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Abstract. The appliance of electropulse impacton the spraying distances to enhance the prop-
erties of plasma sprayed coatingsis discussed. The aim of research is to set the impact of
high-voltage electrical pulses on the process of applying the plasma coatings and their me-
chanical properties.The structure and mechanical propertiessuch ashardness, bond strength,
wear resistance of bronze plasma sprayed coating obtained using the electropulse impact are
studied experimentally. Set the effect of The enhancement of mechanical properties of coat-
ings obtained by grinding their structure and improving the speed of sprayed particles are set.
The research results can be applied in thetechnology of repair and restoration of machines
elements and mechanisms.The fixed effect allows us solving the problem of providing the
high quality plasma sprayed coatings.

Keywords: electric impulses; plasma coating; hardness; wear resistance; structure.

AunHoTanusi. ViccrneoBaHO BIUSHIE HATOKECHHS ICKTPUUSCKUX UMITYJIBCOB MPHU IIa3MeH-
HOM HAaIBUICHUH Ha MEXaHHYECKUE CBOMCTBA MOKPBITHIA.

KiroueBble cj10Ba: 3JIEKTPHYECKHE HMMIIYJIbCHI; IUIa3MEHHOE IIOKPBHITHE; TBEPLOCTH;
U3HOCOCTOHKOCTB; CTPYKTYpA.

AHorauis. JlocmipkeHO BIUIMB HAaKJIaJaHHS EJNEKTPUYHUX IMIYIBCIB TPH IJIa3MOBOMY
HaAWJIIOBaHHI HA MEXaHI9Hi BIIACTUBOCTI TIOKPHTTIB.
KoaiodoBi ciioBa: enexTpuuHi IMITyJIbCH; IIa3MOBE IOKPUTTS; TBEPHIICTh; 3HOCOCTIHKICTH;

CTPYKTypa.
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Problem statement. The improvement of the reli-
ability and service life of machine parts and their as-
semblies remains an urgent issue, which is being solved
predominantly with the functional coating application
methods of gas thermal spraying (GTS) at the present
stage of development of science and technology. Among
various methods of GTS the plasma one is characterized
by the possibility of refractory materials coating, high
performance, versatility and affordability. But along with
this it has its drawbacks: porosity, low adhesive and co-
hesive strength [12].

The main ways to improve the mechanical pro-
perties of plasma coatings are related to the additional
technological operations maintaining or modifications
in equipment: coatings melting, thermomechanical and
electromechanical processing, coatings spraying with
a nanocrystalline phase, development of supersonic jets
and protecting related flows [2, 9, 10, 13, 14]. These
methods have significant drawbacks associated with the
significant increase in the covering cost at the expense of
additional power consumption.
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IMocTranoBka npo0saemsl. [ToBbillIEeHHE HAAEKHOCTH
U pecypca paboThl AeTajei MalliH U UX y3JI0B OCTaeT-
Csl aKTyaJbHOH MpOoOIeMoii, KOTopas Ha COBPEMEHHOM
STane pa3BUTHsI HAYKH M TEXHUKH PEIIAETCS MperuMy-
IIECTBEHHO HaHECEHHEM (YHKIMOHAIBHBIX MOKPBITHI
MeTonamu razorepmuyeckoro Hambuierus (I'TH). Cpe-
1 pasnnuHblx MeTonoB I'TH nnazmenHblid xapakrepu-
3yeTCs BO3MOXKHOCTBHIO HAHECEHHUS MOKPHITHH U3 TYTO-
IJIAaBKUX MaTe€pHalioB, BBICOKON MPOU3BOIUTEIBHOCTHIO,
YHHUBEPCAIBFHOCTRI0O M SKOHOMHYHOCTBIO. Ho Hapsamy
C 3THM eMy TPUCYIIN HEAOCTATKA: IOPUCTOCTh, HAZKAS
aAre3UOHHas U KOre3MoHHas MpoyHoCTs [12].

OCHOBHBIE ITy TH ITOBBITICHUS MEXaHMYECKUX CBOICTB
IJIa3MEHHBIX MOKPBITUN CBSI3aHBI C MPOBEIECHUEM [I0-
MTOJTHUTEIBHBIX TEXHOJIOTHYECKHUX OINEpaIil UK ¢ 10-
paboTkaMu B 000pyIOBaHHH: C OTUIABICHUEM IIOKPBITHIA,
TEPMOMEXaHMYECKOW U 3JIEKTPOMEXaHN4eCKOi 00padoT-
KOH, HamnblJIEHUEM MOKPBITHI C HAHOKPHUCTAILINYECKOH
($a3oif, co3maHeM CBEPX3BYKOBBIX CTPYH M 3aIIUTHBIX
COITYTCTBYIOIIUX MOTOKOB [2, 9, 10, 13, 14]. DT MmeTOABI
HMMEIOT CYIIeCTBEHHBIE HETOCTATKU, CBI3aHHBIE CO 3Ha-
YUTEJIbHBIM OBBIIIEHMEM CTOMMOCTH MOKPBITUH 32 CUET
JIOTIOJTHUTEIBHBIX SHEPro3arpar.
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Latest research and publications analysis. The ef-
fect of imposing a constant arc current of short impulses
(the so-called modulation) during the plasma coating
process was investigated in [6—8]. It is shown that during
the modulation the plasma torch becomes the source of
the impulse waves which interact with the sprayed par-
ticles under its flight on the spraying distance. It provides
the size reduction of the additional particles and their ve-
locity increase. The effect of application of high-voltage
electric impulses between the metallizer and the substrate
on the structure and hardness of electric arc coatings was
studied in [1]. It was found that under the electric im-
pulse treatment the grinding of the coating structure and
the increase of their hardness was considered.

