.1) min.
Then the curing of the PCM was conducted
under the experimentally determined mode: I)
formation of the samples and their curing
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during t=(12.0+£0.1) h at the temperature
T = (293+2) K; II) heating with the rate of
V=38 K/min up to the temperature T =
(393+2) K; III) strengthening of the PCM
during T = (2.0+0.05) h, IV) slow cooling down
to the temperature T = (293+2) K. To stabilize
structural processes to occur in the PCM they
were exposured (strengthened) during t =24 h
in the open air at the temperature T =
(293£2) K before testing.

Fracture surface topology of the impact
bending failured PCM were investigated
with the help of optical and scanning elec-
tron microscopy.

The impact toughness was measured with
the use of notchless specimens with the
sizes of 10x15x75 mm3. The tests were car-
ried out with the use of impact pendulum ma-
chine RKP-300 under high-rate loading
(6.2 m/s). In doing so, the loading diagrams
"loading-time” and "loading-bending reflection”
were registered. A total work of impact frac-
ture A is composed of two components: i) crack
initiation A; and ii) crack propagation A,.

The impact toughness was determined as:

_A 1
W=, (1)

where A is the impact energy, consumed for
the specimen fracture; b is a width of a
sample; s is a thickness of a sample.

The use of the impact loading diagram
processing software "VUHI-CHARPY" made
it possible to determine fracture energy
components by transforming "force — time"
(P — t) dependence into "force — displace-
ment” (P — s) one.

3. Results and discussion

Previously, the comparison of impact re-
silience parameters of epoxy composites
with different CNT particles content was
made. It is established that value of impact
resilience of epoxy matrix is W = 0.7 J/cm?
(Fig. 1, curve 1).

At introducing of CNT particles at con-
tent ¢ = 0.010 pts-wt. into epoxy binder, a
rapid increase of composite material impact
resilience value up to W = 1.60 J/cm? is ob-
served. Taking into account formation con-
ditions (ultrasound dispersion) and nanopar-
ticles structure (each sp2 atom is hybridized
and bound to three neighboring atoms of
hexagonal pattern that form ecylindrical
structures with different amount of concen-
tric cylinders), it is reasonable to assume
that the rapid increase of impact resilience
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Fig. 1. Dependence of impact resilience (W)
and energy (E), that is consumed on the ma-
terials destruction, on CNT contents: I —
impact resilience; 2 — energy consumed on
the materials destruction.

is due to a significant adsorption interac-
tion of polymer and a filler, when the inter-
action forces at the interface "polymer-
nanoparticle” enable the deployment of poly-
meric molecule. Thus, the physical-chemical
interaction, and hence the growth of the im-
pact resilience are provided. Accordingly, the
energy consumed on the composite destruc-
tion under the impact loading reaches maxi-
mum value of E = 2.4 J, which is confirmed
by the study results given in Fig. 1, curve 2.

Introduction of CNT particles in the
range of g = 0.025...0.500 pts-wt. provides
a monotonous decrease of composite materi-
als (CM) impact resilience parameters (W =
1.20...0.7 J/ecm?2) and, accordingly, the en-
ergy (E =1.5...0.9 J) consumed on the com-
posites destruction (Fig. 1, curve 1, 2). The
analysis of researches [1-5] allows to state
that high surface energy and nanosize of CNT
particles result in formation of agglomerates
(from tens to hundreds of micrometers),
which prevents the uniform distribution of
CNT in the matrix and achievement of maxi-
mum polymer modification efficiency. Obvi-
ously, this can explain a decrease of parame-
ters of the impact resilience and, accordingly,
the energy consumed on the impact.

To evaluate the peculiarities of the crack
initiation and propagation under the impact
loadings, it is considered expedient to ana-
lyze the change in loading (P) in time
(Fig. 2,a) and the dependence of CM defor-
mation (Al) on the loading (P) (Fig. 2,b). It
is established [13, 14], that the destruction
of epoxy composites under the impact load-
ing occurs in several stages: the process of
crack initiation (I), its propagation (II) and
the direct destruction of materials (III).
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Fig. 2. Dependences of crack propagation rate
on loading (a) and inflection from loading (b)
CM with different CNT particles content, g,
ptswt.: 1 — 0.010; 2 — 0.025; 3 — 0.050;
4 — 0.075; 5 — 0.100.

