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Abstract

For the formation of composite materials and pitdteccoatings for the transport industry, PD-epoxy dyanoic oligome
the polyethylene polyamine PEPA and microfine faatt of highvoltage synthesized powder charge were used.
dependencef the content of microdispersed powder on the sidkephysical and mechanical properties, and uasistresses
epoxy composites has been investigated. It has jpemmd that for the formation of a composite matesr protective coatir
with improved adhesive and cohesive properties,ofimal particle content is 0.08:50 parts by weight per 100 parts
weight of the ED20 epoxy oligomer. Such materials are charactetigeishcreased mechanical strength and the abditesis
static and dynamic loads, since their properties significantly increasedompared with the matrix. The obtained resul
experimental studies of physical and mechanicgbgnties of composite materials are consistent thiehtest results of samp
with adhesive characteristics, indicating theiratality.

Keywords:destructive bending stresses, elastic modulus,yepaxposite, impact strength.

Problem setting Analysis of recent research and publications

It is well known [1, 2] that today an important The authors [1, 2] have showed that it is possible
problem is to increase the anticorrosion properties to increase the reliability of vehicles by usingypoer
technological equipment parts of various industriexomposite materials (CM) and protective coatingseda
This is especially true for pipelines in the oildagas on them. In this regard, the use of epoxy materials
transportation industry. They are exposed to imensvhich are characterized by increased anti-corrosion
atmospheric corrosion on the one hand, as well abaracteristics, is relevant. At the same time, rwhe
selective corrosion processes on the other. Therlst using epoxy protective coatings, there are impaértan
especially dangerous, since in the case of intatdgga their increased indices of adhesive, physical and
corrosion of metals or alloys, fracture occurs e t mechanical properties. The latter are improved @ue
areas between the crystals, the expanding crathe introduction of microdispersed powders into the
penetrates into the depth of the material. As altethe epoxy oligomer that are active in interfacial iatetron.
mechanical strength of the detail’s area is sicguifily In this regard, it is relevant to use synthesizedi{ding
reduced, which leads to its rapid destruction. lhigh-voltage electric spark discharge) powders weth
addition, transcrystalline corrosion is no lessgbaous small spread in particle shape and dispersion. \Hith
when destruction occurs along crystallite grainsthis in mind, it is important to conduct a study to datme
case, corrosion cracking is caused by the simultage the critical content of powdered microdispersedrgba
action of a corrosive medium and external or irdern synthesized by high-voltage electric discharge ha t
tensile stresses. This is accompanied by the feomaf formation of protective epoxy coatings to ensure th
inter- and transcrystalline cracks and leads to theliability of vehicles.

formation of significant residual stresses and, aas The purpose of the work is to investigate the effec
consequence, premature aging and destruction aff the powder mixture content synthesized by high-
materials. voltage electric discharge on the adhesive, phlsicad

mechanical properties of epoxy composites for the
transport industry.
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) ] ] As the main component for the binder during the
© 2019, Ivano-Frankivsk National Technical formation of epoxy CMs there is chosen ED-20 epoxy
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Table 1 — The results of HVED synthesis of the fair

'I‘ Electrode Diameter after processirtdy um

The initial composition Composition after processi system d q D
min max av
. Fe (70 %) + Ti (10 %) +
Fe (75 %) + Ti (25 %) + TiC( (15 g}o) + F(§C (50)%) 1 ~1 112 115