THE ARTICLE AIM is to study the electric im-
pulse treatment on the process of the plasma coatings
imposition and their mechanical properties.

Basic material. The coatings were applied on
the apparatus for Kiev-7 plasma spraying, which was
staffed by the PUN-1 plasmatron. Air was used as the
plasma forming and transmission gas, powders with
dispersion of 40...80 micron of the ITI'-19M-01 40...80
mm and TTPX18H9 models were used as the spraying
material. The coatings with the thickness of 1.0...1.2
mm were applied to the St3 steel samples with dimen-
sions of 5x25x40 mm which were defatted and ex-
posed to abrasive-jet blasting before spraying. The
hardness was measured on the Vickers type apparatus
(DSTU ISO 6507-4:2008) with a load of 5 kg.
The metallographic research was carried out on the opti-
cal MMU-3 microscope. The pictures of microstructures
were obtained with the digital Delta Optical HDCE-20C
camera, pre-packaged with the Scope Image 9.0 soft-
ware. The porosity determination was performed using
the software complex for the MEGRAN metallographic
computer analysis. The pictures of the plasma jet for de-
termination of the velocity of the particles were obtained
with the digital Canon PowerShot SX40HS camera. The
abrasive resistance of plasma coatings was determined
on the SMC-2 friction machine, the adhesion strength of
coatings with the substrate — on the YMM-5 tensile test-
ing machine.

Research results and analysis. The coatings spray-
ing was carried out at fixed modes. The mode settings for
the [IT'-19M-01 powder were: the arc current was 130 A,
the voltage was 190V, the distance was 180 mm. For the
ITPX18H9 powder the amperage arc was 170 A, the volt-
age was 180V, the distance was 180 mm [3]. The optimal
parameters of electric impulse treatment were selected
by the authors on the examples of electric arc coatings
[1] and were as follows: the impulse amplitude was 5 kV,
the frequency was 6.5 kHz. The connection of the high-
voltage impulses source was performed in a straight dia-
gram (Fig. 1).

As a result of the high-voltage electrical im-
pulses overlay the hardness of plasma coatings of the
M[I-19M-01 and ITPX18H9 powders increased by 20 and
25% respectively. The microstructures analysis (Fig. 2)
indicates that the use of electric impulse impact leads to
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AHaIU3 MoCJIeJHMX HCCIeJOBAHUNA M NMyOauKa-
umii. BivsHue HanoXeHWs Ha NOCTOSHHBIA TOK IyTH
KOPOTKHX MMITYJILCOB (TaK Ha3bIBaeMasi MOAYJISILINS ) TIPH
IUIa3MEHHOM HAaHECEHHM MOKPHITUI HCCIIEe0BaHO B pa-
6otax [6—8]. [Toka3aHO, 4TO MPH MOAYJSAIHMH TIIA3MO-
TPOH CTAaHOBUTCS MCTOYHHKOM YIAPHBIX BOJIH, KOTOpBIE
B3aUMOJIEICTBYIOT C HaNbLISIEMBIMHU YaCTHLIAMH TIPH MO~
JIeTe WX Ha JUCTaHIUH HalbUICHUs. JTO oOecrednBaeT
JIOTIOJIHUTEIFHOE W3MEJIbuCHHE YaCTHLl U yBEIMYECHUE
X CKOpOCTH. BimsiHHE HaJOXEeHUS BBHICOKOBOJIBTHBIX
NMEKTPUUECKUX HMITYJIbCOB MEKAY METAIUIU3aTOPOM
U TOVIOKKOW Ha CTPYKTYPY M TBEPIOCTH JIIEKTPOAYTO-
BBIX MOKPBITUH HccaenoBaHo B [1]. YcraHoBieHO, 4TO
IIPU  3NEKTPOUMITYJIBCHOM BO3/EHCTBUM HAOIIOMACTCS
U3MEJIBYEHHE CTPYKTYPHI TOKPBHITHSI W TIOBBIILICHHE WX
TBEPJIOCTH.

IEJIb PABOTBI — uccienoBaHue 3J1€KTPOUM-
IYJIbCHOTO BO3/ICHCTBUS Ha IPOLECC HAHECEHUS IUIa3-
MEHHBIX MTOKPBITHH M UX MEXaHHYECKHE CBOMCTBA.

Hzinoxenue OCHOBHOro marepuaja. IloxpbiTus
HAaHOCWJIM Ha YCTAaHOBKE ISl IUIA3MEHHOTO HaIlblie-
Hust KueB-7, xotopas yKOMILIEKTOBaHA IJIa3MOTPOHOM
[TYH-1. B kxagecTBe m1a3Moo0pa3yIomero u TpaHcIop-
TUPOBOYHOTO Tra3a HMCIOJb30BAJIM BO3IYyX, B KayecTBE
HaMbUIAEMOTO MaTepHaa — MOPOLIKU TUCIIEPCHOCTHIO
40...80 mxm Mapok [1T-19M-01 u TTPX18H9. ITokpsiTis
tommuuHOU 1,0...1,2 MM HaHOCWIHM Ha 00pa3lbl U3 CTa-
mu Mapku Ct3 pasmepoM 5%25x40 MM, KOTOpbIE Mepen
HaNbIJICHUEM TIO/IBEPTaId 00E3KUPUBAHUIO U CTPYHHO-
abpa3uBHOW 00paboTke. TBeprOCTh M3MEPSUIH HA IPHU-
6ope tuma Bukkepc (JICTY ISO 6507-4:2008) mpu
Harpy3ke 5 kr. Meramiorpadpudeckne HCCIeJOBaHMUI
[IPOBOAMJM Ha ONTUYECKOM MHUKpockone MMYVY-3.
CHUMKH MHKPOCTPYKTYP MOIy4aJid HU(PPOBOH KaMepoii
Delta Optical HDCE-20C, ykoMIuIeKTOBaHHOH IIpo-
rpaMMHEBIM obectiedeHreM Scope Image 9.0. Onpenerre-
HUE TOPUCTOCTH ITPOBOJINIIN C TIOMOII[BIO IIPOTPAMMHOTO
KOMITIIEKCa JJIs1 METAIIOTPa(hnIecKoT0 KOMIIBIOTEPHOTO
aHanmnza MEGRAN. CHuMKM NIa3sMEHHOH CTpyH i
OInpeneNeHus] CKOPOCTH YaCTHIl MOTyYaad C IHOMOIIBbIO
uudposoir portokamepsr Canon PowerShot SX40HS.
N3HOCOCTOWKOCTD TIIa3MEHHBIX MOKPBITHH ONPEAessiIn
Ha MamuHe Tpenus CMLI-2, mpoYHOCTh CIEeTIIEHUS T0-
KPBITUH C IOIJIOKKOM — Ha pa3pblBHON ManHe YMM-5.