Analysis of the dependence of loading on
the duration of impact of CM with particles
of CNT at content ¢ = 0.010 pts-wt. shows
that for NCM the maximum loading at the
moment of sample destruction increases in
AP = 0.8 kN, in comparison with the poly-
mer matrix, and the time of crack propaga-
tion is shifted to the right on the abscissa
axis in At =0.07 ms (in comparison with
the epoxy matrix) (Fig. 2,a, Table). Conse-
quently, the physical-chemical processes in
the epoxy oligomer at the presence of nano-
dispersed component at optimal content re-
sults in the formation of a nanocomposite
with maximum resistance to critical bend-
ing and impact strain. Additionally, the
fracture surface of material with CNT par-
ticles (¢ = 0.010 pts-wt.) is characterized by

the presence of a transitional (viscous and
brittle) chaotic fracture throughout of all
the composite perimeter (Fig. 3,a).

The analysis of researches [3—5] indicates
that CNT parameters in the polymer matrix
differ significantly from the parameters of
nanotubes in a free state. The persistent
length decreases twice, and the fractal di-
mension increases with the influence of ultra-
sonic dispersion. In turn, the decrease of per-
sistent length of flexible CNT indicates on the
increased flexibility of nanocomposite in gen-
eral. An additional confirmation of the above
statements is the received value of critical
strain. Consequently, the maximum value of
critical strain among the studied NCM is [ =
0.90 mm (for NCM with the CNT content g =
0.010 pts-wt.), which is on Al = 0.35 mm
higher in comparison with the epoxy matrix.
That is, the transient nature of destruction is
observed when at a sufficient polymer elastic-
ity (due to the flexibility of the nanodispersed
component) critical loadings dominate at the
moment of destruction. In this case, the CNT
particles in the formed polymer network serve
as a barrier of crack propagation.

At introduction of CNT particles at con-
tent ¢ = 0.025...0.050 pts-wt. into epoxy
binder, the decrease of the loading value at
the moment of CM destruction to P =
9.8...10.8 kN and the time of crack propa-
gation up to At = 0.50...0.70 ms is observed
(Fig. 2,a, Table 1). Taking into account the
possibility of forming agglomerates in a
binder at the presence of CNT with signifi-
cant surface energy, deterioration of the
studied parameters (P, 1) is observed.

Additional confirmation of the above
statements is the fracture pattern of given NCM.
For CM with CNT content ¢ = 0.025 pts-wt.,
viscous nature of destruction, which in most
cases indicates the elastic properties of the
material is observed (Fig. 8,b). However, for
the given CNT content, a decrease of the im-
pact resilience values and parameters (P, 1) is

Table. Characteristic parameters P, P’, T and [ of the nanocomposites fracture

Nanofiller content | Loading on cracks | Maximal loading Time of crack T, ms
(CNT), ¢, pts-wt. initiation, P, kN prior to fracture, | propagation 1, ms
P, kN
Matrix 9.4 10.0 0.10 0.55
0.010 9.4 10.8 0.18 0.90
0.025 9.4 9.80 0.10 0.50
0.050 9.4 10.3 0.13 0.70
0.075 9.0 9.60 0.25 1.40
0.100 9.4 10.2 0.11 0.60
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Fig.3. View of macro destruction of epoxy composites filled with nanotubes particles.

q, pts.wt.: a),b) 0.010; ¢), d) 0.025; e), f) 0.050.

observed, which may indicate the presence
of micropores in the polymer structure that
are acting as strain concentrators. At the
same time, at CNT content g = 0.050 pts-wt.,
the presence of impurities is observed (Fig.
3,c), which leads to decrease of the loading
value at the time of destruction, which in turn
leads to a decrease of crack propagation time,
and hence a decrease of impact resilience. Ac-
cordingly, such NCM are characterized by in-

118

significant  values of  critical strain
[ = 0.50...0.70 mm.
Further increase of CNT content

(g = 0.075...0.100 pts-wt.) leads to decrease
of parameters P, 1, [ (Fig. 2, Table) due to
the formation of a defective structure is the
polymer volume. Respectively, at the crack
propagation with high rate during the im-
pact, such NCM are easily perished. That is,
such materials are characterized by a ki-
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Fig. 4. Electronic micrograps of fracture of epoxy composite with different content of nanotube

particles. ¢, pts.wt.: a),b) 0.010; ¢), d) 0.075; e), f) 0.050

netic unbalanced state of a heterogeneous
polymer system. Particular attention is paid
to the loading values at the moment of ma-
terial destruction and the time of crack
propagation for CM with CNT content g =
0.075 pts-wt. (Table). Obviously, that at the
time of material destruction, a crack ap-
pears (due to structural defects) with sub-
sequent destruction of the CM.