b

i

a) 1-point, b) 3-point, c) 15-point
Figure 1 — The design of electrode systems

and manufacturability when applying on a complexheir phase composition is changed with the sytghes
profile surface. high-modulus TiC and R€ compounds (see Table 1).
For the crosslinking of epoxy compositions, there  Epoxy composites were formed by the following
is used the polyethylene polyamine (PEPAY(6-05- technology: heating the resin to a temperature of
241-202-78), which allows the materials to harden & = 353 = 2 K and holding at this temperature foinze
room temperatures. PEPA is a low molecular weight = 20 + 0.1 min; hydrodynamic combination of
substance that consists of the following interedat oligomers and filler particles over time= 10 £ 0.1 min;
components: [-CHCH»>-NH-],. The CM is crosslinked ultrasonic treatment (UST) of the composition owere
by introducing a hardener into the composition at a= 1.5 + 0.1 min; cooling the composition to room
stoichiometric ratio of components with a contguar{s temperature over time = 60 + 5 min; introducing
by weight) of ED-20: PEPA — 100 : 10. a hardener and mixing the composition for a time
A synthesized powder mixture (SPM) was used as= 5 * 0.1 min. The CM was hardened under the regim
a microdispersed filler for experimental studiesieT as follows: the formation of samples and their esxpe
filler was formed by high voltage electric discharg for a time r = 12.0 £ 0.1 h at a temperature of
(HVED) synthesis. For a high voltage electric dage T = 293 + 2 K, heating at a rate of= 3 K/min to a
synthesis of a filler, there was used a researahdst temperature off = 393 £+ 2 K, exposure for a time
described in detail in [3]. A mixture of powdersthe ¢ = 2.0 £ 0.05 h, slow cooling to a temperature of
following initial composition was used as the stayt T = 293 + 2 K. In order to stabilize the structural
material: Fe (75%) + Ti (25 %). In the study, therocesses in the composite, the samples were iéhe i
accumulated energy of a single discha\yg) (vas 1 kJ, air for r = 24 h at a temperature df = 293 + 2 k
and the integral specific energy of the dischalyg,{) followed by experimental tests.
was 25 MJ/Kkg. The following properties of the CM were also
In the process of researches, we varied thesearched: adhesive strength, residual stresssisuch
distribution of the electric field and plasma fotinas tive stresses, flexural bending modulus and touggne
in the volume of the discharge chamber by using The adhesion strength of the CM to a metal base
various types of electrode systems (see Table 1 awds investigated by measuring the destructive stees
Fig. 1) [3-5]. In this work, we used a 1-point dgsof (the “fungus method”) with a uniform separation af
the electronic system. pair of stitched samples according to the GOST
The use of various electrode systems made $tandard 14760-69. The study of the adhesive shear
possible to control the distribution of the infleen strength was carried out according to the GOST
intensity of the main HVED factors [2, 3]. So, iif the Standard 14759-69, similarly, the tensile strength
case of using a 1-point system, most of the accatedl adhesive joints of samples was measured by UM-5
energy is transformed into shock waves, then tleeofis tensile testing machine at a load speed of 10 m/s.
15-point systems can increase the intensity of thEhe diameter of the working part of patterns duting
influence of thermal and current factors. pull-off process wasl = 25 mm. It should be noted that
The research results show that as a result of thige stitching area of the studied samples as dt refsa
HVED treatment, all processed particles are groumdl  shift and shear was the same.
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Figure 2 — Dependence of adhesive strength and rdsal stresses in the CM on the content of SPM

The residual stresses

in the coatings werg, = 31.3-50.4 MPa. The maximum value at the

determined using the cantilever method [4]. A amati dependence curve “adhesive strength at rupturee— th
with a thickness ob = 0.3—-0.8 mm was formed on acontent of the SPM filler” was observed in the prese
metal base. Basic parameters were as follows: totaf the CM additive in the amount gf= 0.50 pts. wt. In

length | = 100 mm, working lengthy =
thicknesso= 0.3 mm.

80 mm,

this case, a material with an adhesion strengtbrimed
at the CM pull-offg, = 53.9 MPa. Further, the increase

Destructive stresses and flexural modulus wer@ the content of the additive fromm= 0.75 pts. wt. to
determined according to the GOST Standards 4648—@% 2.00 pts. wt. leaded to a deterioration in thieesil/e
and 9550-81, respectively. The parts parameters weatharacteristics of the developed CMs, because their

as follows: the lengtH =
b =15+ 0.5 mm and the height= 10 £ 0.5 mm.