Pezynomamut uccnedosanuii u ux ananus. Hambl-
JICHWE TOKPBITHI MPOBOMWIN Ha (DUKCUPOBAHHBIX pe-
xumax. s mopomka IMI-19M-01 mapameTpsr pexxnma
COCTaBISUIN: cuila Toka ayru — 130 A, HanpsxeHue —
190 B, nuctanmus — 180 mm. s mopomka [TPX18H9:
cunmaToka nyru — 170 A, Hanpsokerne — 180 B, mucran-
uus — 180 MM [3]. OnTumanbHbIe apaMeTpbl AIEKTPO-
HMITYJIbCHOTO BO3/ICHCTBUS ObLIHM BEIOpaHBI aBTOPAMH Ha
IIpUMEpE EKTPOLYTOBBIX NOKPHITHH [1] 1 cocTaBmsiy:
aMIUINTyJa UMOynscoB — 5 kB, wactora — 6,5 xI'L.
[NoaxitoyeHue NCTOYHNKA BHICOKOBOJILTHBIX UMITYJIBCOB
OCYIIIECTBIISUTH TI0 TIPSIMOi cxeme (puc. 1).

B pesynbrare HanoKeHUS BHICOKOBOJIBTHBIX 3JIEK-
TPUYECKHUX MMITYJILCOB TBEPIOCTh TUIA3MEHHBIX MMOKPHI-
Tt 3 nopomkoB [1I'-19M-01 u [TPX18H9 noBsicunacek
Ha 20 u 25% COOTBETCTBEHHO. AHAIN3 MUKPOCTPYKTYP
(puc. 2) CBUAETENBCTBYET, YTO UCIIOIH30BAHUE IEKTPO-
UMITYJbCHOTO BO3JEHCTBUSI IIPUBOANUT K HM3MEJIBICHHUIO
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Fig. 1. Straight Connection Diagram of
the High-voltage Impulses Source under
Plasma Spraying:

Puc. 1. Ilpsimas cxema NOAKIIOYEHUS
HCTOYHHMKA BBICOKOBOJIETHBIX HMITYJILCOB
TIPY TUIA3MEHHOM HAaIbIICHHH:

1 — anode / anon; 2 — fluoroplastic non-
conductor / GpTOPOIIIACTOBEII H3OIATOP;
3 — steel ring / cranpHOE KONbBIO; 4 —
sample | obpazen; 5 — high-voltage im-
pulses source / ICTOYHUK BBICOKOBOJIETHBIX
HUMITYJILCOB

smi.nuos.edu.ua | smi@nuos.edu.ua
SHIPBUILDING
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c)-6) d)-2)

Fig. 2. Plasma Coatings Microstructures:
Puc. 2. MUKpOCTPYKTYpBI IJIa3MEHHBIX TOKPBITHI:

a) — from the [1-19M-01 Powder without the Imposition of Current Impulses /
n3 nopomika [M-19M-01 Ge3 HanokeHHS UMITYIbCOB TOKa;, b)—6) — from the
III-19M-01 Powder with the Imposition of Current Impulses of 5 kV Amplitude,
6.5 kHz Frequency / w3 mopomika I1I-19M-01 ¢ HaloXEHHEM UMITYJIbCOB TOKa
amruutynoit 5 kB, wactoroit 6,5 k', ¢)—6) — from the [IPXI8H9 Powder with-
out the Imposition of Current Impulses / u3 noporika [TPX18H9 6e3 HanoxeHus
HUMITYJIBCOB TOKA; d)—2) — from the IIPX18H9 Powder without the Imposition of
Current Impulses of 5 kV Amplitude, 6.5 kHz Frequency / u3 nopomka [TPX18H9
C HAJIOXKEHHEM MMIYJIBCOB TOKa aMILIUTY0H 5 kKB, wacroroii 6,5 k't

the grinding of the structural elements of the covering: the
average height of slats for the bronze coating decreases
from 15 to 10 microns, for stainless steel — from 12 to
9 microns. There is also a decrease in the porosity of the
coatings from 6 to 4% and from 4 to 2.7 % respectively.

To explain this effect, the study of the influence of
electric impulse impact on the particles velocity during
plasma spraying has been conducted. The velocity de-
termination was performed using the method of high-
speed digital imaging [12, 15] on the example of the
II'-19M-01 powder coating. The particle velocity can
be roughly determined if the length of its track and the
exposure time of shooting are given. When selecting the
exposure indicators during shooting the probability of the
particles velocity increase under the electric impulse im-
pact was taken into account. The track length is directly
proportional to the velocity which makes inconveniences
while their identification in the plasma jet due to its ra-
diation. According to the photographs (Fig. 3) the tracks
can be identified only on the periphery of the jet.

