OIL AND GAS EXPLORATION AND PRODUCTION

Influence of nanoparticles on the physical and mech anical properties
of modified epoxy-composite coatings

D.P. Stukhlyak®, S.V. Yakushchenko*?

Ternopil Ivan Puluj National Technical University;
56, Ruska Str., Ternopil, 46000, Ukraine

’Kherson State Maritime Academy;
20, Ushakov Prospect, Kherson, 73000, Ukraine

Received: 11.06.2018 Accepted: 26.06.2018

Abstract

In the work, to form a composite material with ieased physical and mechanical properties, an egiarg oligomer ED-

20, a hardener polyethylene polyamine PEPA and difiap 2,4diaminotoluene were used as a binder. The depeaddrite
nanoparticle content as a mixture of nanodispecsgdpounds on the physicomechanical properties okyepomposites wi
studied. To form a protective coating with increhsehesive properties, the optimal content of nartages is g = 0.5 ptat. by
100 parts by weight of epoxy oligomer EID; which provides an increase in the ability &f teveloped material to resist ste
dynamic, andshock loads. The adsorption and catalytic actigitypanofillers has been proved by optical spectpgcwhict
provides interaction with the side chains of thexgpoligomer chain, as a result of which the coblesitrength of the materi
increases.

Keywords: epoxy composite, fracture stresses during thediexnodulus of elasticity, nanopatrticles, resilienc

Nowadays the development of polymerof nano-fillers. The regularities of surface andlkbu
nanocomposite materials is one of the ways of pelymmodification for obtaining polymer materials with
technologies development. If we introduce inorganimcreased performance parameters [8] have been
nanodispersed fillers as components to a polymestablished. The modes of ultrasonic treatmenpokg
binder, we can improve the properties of compositeompositions have been investigated in order tonfor
materials (CM), developed on their basis [1, 2]oBp disperse systems with uniform distribution of
polymers are widely used in the oil and gas inguar nanoparticles in volume [9]. This allows the forioat
matrices for such materials due to a wide rangthef of protective coatings and CM with improved cohesiv
properties. These include: increased cohesive apdoperties. It is proved that the introduction of
adhesion strength, chemical resistance, workabilitynsignificant content of nano-fillers increases #imlity
resistance to aggressive environments and relgtioel of materials to resist static and dynamic (inclgdin
cost [3-5]. Epoxy composites with a dense threeshock) load [10]. In the papers of [11, 12] it own
dimensional mesh structure have relatively highrttaé  that for insignificant content of nano-disperselierfs,
stability and glass transition temperature. At aene the indexes of physical and mechanical properties o
time, such materials are susceptible to fragil€M are increased. Therefore, the study of the efféc
destruction and have a low counteraction to thearious nano-fillers on the properties of epoxy
propagation of cracks when they are operated undesmposites is an urgent task in creating materiatls
critical conditions. This limits their use in thél and increased performance characteristics for therall gas
gas industry to increase the stability of proteetivindustry.
coatings. Therefore, increasing the cohesive stheofy The aim of the work is to study the influence of
the CM without reducing the thermophysical properti nanoparticles as a mixture of nanodispersed congsoun
is a prerequisite for the formation of materialattare (MNDC) on the cohesive properties of epoxy

exposed to stress. composites.
The authors [6, 7] researched the properties of CM
on the basis of epoxy diane resin for differentteats Materials and methods of research

The epoxy diane oligomer ED-20 (GOST 10587—
* Corresponding author: 84), which is characterized by high adhesion and

yakushchenko.sv@gmail.com cohesive strength, slight shrinkage and technoddgic
efficiency when applied on the surface of a complex
profile, is chosen as the main component of theldsin
during the formation of epoxy CM.
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2,4-diaminotoluene (DAT) is used as a modifierkept at a temperature @f= 293 + 2K fort = 24 h in air.
The modifier was injected into the binder (1.00 snasThis was followed by experimental testing.
parts for 100 mass parts of an epoxy oligomer ED-20  In this study the following properties of CM were
(hereafter mass parts referred to as for 100 mess pf investigated: destructive stresses and elastictigiuius
an epoxy oligomer ED-20). Molecular formula of theat bending, impact strength, the structure of tirenéd
modifier is GHjioN,. The molecular mass of 2,4- composites was investigated by optical microscopy.
diaminotoluene is 122.1677. The melting point iG8 Destructive stresses and elastic modulus at bending
This substance is from a series of diamines of thgere determined according to GOST 4648-71 and
phenylene series. The modifier is soluble in polaGOST 9550-81 respectively. Parameters of samples:
organic solvents, such as methanol, ethanol, aegtotengthl = 120 + 2 mm, widthh = 15 £ 0.5 mm, height
ethyl acetate and is slightly soluble in waterislused h=10% 0.5 mm.
as a synthon for the synthesis of acridine dyes. Impact viscosity was determined by the Charpy