120 + 2 mm, the width adhesive strength monotonically decreased,te 39.7

MPa. It was believed that it was not advisable to

The impact strength was determined by the Charpgcrease the amount of filler in epoxy CM, as ewictsd
impact test in accordance with the GOST Standatsy the monotonous nature of the deterioration of
4647-80 by means of a MK-30 pendulum head at groperties with increasing amount of an additive.

temperature off = 298 + 2 K and relative humidity

The results of the study allow us to state the

d =50 £ 5%. The parts were used with the followingffectiveness of the synthesized high voltage gtect

parameters: (63.5 x 12.7 x 12.7) £ 0.5 mm. Theadist
between the supports was 40 = 0.5 mm.

mixture on interfacial
the polymerization of epoxy

discharge of the powder
interaction during

The values deviation in the study of adhesivematerials. As shown above, the introduction of ipkas

physical and mechanical properties indicators efG@ivi
was 4—6 % of the nominal.

The studies results and their discussionThe

even at a low content (q = 0.05 pts. wt.) leadsato
significant increase in the CMs adhesion strengtlour
opinion, this occurs primarily due to the fact thating
high voltage electric discharge synthesis of powider

properties of the modified and sonicated epoxy iwatrthe form of Fe and Ti particles as a result of niste
were previously experimentally investigated. It wastored energy, which is mainly transformed intocého

proved (Fig. 2) that the indices of its adhesiversith
at rupture and displacement, as well as residvessts
were respectivelyg, = 24.8 MPa,t = 85 MPa,
g, = 1.4 MPa. It was also experimentally proved (Rig.
curve 1) that the introduction of a synthesized gew
mixture (SPM) into the epoxy oligomer in an amoaht

waves, there are additionally formed Fe and Ti icadb
(Table 1). Such transformations not only incredse t
strength and hardness of the filler, but also mtevi
surface activity of the additives to interact withe
hydroxyl, carbonyl and epoxy groups of the epoxginre
during crosslinking of CMs. In addition, the author

g = 0.05-0.25 pts. wt. per 100 pts. wt. of ED-2Q3-5] have proved that titanium and iron carbides
provided an increase in the indicators of the aidhes particles are localized on the surface of the pladi

strength at the CM pull-off fromg, = 24.8 MPa to
66
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and chemical interphase bonds in the structuiscovered air inclusions, the clusters of whichl lza
formation of materials. It should be noted thatr¢his linear and partially branched shape. It can beeddhat
experimentally determined the critical filler conte such inclusions cause deterioration of both theesidk
which is g = 0.50 pts. wt., in the CM. The introtlon  and cohesive properties of CMs, since they arer thei
of additives precisely at this content provides fioe concentrators. For their leveling, additional pssiag
maximum transfer of the polymer to the state of thef materials should be carried out when they are
outer surface layers around the filler particles 2], stitched, for example by vacuum.

and, accordingly, helps to increase the adhesreagth Thus, the optimal content of the synthesized high
of the composites. voltage electric discharge of the powder mixtureswa