In this regard, to find the axial velocity of the par-
ticles the following formula was used [12]

_r
[l—(y/b)3/2]2 ’

CTPYKTYPHBIX 3JIEMEHTOB IIOKDPBITHS: CPEIHSST BBICO-
Ta JlaMelel st OpPOH30BOTO TOKPBHITHS YMEHBIIACTCS
¢ 15 mo 10 MM, 11t HepxaBeroniero — ¢ 12 10 9 MkM.
HaOionaercst Takxke CHHKEHHE TTOPUCTOCTH ITOKPHITHH
c6104% uc4 no2,7% COOTBETCTBEHHO.

Jnst oObsicHeHns1 maHHOTO 3((deKTa MPOBETU HC-
CJICIOBaHMS BIIMSHHS DJIEKTPOUMITYIBCHOTO JICHCTBHS
Ha CKOpPOCTh YacTHIl TNpH IUIA3MEHHOM HAaIlbUICHHH.
Omnpenenenne CKOPOCTH IPOBOJMIN C TIOMOIIBIO METOAA
CKOpOCTHOM udpoBoii potochemku [12, 15] Ha npume-
pe HaHeceHus nopomka Mapku [II-19M-01. Ckopocts
YaCTHIBl MPUOIN3UTETBHO MOXHO ONPENCIUTh, €CIH
W3BECTHBI AJIMHA €€ TPEKa U BPEMs SKCIIO3UIINU ChEMKH.
[Tpu BEIOOpE MOKAa3aTesel SKCIO3UIUH IIPH ChEMKE YUH-
TBHIBAJIN BEPOSITHOCTH YBEINYEHHSI CKOPOCTH YaCTHUI] IPU
3NEKTPOMMITYJIbCHOM BO3A€icTBUM. J[JIMHA TPEKOB Ipsi-
MO TNPONOPIHOHATIbHA CKOPOCTH, YTO CO3/acT HEynoo-
CTBa IPU UX MJCHTH(UKAIMM B IUIA3MEHHOU CTpye 3a
cueT ee m3mydeHns. [1o cauMkam (puc. 3) MOXKHO HIICH-
TU(HUITIPOBATH TPEKH TOJBKO HA epUPEpUH CTPYH.

B cBsI31 ¢ 3TUM [UIs1 HAXOXKACHUS OCEBON CKOPOCTH
Y4aCTHI] HCITOTB30BaH Gopmyiry [12]

14

Vo=7———=>
[1_(y/b)3/2]
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where V, V are the particles velocities in the current
point and on the flow axis; y is the distance from the jet
axis to the current point; b is the half-width of the jet in
the given section (for spraying without the imposition of
the electrical impulses it is 18 mm, with the imposition
of the current impulses it is 15 mm).

The average flight approach velocity of the particles
along the jet axis at the distance of 180 mm during the
deposition by the traditional technology was 143.6 m/s,
using the electric impulse impact it was 180.3 m/s.
Therefore, under the imposition of the high-voltage elec-
tric impulses of 5 kV voltage and 6.5 kHz frequency, the
particles velocity increase of 25 % is considered.

This phenomenon can be described as follows. Plas-
ma is the partially ionized gas. The influence of the exter-
nal impulse electric field can be summarized by saying
that the electrons begin to move in the opposite direction
to the field strength vector, and the positively charged
ions begin to move in the direction of this vector [12], i.e.
in the straight connection diagram of the impulse current
source the electrons move in the direction of the sprayed
surface and the positively charged ions move towards the
powder particles. As a result of the collision of charged
particles with the powder particles the last ones acquire
a charge. If an electrically charged liquid drop is placed
into the electric field, then at a certain charge and field
strength it will be instable. It will occur when the surface
density of the Coulomb forces of repulsion of conductive
fluid electric charges exceeds the surface tension forces
[4, 5]. Under the action of electrostatic forces the drop
splits. The drops shredding during plasma spraying is
stimulated at the resonance medium frequency and the
drop itself [12]. In this research it is only possible due

N°1 (3) 2015

rae V, V, — CKOpOCTH YacCTHIl B JAHHOM TOYKE U HA OCH
IIOTOKA; ¥ — PACCTOSIHUE OT OCH CTPYH K JIaHHOH TOUKE;
b — ToNyTONIMHA CTPYH B JAHHOM CeUeHHH (M1 Ha-
MBIJICHAA 0€3 HAJIOKESHHUS SJIEKTPHUSCKUX UMITYIIECOB —
18 MM, ¢ HaJIO)KEHUEM UMITYJILCOB TOKa — 15 MM).

CpenHsist TOJUIETHAS! CKOPOCTD YaCTHUI] I10 OCH CTPYH
Ha auctaHnuu 180 MM TpH HAMBUICHUH 1O TpPaaWIU-
OHHOM TexHOoJIOrMH cocraBuna 143,6 M/c, ¢ MCIOIBL30-
BaHHMEM BJIEKTPOUMITYNIbCHOTO neiictust — 180,3 m/c.
CrnenoBarenbHO, TPH HAJOKEHWH BBICOKOBOJIBTHBIX
NEKTPUYECKUX UMITYJIbCOB HanpsbkeHueM 5 kB, uacro-
TO# 6,5 KI'11 HabMIOaeTCs OBHIIEHNE CKOPOCTH YaCTHII
Ha 25 %.