According to the IR spectral analysis [5,
15] and the presented results of the study,
it can be argued that the growth of the
impact strength of the developed material is
due to the activation of epoxy groups, the
growth of the number of hydroxyls, and the
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formation of a small number of carbonyl
groups in the original oligomer. The confir-
mation of the above-mentioned theses is the
growth of the parameters of intensity of
adsorption bands (7,%) and area (S, %) of
absorption bands at wave numbers v =
2873.84...8498.87 cm™! for CM with CNT par-
ticles at the content ¢ = 0.010...0.050 pts-wt.
For a detailed analysis of the formed ma-
terial structure, the REM images of the de-
struction surface of studied NCM are given
in the research. It was considered appropri-
ate to point out the results of research of
surface of NCM destruction with the maxi-
mum value of the impact resilience and the
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values P, 1, Il (CM with the CNT content ¢ =
0.010 pts-wt.), and also with the maximum
CNT content (¢ = 0.075...0.100 pts-wt.). It
is established that the uniform distribution
of CNT particles affects the nanocomposite
morphology, and hence the properties of the
formed materials (Fig. 4). During the analy-
sis of fracture pattern of CM with the CNT
content ¢ = 0.010 pts-wt. (increased x 51), a
uniformly structured fracture surface with-
out any defects is observed. With an in-
crease of x 1000, linear formations of a

branched-shaped chip in a size of = 100 nm
is observed (Fig. 4,b). It is possible to as-
sume that the direction of cracks propaga-
tion is oriented along the persistent length
of CNT particles. Then the increase of im-
pact resilience index is connected with an
increase of density of the physical nodes of
bonding network, as well as with the presence
of chemical bonds that block the growth and
propagation of cracks in a complex.

Analysis of the REM image of the de-
struction surface of NCM with a content ¢ =
0.075 pts-wt. at an increase of x 51 (Fig. 4,c)
and NCM with a content ¢ = 0.100 pts-wt.
at an increase of x 62 (Fig. 4,e) allows to
detect defects of structure in the form of
micropores. With an increase in the surface
of the destruction of NKM to x 1000 (Fig.
4,g), the presence of heterogeneity in the
form of influxes and depressions with cha-
otic direction of the propagation of cracks
was observed. This indicates the presence of
agglomerates in the structure of the poly-
mer, and therefore the insignificant impact
strength of the material.

At an increase of the NCM destruction
surface to x 1000 (Fig. 4,d), the presence of
heterogeneity in the form of runs and
curves with chaotic direction of crack
propagation is observed. This indicates the
presence of agglomerates in the polymer
structure, and therefore the insignificant
impact resilience of the material.

4. Conclusions

The dynamiecs of destruction of epoxy
composites filled with carbon nanotubes
under the impact loading is investigated in
this research. It is also established:

Due to the resistance to critical bending
strains (critical strain wvalue among the
studied I = 0.90 mm) and the loading, epoxy
composites with an optimal CNT content ¢ =

0.010 pts-wt. are characterized by increased
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values of impact resilience W = 1.60 J/cm?
and, accordingly, the energy consumed to the
material destruction — E = 2.4 J.

The analysis of the destruction process
of the developed nanocomposites under im-
pact loading is carried out. It is established
that at maximum loading, P = 10.8 kN,
epoxy composites with CNT particles at
content ¢ = 0.010 pts-wt. are characterized
by the ability to deform to I = 0.90 mm (till
the time of destruction). And the maximum
value of the time of crack propagation is on
30...40 % greater in comparison with the
epoxy matrix and investigated NCM, which
confirms the ability of the developed mate-
rials to resist bending and impact strains.

Analysis of the fracture pattern obtained
by optical and electron microscopy allows to
state that the increase of impact resilience is
connected with the formation of a uniform
polymer structure, which is provided by an
increase of the density of physical nodes of
bonding network, as well as with the presence
of chemical bonds that block the growth and
the propagation of cracks in the a complex.
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