For cross-linking of epoxy compositions, aimpact test according to GOST 4647-80 at the MK-30
polyethylene polyamine PEPA (TU 6-05-241-202—78pendulum spear at a temperatire 298 + 2 K and a
hardener was used, which allows the materials to belative humidityd = 50 + 5 %. Samples with the
cured at room temperatures. PEPA is a low moleculésllowing parameters were used: (63.5x12.7x12.@)5t+
weight substance that consists of the followingnm. The distance between the supports is 40 + b5 m
interconnected components: [-gBH,-NH-],. CM was Deviations of the values in the studies of the
cross-linked, introducing the hardener into thedhesion and physical and mechanical propertig¢beof
composition at a stoichiometric ratio of component€M were 4—6 % of the nominal.
(mass parts) — ED-20 : PEPA — 100 : 10.

As a nanodispersed filler for experimental studies  Results and discussion
we used powders that are MNDC and are characterized

by the following composition, %: The influence of nanodispersed particles on the
MNDC 1: SgN4 — 59.5; ALO; — 24.4; AIN — 10.1; physical and mechanical properties of CM s

TiN — 6.0; investigated in this paper. The developed epoxyirat
MNDC 2: SgN,4 — 85; Al —5; IH — 5; ZrH — 5. based on the oligomer ED-20 (100 mass parts) was
The granularity of the particles is as follows: previously modified with 2,4-diaminotoluene (1 mass
1. MNDC 1 —d = 20-80 nm. part) and treated with ultrasound (before the
2. MNDC 2 —d = 30-40 nm. introduction of the hardener). After cooling the
The characteristics of nano-fillers are given ircomposition to room temperature, a

Table 1. polyethylenepolyamine hardener was injected int® th

binder (10 mass parts).

Table 1 — The characteristics of nano-fillers It is established (Fig. 1) that the values of

Characteristics SisN, | Al,O5 | AIN | TiN destructive stress and elastic modulus at bendirigeo
Specific surface area] 44 44 39 48 modified epoxy matrix are respectively., = 57.2 MPa
S, nflg andE = 3.4 GPa, and the impact strengtiMs 7.9 kJ/m.
Particle size by heat | 41 41 47 23 In the first stage, regularities of the influenck the
adsorption method filler of MNDC 1 on the physical and mechanical
d, nm characteristics of the CM were established. Resfits
Particle size by 39 76 26 43 experimental tests of CM for the contents of a Rano
electron microscopy filler in the range ofq = 0.10-2.00 mass parts are
d, nm presented in Fig. 1. It was established that with

insignificant introduction of the additive in theiantity

Epoxy composites were formed according to th@f d = 0.10 mass parts, the cohesive properties of the

following technology: warming the resin to a tergtare material are almost unchanged. Indicators of detve
T =353 + 2 K and curing it at the given temperaturétress and elastic modulus at bending have thevfir

during the timet = 20 + 0.1 min; hydrodynamic ValU€Sidben=57.0 MPaE = 3.5 GPa, impact strength —
combination of oligomer, modifier and filler patgs W= 77 kJ/m. As the content of the filler increases to
during the timet = 10 + 0.1 min; ultrasound processingd = 0-50 mass parts, an increase in the indexebeof t
of the composition during the tinte= 1.5 + 0.1 min; properties of studied CM is obse_rved. Corresporiging _
cooling the composition to room temperature duthr f[he parameters of the destructive stresses at g ndi
time t = 60 + 5 min; introduction of the hardener and"c'€as€ froMen = 57.2 MPa (for a modified epoxy
mixing of the composition during the time 5 0.1 min, Marix) 10peq = 63.7 MPa (Fig. 1, curve 1), the elastic
CM was cured according to the mode: the formatioffodulus for bending increases fron= 3.4 GPa to
of specimens and their curing during the timé = 3-9 GPa (rice 1, curve 2), and indicators ofantp
t=12.0 + 0.1 h at a temperatuFe= 293 + 2 K, heating Stréngth — fromw = 7.9 ki to W = 8.1 kd/m

at a speed of = 3 K/min to a temperatuf= 393 + 2 K, (Fig. 1, curve 3). It is obvious that fc_)r the giveontent
curing during the time= 2.0 + 0.05 h, slow cooling to a °f MNDC 1, compounds that make it up have a pasitiv
temperature off = 293 + 2 K. In order to stabilize the &ffect on the physical and mechanical propertiethef