OTO sBIEHHE MOXHO OOBSCHHUTH CIICIYIOLINM.
[Ina3mMa — 4yaCTMYHO MOHM3HMPOBAHHBIM Ta3. BnusHue
BHEIITHETO UMITYJIECHOTO AJIEKTPUIECKOTO OIS CBOANT-
Cd K TOMY, YTO 3JICKTPOHbI HAYMHAIOT ABUTAaTbCSA B Ha-
IIPaBJICHUH, TIPOTHBOIIOJIOKHOM HAIpaBJICHUIO BEKTOpa
HATPSDKEHHOCTH TIONSA, @ TMOJIOKHUTENBHO 3apshKEHHBIS
HOHBI — B HamIpaBJIeHUH 3TOr0 BekTopa [12], T.e. mpu
HpﬂMOﬁ CXEMC IMOAKIYCHHSA HMCTOYHHWKA HUMITYJIbCHO-
TO TOKa BJIEKTPOHBI JIBUTAIOTCSl B HAIpPaBJICHUH HaIlbl-
JIIEMON TIOBEPXHOCTH, a IOJOKHUTENBHO 3apshKeHHBIC
HMOHBI — HaBCTPEdy YacTHIIaM IopoInka. B pesymprare
CTOJIKHOBCHHS 3apsKCHHBIX YaCTHULl C YaCTHLAMU I10-
polka nocieanue npuodperarot 3apsa. Eciou 3apspken-
HYIO 3JICKTPOIPOBOIHYIO KAIUTIO JKUAKOCTH TIOMECTHUTH
B DJICKTPUYECKOE II0JIe, TO MPU ONpPEAETICHHOM 3apsae
1 HAIpPsKCHHOCTU IOJII OHA HUCIIBITBIBACT HeyCTOﬁ'—lH-
BOCTb, KOTOpasi BO3HHKAET, KOIJja IIOBEPXHOCTHAS TLIOT-
HOCTPH KYJIOHOBCKUX CHJI OTTAJIKHUBAHHSA JICKTPUICCKUX
3apsI0B MPOBOIAIIECH KUIKOCTH MPEBBIIIAET CHIIBI IO~
BEepXHOCTHOTO HarspkeHus [4, 5]. Ilon neiictBuem anex-
TPOCTATHYECKHUX CHJI Karulsl pacranaercs. M3menpuenne

b)-6)

Fig. 3. Shootings of the Plasma Jet under Spraying with the [1I'-19M-01 Powder:

Puc. 3. CHUMKH MIa3MEHHOH cTpyH IpH HambuieHUH nopouikom I1I-19M-01:

a) — without the Imposition of Electrical Impulses (3.125 mx Exposure) / 6¢3 HaJOXKESHUS SJICKTPHUCCKUX UMITYIbCOB (IKCTIO3UIIHS
3,125 mkc); b)—6) — with the Imposition of the Current Impulses of 5 kV Voltage, 6.5 kHz Frequency (0.625 mx Exposure) /
C HAJIOXKEHHEM MMITYJILCOB TOKa HampspkeHueM 5 kB, wacroroit 6,5 kI'1t (3xcnozunms 0,625 Mkc)
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to the resonance of the natural oscillations of the drop
and the external electric field because under the subsonic
velocity of the plasma jet the effect of the plasma ripples
on particle size reduction is absent [12]. Thus, the phe-
nomenon of particle size reduction under plasma spray-
ing with electric impulse impact can be explained by the
charge of powder particles in the plasma flow and the oc-
currence of electrostatic forces as a part of the resonance
with the natural oscillations of the drop.

Under the powder particles grinding function of the
particle size distribution shifts towards the reduction of
their average diameter. Associated with the grinding, the
reduction of inertia of the particles causes an increase
in their average rate, and the decrease of the standard
deviation from the average diameter reduces the velo-
city spread [12]. All this ensures the uniform particle pac-
king and the porosity reduction (see Fig. 2). The authors
of [10, 11] explain the acceleration of particles during
plasma spraying using an additional current source by
the additional rate [11]:

29-A¢

V, = )
m

where ¢ is the particle charge; Ao is the potentials diffe-
rence between the plasma torch and sprayed surface; m
is the particle mass.

Thus, it was found that the usage of electric impulse
impact provides possession of the grinded and denser
microstructure of the plasma coatings by means of the
additional shredding and particle acceleration in the
plasma jet.

To determine the performance properties of the coat-
ings the tests for abrasive resistance and adhesion to the
substrate were conducted. The abrasive resistance of
plasma coatings was defined on the CMII-2 friction ma-
chine by the rollerblock scheme (Fig. 4,a). For lubrica-
tion of the friction couple the M10I"2K GOST 8581-75
motor oil was used. The oil feed rate was 30 drops per
minute, the circumferential speed of the roller rotation
was 0.8 m/s, the pressure was 5 MPa.

The block and the roller were made of 45 carbon
structural qualified steel. The plasma coating was applied
to the block, previously defatted with technical ethanol
and subjected to abrasive-jet blasting. Before the abra-
sion test the rollers were subjected to thermal improve-
ment. The tempering of the steel rollers was carried at a
temperature of 840 °C and subjected to holding for 5 min.
The cooling was carried in the water. After the tempe-
ring the hardness of rollers was 54...55 HRC. Then, the
high temperature tempering at a temperature of 550 °C,
holding for 1 hour and cooling in air was performed. The
hardness of the rollers after the high temperature tempe-
ring was 30...32 HRC.