Additionally, the shear adhesion of the developedstablished for the formation of an epoxy protectiv
composites has been investigated in the work. It ating with maximum adhesive characteristics and |
proved (Fig. 2) that the dependences of the piill-ofesidual stresses. It was proved that with theointr
adhesion (curve 1) and shear adhesion (curve 2hen duction of the powder in the amountaf 0.5 pts. wt.
filler content are symbatically correlated. Simiyato per 100 pts. wt. of ED-20 epoxy oligomer, a matdsa
preliminary results, the maximum on the= g curve formed with the following properties: pull-off adtien
was observed for CMs with a particle content op, = 53.9 MPa; shear adhesior 19.9 MPa; residual
g = 0.50 pts. wt. In this case, the adhesive strength stressg,.s = 2.1 MPa. This provides an increase of pull-
the material increases fron= 8.5 MPa (for the epoxy off adhesion indicators, in comparison with thetiai
matrix) toz = 19.9 MPa. Subsequently, an increase iBpoxy matrix, in 2.2 times, the shear adhesion 2.t
the content of particles in the compositions letms times and residual stresses in 1.5 times.
deterioration in the shear adhesion of CMs. It &hbe At the next stage, the physical and mechanical
noted that in case of the critical powder conteatt (properties of the CM with microdispersed filler SPM
g = 0.50 pts. wt.), the shear adhesion of the d@ezlo were investigated. It was experimentally estabtisttat
material increases by 2.3 times in comparison With the properties of the ultrasonically treated epmagrix
matrix. This indicates that the developed compasité under the above formation conditions were as fadtow
its protective coating can be used quite effecfiiel the bending modulus of elasticitf = 2.8 GPa,
improve the operational characteristics of partat thdestructive bending stresseg.q = 48.0 MPa, impact
operate not only under static, but also dynamiddoa strengthw/ = 7.4 kJ/m.

In order to confirm the reliability of the obtained It has been proved (Fig. 4, curve 1) that the
results, the residual stresses in the protectiwaings introduction of microparticles with a content of
were additionally studied. As shown above, theyewerg = 0.05-0.50 pts. wt. leads to a significant improve
one of the main criteria for the durability andiabllity ment in properties. At this content of particled]Care
of protective coatings. The authors [1, 2] provhdtt formed with an elastic modulus & = 3.5-4.3 GPa.
crosslinked composites with a high content of geSubsequently, an increase in the content of SPhislea
fraction were characterized by increased indices @ a monotonic decrease in the bending modulus of
residual stresses. It was proved (Fig. 2, curvih@)the elasticity of the CM to E = 3.2 GPa (for the CM hvit
maximum residual stresses over the entire spectfum SPM in the amount af = 2.00 pts. wt.).
the studied CMs was characterized by a compostte awi On the contrary, the analysis of the dependences
particle content ofj = 0.50 pts. wt. The residual stresses g . g” and “W — g” allows us to state the following.
indices of such a coating increase frops = 1.4 MPa A maximum (Fig. 4, curve 2 and 3) was observed for
(for the epoxy matrix) tares = 2.1 MPa. It should be CMs with a particle content af = 0.05 pts. wt. In this
noted that this material is also characterized byase, there is formed a material, which has tHeviag
maximum pull-off and shear adhesion strengths, anstoperties: destructive bending stressgsq= 74.3 MPa,
this indicates the reliability of the obtained msu impact strength W=13.6 kJfmSo, it should be noted
Additionally, the surface of the epoxy matrix andihat the filler should be added to the epoxy résian
developed composite coatings were analyzed byapti@mount ofq = 0.05 pts. wt. for the formation of
microscopy. It was shown (Fig. 3) that the surfatthe composites with improved physical and mechanical
epoxy matrix coating was characterized by irredli#s  properties. The formation of such a material presid
and the presence of craters. It can be argued dbeut 1.3 times increase in the bending modulus of elgti
low reliability of such coatings during their opgoa. compared to the initial epoxy matrix, destructive

The surface of the coating, which contains fillerthe  bending stresses by 1.5 times, and the impactgitren
amount ofg = 0.05 pts. wt., is gently sloping with minorpy 1.8 times.

microroughness and point inclusions (Fig. 3, shhwn

by arrows). One can indirectly state an increasthén Conclusions
content of the gel fraction in such a material. Eor
coating with a filler content af = 0.50 pts. wt., there was The research results established the optimum