structural processes in the composite, the sampbes materials under s_tudy. With a further increase ha t
content of nano-dispersed filleg € 1.00-2.00 ppm), a
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Figure 1 — Dependence of physical and mechanicalgerties and impact viscosity of the CM
on the content of the filler MNDC 1

decrease in the values of destructive stressesmalifiy matrix) to open = 65.2 MPa, elastic modulus at — from
and toughness was observed upytg= 41.2-47.6 MPa E = 3.4 GPa t& = 3.8 GPa, and impact strength — from
and W = 5.4-5.6 kJ/mBy increasing the content of theW = 7.9 kJ/mi to W = 9.6 kJ/m. With the introduction
filler over g = 1.00 mass parts, the parametershef of MNDC 2 in a binder in the amount of 1.00 mass
elastic modulus at bending almost do not change apdrts, physical and mechanical properties of the CM
makeE = 3.1 GPa (Fig. 1, curve 2). Thus, it has beewere decreased t@,., = 48.4 MPaE = 3.3 GPa and
experimentally established that when introducinp in W = 5.2 kJ/mM respectively. Subsequently, the nano
the modified epoxy matrix of a nano-dispersed adslit filler was injected into an epoxy binder in an ambaf
such as a MNDC 1 (d = 20-80 nm) (0.50 mass parts),= 2.00 mass parts. It is determined that the physi
the destructive stresses at bending, the elastiity and mechanical properties of CM for such conteiffits o
bending and impact strength are maximally raised fparticles considerably deteriorate and make resdgt
Open = 63.7 MPQ,E = 3.9 GPa andV = 8.1 kJ/M  open= 44.6 MPaE = 2.9 GPa antlV = 5.8 kJ/m.
respectively. To obtain a CM with improved On the basis of the results of the study, theaaiiti
performance, it is appropriate to use a materi#h wie content of the MNDC 2 nanoparticles was established
following composition: epoxy resin ED-20 (100 masshe modified epoxy CM. It has been experimentally
parts), 2,4-diaminotoluene modifier (1 mass partproved that the introduction of a nanodisperselerfil
PEPA hardener (10 mass parts), nanodispersed fillefNDC 2 in the amount off = 0.50 mass parts provides
MNDC 1 (0.50 mass parts). In the formation of sach formation of CM with maximum (in complex)
composite, the destructive stresses at bending ofiralicators of physical and mechanical properties:
relatively modified epoxy matrix increase 1.1 timd®e destructive stresses at bendingom, = 65.2 MPa,
modulus of elasticity at bending — 1.2 times, théex elasticity modulus -E = 3.8 GPa, impact strength —
of impact strength practically does not change. W = 9.6 kJ/M. It is proved that at the content of the
At the next stage, physical and mechanical prasertiadditive in the amount of 0.10 mass parts the detste
of modified epoxy CMs, containing nanodispersel@ifil stresses at bending are maximum for the investigate
MNDC 2 were studied. The dynamics of the parameterange of concentrations ¢, = 76.6 MPa). However, the
of the studied characteristics for the content loé t value of the elasticity modulus at bending and ictpa
additiveq = 0.10-2.00 mass. parts is shown in Fig. 2. Btrength, as compared with the critical contenthef
was established that the introduction of the filldp an  additive § = 0.50 mass parts ), is 1.12 and respectively
epoxy binder in the amount of 0.10 mass parts leads 1.26 times lower. Since these characteristics have
significant increase in the indexes of destructiresses decisive influence on the performance of materialis,
at bending fromoye, = 57.2 MPa too,e, = 76.6 MPa appropriate to form a CM of the following compasiti
(Fig. 2, curve 1). At the same time, CM is chardeéel epoxy resin ED-20 (100 mass parts), 2,4-diamino-
by a modulus of elastisity, having similar charastees  toluene modifier (1 mass part), PEPA hardener (28sm
as the modified polymer matrixE = 3.4 GPa, and the parts), nanodispersed filler MNDC 2 (0.50 massg)art
impact strength of this material is reduced from  To prove the results of the study of physical and
W= 7.9 kd/MmtoW = 7.6 kd/m (Fig. 2, curves 2, 3). At mechanical properties, an analysis of the fracture
the content of nanofiller off = 0.50 mass parts, we surfaces of the CM with the help of optical microsg
observed an increase in the indexes of all invettdy was performed. In Fig. 3 there are microimageshef t
properties. The values of destructive stressegmdibg fracture surfaces of the CM, filled with nano-fille
increase fronpye, = 57.2 MPa (for a modified epoxy MNDC 1. The photos of the fracture surfaces at the
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Figure 2 — Dependence of physical and mechanicalgerties and impact viscosity of the CM
on the content of the filler MNDC 2