Analysis of the results of determination of the abra-
sive resistance of plasma coatings of the III-19M-01
powder showed that the coating obtained with the impo-
sition of high-voltage electrical pulses of the voltage of
5 kV, frequency of 6.5 kHz is 1.5 times less abrasive re-
sistant than coatings produced by means of the traditional
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Karesb TPpH TUIa3MEHHOM HATBUICHUH CTHMYIHPYETCS
TIPH PE30HAHCHBIX YaCTOTaX KOJICOAHUH Cpembl M caMoit
karmmu [12]. B nanHOM HccnenoBaHUM 3TO BO3MOXHO
TOJBKO 3a CYET pEe30HAaHCa COOCTBEHHBIX KoJeOaHWI
KalUId WU BHEIIHETr0 3JIeKTPHUYECKOrO MO, TMOCKOJIBKY
IIpU JO3BYKOBOW CKOPOCTH IIJIa3MEHHOW CTPYH BIMSIHHUE
MyJTbCAIUi IIa3Mbl Ha N3MENFICHNAE JaCTHII OTCYTCTBY-
et [12]. Takum 00pa3om, SIBIICHHE H3METHICHUS TaCTHII
MpU JIA3MEHHOM HANbUICHUH C 3JIEKTPOUMITYIbCHBIM
BO3JICHCTBIEM MOXKHO OOBSCHUTH 3apsiOM YacTHI] TO-
poIIKa B IUIa3MEHHOM IOTOKE M BO3HUKHOBEHHEM 3JIEK-
TPOCTATHYECKUX CHII, BXOIAIINX B PE30HAHC C COOCTBEH-
HBIMHA KOJICOAHUSMH KaTUIH.

[Ipu n3MenpueHUH YacTHI] MOPOIITKA (QYHKIUS pac-
IpeJesIeHNs] YacTHIl IO pa3MepaM CMEIIAETCs B CTOPOHY
YMEHBIIIEHUS UX CpefHero auamerpa. CBa3aHHOE ¢ U3-
MEJIBYEHHEM YMEHbILIEHNE HHEPLIMOHHOCTH YacTuly o0y-
CIIOBJIMBACT yBEIMUEHHUE UX CPETHEH CKOPOCTH, a CHIDKE-
HUE CPEOHEKBAIPAaTHUCCKOTO OTKIOHEHHS OT CPETHETrO
JIraMeTpa MPUBOIUT K YMEHBIIIEHUIO pa3dopoca Mo CKO-
poctsim [12]. Bee 310 M obecneunBaeT paBHOMEPHYIO
YIaKOBKY YacTHUIl U CHI>KEHUE TIOPUCTOCTH (CM. pHC. 2).
Agtopsl pabot [10, 11] OOBSCHSIOT YCKOPEHHE YaCTHIL
MIpHU TUTa3MEHHOM HAMBUICHHH C HCIOIB30BAHHUEM I0-
TTOJTHUTETHPHOTO MCTOYHHKA TOKAa BO3HHKHOBEHHEM IO-
MOJIHUTENBHOU cKopocTtH [11]

2q-Ag
LT

TIe ¢ — 3aps YacTHIKH; AQ — pasHHIA TIOTEHINAIOB
MEXIY IUIa3MOTPOHOM M HANBUIIEMOI IOBEPXHOCTHIO;
m — Macca YaCTHUKH.

Takum 00pa3oM, yCTaHOBJIEHO, YTO UCIIOJIb30BaHUE
ANIEKTPOUMITYJIBCHOTO BO3JEHCTBHS O0ECleYrBaeT Mo-
JTy4eHHEe N3MENBYCHHOHN 1 00JIee IIOTHON MUKPOCTPYK-
TYpBI IUITA3MEHHBIX TIOKPBITHH 32 CYET TOMOITHUTEIBHOTO
JpOoOJIeHNs ¥ YCKOPEHHMS YacTHIl B TNIa3MEHHOH CTpye.

Jns onperneneHus SKCILTyaTallMOHHBIX CBOWCTB MO-
KPBITHH TIPOBEJCHBI HCIBITAHUS Ha W3HOCOCTOWKOCTH
U TPOYHOCTh CUEIUIEHUS C MOMJIoKKoW. M3HOcocToli-
KOCTb IJIa3MEHHBIX MOKPBITHN ONpEAesIach Ha Malllu-
He TpeHus CMII-2 mo cxeme ponuk-koionka (puc. 4,a).
Jns cMa3ku mapsl TPEHHUS! HCIIONB30BAIM MOTOPHOE
Macno mapku M10I'2K T'OCT 8581-75. CkopocTs mo-
Ja4u Macia cocrannsia 30 Kanenb B MHHYTY, OKpy>KHast
CKOPOCTh BpaineHus ponuka — 0,8 m/c, maBieHue —
5 MITa.

Kononky u ponuk M3roTaBauBajid U3 yrIEPOAUCTOM
KOHCTPYKIMOHHOHN KauyecTBeHHOW crtanu 45. [lnazmen-
HOE TTOKPBITHE HAHOCWIIM Ha KOJIOJKY, MPEABAPUTEIHHO
00€3>KMPEHHYI0 TEXHHYECKHM ITAHOJOM M ITOABEPTHY-
TYI0 CTpyiiHO-aOpa3uBHOW oOpaborke. Ponuku mepen
UCTIBITAHUEM Ha M3HOCOCTOMKOCThH IOJBEPrayuCh Tep-
MHYECKOMY YITyUIICHHIO. 3aKallka CTaJIbHBIX POJHKOB
ocymecTBisAnack ¢ temneparypsl 840 °C u BbIIEpXKKE
B TeueHue 5 muH. OxyaxjaeHue — B Boje. Ilocne 3a-
KaJIKl TBEPAOCTb pOIMKOB cocTaBmwia 54..55 HRC.
3areM TpPOBOAMIM BBICOKOTEMIEPATypHBIH  OTITyCK
mpu temneparype 550 °C, BbAEpKMBaIM B TEUCHHUE
1 4 u oxnaxgaiu Ha BO3AyXe. TBEpAOCTb POJIMKOB
1ocjae BBICOKOTEMIICPAaTypHOTO OTIyCKa COCTaBHJIa
30...32 HRC.
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technology, there is also a slightly larger roller abrasion,
which is associated with an increase in the hardness of
the coating (Fig. 4,b). Fig. 5 shows the microstructures
of the friction surface with the coating.