noted the surface uniformity, craters were pratifica content of microdispersed filler synthesized byighh
absent, although dark inclusions were observedipltage electric discharge of a powder mixture tfoe
indicating uneven structure in the adhesive volumt@rmation of an epoxy protective coating with imped
(Fig. 3, e, f). Of particular note is the type afating adhesive, cohesive characteristics and insignifican
surface with an additive content gf= 2.00 pts. wt. residual stresses for the increase of the vehicles
(Fig. 3, g, h). On the surface of the adhesiveetheere reliability.
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g h)
a, b) the original matrix c, d) 0.05; e, f) 0.5Q;Ig 2.00 (see designations in the text)
Figure 3 — Microphotographs of the surface of the ®! fracture with microadditives, g, pts. wt (1x1)
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Figure 4 — Dependence of the physical, mechanicalgperties and impact strength of the epoxy matrix
on the content of SPM
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HDocnimxeHHs BNAIMBY CUHTE30BaHOI BUCOKOBOSIbTHUM €N1EKTPOPO3PAAOM
NOPOLUKOBOI LUMXTU HA (Pi3NKO-MexaHiYHi BNaCTUBOCTI €MNOKCUAHNX KOMMNO3UTIB
O TPaHCNOPTHOI ranya3i

'A. B. bykemose, 0. M. Cusonenxo, *0. M. Besbax, °A. C. Topnakos, 2€. B. Jlunan

1Xepconcw<a 0eparcasHa MOPCbKa aKademis,
npocnexkm Ywakosa, 20,m. Xepcon, 73003, Vkpaina

2 . . .
Incmumym iMnynscHUX npoyecia i mexHonoeit;
npocnexm boeosenencoxuit, 43a,Mukonais, 54018,Vkpaina

Jlnst popMyBaHHS KOMITO3UTHHUX MaTepiamiB i 3aXMCHHUX TMOKPUTTIB Ui TPAHCIIOPTHOI Taily3i BUKOPHCTaHO
enokcuguuii ngianosuit osiromep EJ[-20, tBepauuk mnosiernnennoniamin IIEITA 1 MikpoaucnepcHi HacTKu
CHHTE30BaHOI  BHCOKOBOJBTHHM  €JICKTPOPO3PSIIOM  HOPOWIKOBOI  mMXTH. JIOCHiIPKEHO BIUIMB  BMICTY
MIKPOJIMCIIEPCHOTO TOPOIIKY Ha ajre3ifiHi 1 (i3UKO-MEXaHIuHI BJIACTUBOCTI Ta 3aJMIUKOBI HAIpy>XCHHS
CMOKCHIHUX KOMITI03MTIB. JloBeneHo, mo a1t (GopMyBaHHS KOMIIO3UTHOTO Marepialy 4M 3aXHCHOI'O ITOKPHUTTS 3
NOJNIMIICHUMH ~ aiAre3ifHUMM 1 KOTe31MHUMM  BJIACTMBOCTSIMH  ONTHMMQJIBHMH BMICT YacTOK CTaHOBHTH
0.05-0.5Quac.uy. Ha 100mac.u. enokcuguoro oxiromepy EJ[-20. Taki marepiaiy XapakTepu3ylOThCS IiBUILECHOIO
MEXaHIYHOIO MIITHICTIO Ta 3AaTHICTIO YUHUTH OIIp CTATUYHHUM 1 TUHAMIYHAM HABaHTaXCHHIM, OCKUTLKH MMOKA3HUKH
iX BJIACTUBOCTEHW CYTTEBO MiJBHINYIOTHCS TMOPIBHSHO 3 Marpuimero. OTpuMaHi pe3ysIbTaTH EeKCIePUMEHTATbHUX
JIOCITI/KEHb (I3MKO-MEXaHIYHUX BIIACTUBOCTEH KOMIIO3MUTHHUX MaTepialliB, J0Ope Y3TOMKYIOThCS 3 pe3yibTaTaMu
BHTIPOOYBaHb 3Pa3KiB i3 are3iHHUMH XapaKTePUCTUKAMH, 1110 CBiAYUTH MPO IX JOCTOBIPHICTD.

Kiro4oBi cioBa: enokcuOHuil KOMRO3Um, MOOYIb RPYICHOCMI, DYUHIGHI HANPYICEHHS HA 6USUH, VOAPHA
MIYHICMb.
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