content of particles af = 0.25 mass parts (Fig. B) do Conclusions
not differ significantly from the photos of the ¢l
sample (modified epoxy matrix) (Fig. 8). The fracture The paper defines optimum content of nano-fillers

surfaces of the samples are characterized by unevfen formation of materials and protective coativgsh
lines of shaking, due to the presence of residwesses improved cohesive properties, which allows to pdevi

in the CM. The dynamics of the parameters of thkong-term operation of surfaces and parts of
elasticity modulus at bending and impact strengttechnological equipment in the oil and gas industiye
(Fig. 1, curves 2, 3) is confirmed by the analydfishe following has been defined:

fracture surfaces. In particular, for the conteoftshe 1) For the formation of coatings with improved
filler in the amountg = 0.50 mass parts (Fig. 8) a physical and mechanical properties, it is expedient
material with a flat fracture surface is formedc#éin be use composites based on a polymer matrix contaamng
argued that there are insignificant residual segss epoxy diane oligomer ED-20 (100 mass parts), a
this composite, which implies its reliability dugn polyethylene polyamine PEPA (10 mass parts) and a
operation. Obviously, this is due to the adsorptiof.4-diaminotoluene modifier (1 mass part). Intrachre
activity of the particles of the nano-filler in tipelymer of a nanodispersed filler into a binder £ 20-80 nm),
binder when structuring the material. In this cabe, which is a mixture of nanodispersed compounds St
dispersed particles during the cross-linking of @ké 59.5 %; AbO; — 24.4 %; AIN — 10.1 %; TiN — 6.0 %
interphase interaction catalysts. The macromolscofe provides the formation of a composite, in which the
the binder are adsorbed on the catalytic surfacthef indices of cohesive properties compared to the figadi
filler, which ensures its interaction with the siglups matrix are increased as follows:

of the epoxy oligomer and modifier chains. Thigeto the modulus of elasticity at bending — frdh 3.4
an increase in the strength of the material. Thevab GPa toF = 3.9 GPa;

assumptions correlate and coincide well with thsults fracture stresses at bending — fregy, = 57.2 MPa
of studies on the physical and mechanical properdfe to ope,= 63.7 MPa;

the CM (Fig. 1). With further increase of MNDC 1 impact viscosity — from W=7.9kJ/M to

content ¢ = 0.75-2.00 mass parts) in a polymer bindew = 8.1 kJ/m.
we observed the formation of inhomogeneous lines of 2) For the formation of coatings with improved
shaking and increased fragility of the investiga@d physical and mechanical properties, it is expedient
(Fig. 3,f—i). It was envisioned that, at the cross-linkingise composites based on a polymer matrix contaamng
of such materials, local temperature stresses liynpy  epoxy diane oligomer ED-20 (100 mass parts), a
significantly increase, which leads to a decreasthé polyethylene polyamine PEPA (10 mass parts) and a
cohesion strength of the composites (Fich,3). 2.4-diaminotoluene modifier (1 mass part). Intrachre
Thus, the method of optical microscopy ha®f a nanodispersed bindedt € 30-40 nm), which is a
established adsorption and catalytic activity ohaxa mixture of nanodispersed compounds;Ngi— 85 %;
fillers of MNDC 1 and MNDC 2, providing interaction AlF; — 5%; IH — 5%; ZrH — 5% provides the
with lateral groups of chains of an epoxy oligonas,a formation of a composite, in which the indices of
result of which the cohesive strength of investdat cohesive properties compared to the modified mairix
materials increases. Experimental studies of phlsicincreased as follows:
and mechanical properties correlate with the resflthe
analysis of the microimages of fracture surfaceG Mt

ISSN 2311—1399. Journal of Hydrocarbon Power Engin  eering. 2018, Vol. 5, Issue 1 17



D.P. Stukhlyak, S.V. Yakushchenko

a) initial matrix (control specimen); b) 0.25; ¢)30

Figure 3 (1) — Microimages of the fracture surfacef the CM with nanofiller MNDC 1, g, mass parts (1x1)
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f)
d) 0.75; e) 1.00; f) 1.25
Figure 3 (2)
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g) 1.50; h) 1.75; 1) 2.00
Figure 3 (3)
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the modulus of elasticity at bending — from

E =3.4 GPatd& = 3.8 GPa;

fracture stresses at bending — fregg, = 57.2 MPa
{0 0pen= 65.2 MPa;

impact viscosity — fromW =
W= 9.6 kJ/m.