At the surface (Fig. 5,a), the friction tracks are seen
uniformly distributed over the entire area. Dramatic dif-
ferences in the pore scale can be explained by the fact
that the spraying was carried out in air and the oxida-
tion of elements is possible, and then under friction pit-
ting is possible. The analysis of the friction surface
(Fig. 5,b) showed that the block surface sprayed with
the imposition of the electrical impulses is denser. The
large number of small and medium-sized friction tracks
of the small depth indicates that the friction processes
proceeded smoothly.

The cohesive strength of plasma coatings with the
substrate was determined by the “pin pulling” method

¢_P

Block

) / Konozxa

Roller

) / Posuk
R~
a)

Fig. 4. Abrasive resistance of plasma coatings:

Puc. 4. I3HO0COCTOWKOCTH IITa3MEHHBIX TOKPBITHI:
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AHanu3 pe3ysbTaToB OMpENENeHUs H3HOCOCTOMN-
KOCTH IUIa3MEHHBIX IOKPBITUH M3 MOpOIIKAa MapKu
MI'-19M-01 noka3an, 4TO NOKPBITUE, IOTYYEHHOE C Ha-
JIOKEHUEM BBICOKOBOJIBTHBIX AJICKTPUYECKUX UMITYIbCOB
HanpsbkeHueM 5 kB, wacroroit 6,5 k', umeer B 1,5 paza
MEHBIIUN U3HOC, YeM MOKPHITHA, OITy4YeHHBIE TI0 Tpa-
JUIMOHHOHN TEXHOJOTUH, TaKXKe HaOM0JaeTCsl HECKOIb-
KO OOJBIINI N3HOC POJIHMKA, YTO CBA3AHO C MTOBBINICHUEM
TBepnocTu Mmokpetus (puc. 4,6). Ha puc. 5 mpencras-
JIEHBI MUKPOCTPYKTYpPbI TIOBEPXHOCTU TPEHUS C MOKPHI-
THEM.

Ha nosepxHocTtH (puc. 5, @) BUIHBI TOPOXKKU TPEHUS,
PaBHOMEPHO pacCIpeleIeHHbIE 10 Beel miuomanu. Pes-
KHe pa3nyus B Maciitade mop MOXXHO OOBSICHUTH TEM,
YTO HANbUICHHE NPOM3BOIMIOCH HA BO3LYyXE M BO3MOX-
HO OKHCIICHHE 3JIEMEHTOB, a 3aTeM MPH TPEHUH — BBI-

KpammuBaHue. AHAIN3 ITOBEPXHOCTH TpeHHs (puc. 5,0)

5,0
45
4,0 -

X35
[

23,0 -
3
§2,5 1
32,0+
0]

g1,5
=
1,0 -
0,5 -

0,0 -

Weight loss, g<1073

b)-6)

a) — abrasion test /| cxemMa UCTIBITAHUI HAa H3HOCOCTONKOCTD; b) —6) — results of the determination of abrasive resistance of plasma
coatings of the III'-19M-01 powder | pe3ynpraTbl OnpeneacHusi N3HOCOCTOUKOCTH IUIa3MEHHBIX MOKPBITHI U3 MOPOIIKa MapKH

Mr-19M-01

1 — the imposition of electrical impulses / 63 HaNOXXEHHS IIEKTPUUCCKUX UMIYILCOB; 2 — with the imposition of high-voltage
electrical impulses with the voltage of 5 kV, frequency of 6.5 kHz / ¢ HanoxeHHEeM BBICOKOBOJIBTHBIX IEKTPUICCKUX HUMITYJIHCOB

HanpsbkeHueM S5 kB, yactoroii 6,5 kI'i1

m — coating / TOKpeITHE; O — roller / ponuk

a)
Fig. 5. Microstructure of friction surface of the block, sprayed by plasma method by the III'-19M-01 powder:

b)—6)

Puc. 5. MUKpOCTpPYyKTYypa MOBEPXHOCTH TPEHUS KOJIOAKH, HAIBUICHHOM MJIa3MEHHBIM METO/IOM ropoiukoM Mapku [1-19M-01:

a) — without the imposition of high-voltage electrical impulses / 6€3 HaJOXEHUsI BEICOKOBOJIBTHBIX EKTPUYECKIX UMITYIIbCOB;
b)—6) — with the imposition of high-voltage electrical impulses with the voltage of 5 kV, frequency of 6.5 kHz / ¢ HanoxeHnem
BBICOKOBOJIBTHBIX JICKTPUYECKUX UMITYIbCOB HampsbkeHUeM 5 kB, gactotoil 6,5 kI'1y
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on the YMM-5 tensile testing machine. Samples to de-
termine the bond strength was made of 45 carbon steel.
Before coating spraying, the surface was defatted with
technical ethanol and subjected to the abrasive-jet blas-
ting. The sprayed coating thickness was 0.5...0.7 mm.
The spraying was carried out at the mode mentioned
above. To obtain the results of adhesion strength of coa-
tings with the base spraying in one mode was performed
on five samples. Fig. 6 shows the results of determination
of the adhesion strength of coatings.

Thus, under the application of high-voltage electric
impulses of with the amplitude of 5 kV, the frequency
of 6.5 kHz, there is an increase of adhesion strength of
bronze coating by 25 % in combination with the abrasive
resistance increased by 1.5 times.

Currently the equipment for plasma spraying of pow-
der materials costs from 10 to 25 thousand dollars, de-
pending on the scope of delivery. The cost of the power
source for electric impulse impact is about 1 thousand
dollars which amounts from 10 to 4% of the total cost
of installation. Therewith, the effect of its use provides
the obtaining of the coatings with increased mechanical
properties on average by 20 ... 30 %.