7.9 kJ/M to

[4] Malets, VM & Kashytskyi, VP 2016, ‘Influence of
physical fields upon adhesive strength of epoxy posite
protective coatings in oil and gas sectodopurnal of
Hydrocarbon Power Engineeringol. 3, iss. 1, pp. 1-4.

[5] Buketov, AV, Dolgov, NA, Sapronov, AA, Nigalatii
VD & Babich, NV 2017, ‘Mechanical Characteristics of
Epoxy Nanocomposite Coatings with Ultradisperse Diath

3) With the help of the optical microscopy methodbarticles’ Strength of Materialsvol. 49, no. 3, pp. 464-471.

we
containing nanodispersed fillers. It has been cowd
that intorduction of additives (0.50 mass partgdieto

investigated the fracture surface of samples,

[6] Naebe, M, Wang, J, Amini, A, Khayyam, H,
Hameed, N, Li, LH & Fox, B 2014, ‘Mechanical propeand
structure of covalent functionalised graphene/epoxy

an increase in the coagulation strength of composinanocompositesScientific reportsvol. 4, pp. 4375.

materials. The adsorption and catalytic activity of

[7] Stukhlyak, PD, Buketov, AV, Panin, SV,

MNDC 1 and MNDC 2 nano fillers has been revealeqzlar”SChak’ PO, Moroz, KM, Poltaranin, MA, Vukherd,

which provides the interaction of active centerstioa

surface of particles with side groups of the epox
oligomer chains, which improves the physical ana

mechanical properties of the materials under stiithe.
results of the study by the method of optical nmscapy
correlate with the results of testing of physicalda
mechanical properties of the developed materials.
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YK 667.64:678.026

BnnuB HaHo4YacToOK Ha pi3nKo-mexaHiuYHi BNacTUBOCTI
MoAUPiKOBaHMX €MOKCUKOMMNO3UTHUX NMOKPUTTIB

JLII. Cmyxfmkl, C.B. }Ikymenxoz

1 . . . . . . . . . i
Teproninbcokuil HAyioHATbHUT MexHiunull yriespcumem imeni Isana Ilymos;
eyn. Pycoka, 56, Tepnonine, 46000,Vkpaina

2Xepconcwca 0epoiasna MOpcbka aKademis;
npocnexkm Ywaxosa, 20,m. Xepcon, 73000,Vkpaina

Jlist popMyBaHHS KOMIIO3UTHUX MaTepialiB 13 MiABUIICHUMH IOKa3HUKaMU (Pi3MKO-MEeXaHIYHHUX BIACTHBOCTEH

PO3TIAAAETECA  BUKOPUCTAHHA 4K 3B’ sA3yBayda

CIIOKCHJHOTO ,HiaHOBOl"O

omiromepa EJ[-20, TBepaHuka

nomierunennomiaminy I1EITA 1 momudikaropa 2,4-1iaminoTosryeH. JlocmikeHO 3aIeXHICTh BMICTY HAHOYAaCTOK y
BUIJIAJI CyMillli HAaHOAMCIIEPCHHUX CIIOJIYK Ha (Di3MKO-MEXaHI4Hi BJIACTHBOCTI EMOKCHAHUX KOMIO3WTIB. st
(hopMyBaHHS 3aXHCHOTO TIOKPUTTS 13 TOJIMIICHAMH KOT€31HHUMH BJIIACTUBOCTSIMY ONITUMAJIBbHUHA BMICT HAHOYACTOK
cranoButh ( = 0.5mac. 4. ma 100mac. 4. enokcumuoro omiromepy EJI-20, 1o 3abe3mnedye miABHUIICHHS 30aTHOCTI
PO3pO0IEHOr0 Marepialy YHHHTH OIp CTAaTHYHAM 1 JuHaMidHuM (B TOMY 4YHCJII YAapHOTO Xapakrepy)
HAaBaHTAXXCHHSAM. MeETOJ0M ONTHYHOI MIKPOCKOMIl BHSBICHO aACOpOMiiHY 1 KaTaITHIHY aKTHBHICTh
HAHOHAIIOBHIOBAYiB, 110 3a0e3leuye B3a€EMOMAII0 3 OOKOBHMH TIpyIaMH JIAHLIOTa EHOKCHIHOIO OJIiIroMepy,
BHACIJIIZIOK YOT'0 3pOCTA€ KOre3iiiHa MII[HICTh MaTepiais.

Kiro4oBi cnoBa: enoxkcuouuii KOMRO3um, MOOYIb NPYICHOCHIE, HAHOYACMKU, DYUHIGHI HANPYI’CEHH Npu
3eUHAHHI, YOapHA 6’ A3KICMb.
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