Thus, the prospects for the further development of
research lie in a more detailed objectivation of the pa-
rameters of electric impulse impact and the mechanism
of particle size reduction in the two-phase high-tempe-
rature flow.

CONCLUSIONS. 1. The imposition of the high-fre-
quency impulses with the frequency of 6.5 kHz and the
voltage of 5 kV on the direct circuit between the plasma
torch and the product under plasma spraying allows get-
ting the milled coating structure and enhances the hard-
ness increase by 20...25%, the adhesion strength — by
25 %, the adhesive resistance — by 1.5 times.

2. The electric impulse impact provides an increase
in the average flight-in velocity of particles in the high-
temperature two-phase flow under the plasma spraying
by 25 %.
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Fig. 6. Research of influence of electric impulse impact on
the adhesion strength of plasma spraying of III'-19M-01 pow-
der:

Puc. 6. UccnenoBanue — BIMSHHA — DJIEKTPOMMITYJIBCHOTO
BO3JIEHCTBYS HA IPOYHOCTH CUEIUICHNS IIJIa3MEHHBIX ITOKPBITUH
u3 nopouka Mapku I1I-19M-01:

m — without the imposition of high-voltage electrical impulses
/ 63 HaJI0)KEHNS BEICOKOBOJIBTHBIX MEKTPUIECKUX UMITYIICOB;
0O — with the imposition of high-voltage electrical impulses with
the frequency of 6.5 kHz, the voltage of 5 kV / ¢ HanoxeHnem
BBICOKOBOJIBTHBIX 3JIEKTPUYECKUX UMITYJIbCOB 4acTOTOM 6,5 KI 11,
HanpspbkeHueM 5 kB

MOKa3aJl, 4YTO MOBEPXHOCTh KOJOAKH, HalbUIEHHOH C Ha-
JIO)KEHHEM DJIEKTPHYECKUX UMITYJIECOB, OOJiee TUIOTHAS.
Bonbiioe KoMU4YeCTBO MEIKUX U CPETHHUX JAOPOKEK Tpe-
HUsI HEOOIBIION ITyOHBI yKa3bIBaeT Ha TO, YTO MpoLec-
CBI TPEHUsSI IPOTEKATIN PAaBHOMEPHO.

[IpouHOCTH cCLEIIEHUS MIa3MEHHBIX MOKPBITHH
C MOJIOKKON OMNpenessaad METOJOM «BBITSITUBAHUS
mtudTa» Ha pa3pbIBHON MammHe Y MM-5. O0pasips! 11s
OTIpe/eNIEHNs IPOYHOCTH CLETIJICHUSI U3TOTaBIUBAIU U3
yrneponuctoi cranu 45. Ilepen HaHeceHnEM MOKPBITUS
TIOBEPXHOCTH 00E3KUPUBAIIM TEXHUUECKHM STaHOJIOM H
TTOJIBEPraliu CTPYItHO-abpa3uBHOM 00padoTke. TommuHa
HaHECEHHOTO MOKphITUsa cocTaBisuia (,5...0,7 mm. Ha-
MbIJICHHE MPOBOAMIOCH Ha YKa3aHHOM BBIIIE PEXHME.
JUis mostydeHust pe3yabTaToB MIPOYHOCTH CLETIEHUS O~
KpBITUI ¢ OCHOBAaHHEM HAIBIJICHUE HA OJHOM PEXUME
MIPOBOJIMIIOCH Ha IISATh 0OpasuoB. Ha puc. 6 mpencras-
JIEHBI Pe3yAbTaThl ONpPEAEICHNs MPOUYHOCTU CLEMICHUS
MIOKPBITHI.

Takum 00pazoM, IpU HAIOKEHUH BBICOKOBOJBTHBIX
ANIEKTPUUYECKUX UMITYIbCOB aMILUIUTY0M 5 kB, uacToToit
6,5 k' HabOroaeTcesl MOBBIIEHHE TTPOYHOCTH CIIETLIE-
HUsI OPOH30BOTO MOKPHITHS HA 25 % B COUETaHUH C TIO-
BBIIIEHHOH B 1,5 paza H3HOCOCTOMKOCTBIO.

B nacrostiee Bpemst 000py10BaHHE IS TUTa3MEHHOTO
HAHECEHHUS MOPOILIKOBBIX MaTEPUAIIOB B 3aBUCUMOCTH OT
KOMIUIEKTHOCTHU NOCTAaBKHU CTOUT OT 10 10 25 ThIC. A0
CTouMOCTh UCTOUHHUKA MUTAHUS AT 3IEKTPOUMITYIIBC-
HOTO BO3AECUCTBUS COCTaBISET OKOJIO 1 ThIC. JOM., YTO
cocrasysier ot 10 10 4 % ot o01ieli CTOMMOCTH yCTaHOB-
ku. [1pu aToMm aphexT oT ero npumeHeHuns odecrieynBaeT
MOJIyYeHHEe MOKPBITUIl C MOBBIIICHHBIMU B CPEJHEM Ha
20...30 % MexaHMYEeCKUMH CBOMCTBAMH.

Takum 00pa3oM, NMEpCHEeKTUBHI AaJbHEHIIEro pas-
BUTHS UCCIIEZIOBaHUI 3aKITI0YaroTCs B Oojiee AeTalbHOM
00OCHOBaHMHM TapaMETPOB BJIEKTPOUMITYIECHOTO BO3-
JeMCTBUS M MEXaHU3Ma HM3MEIBUEHHUsS YacTUI[ B ABYX-
(ha3HOM BBICOKOTEMIIEPATYpPHOM ITOTOKE.

BBIBOJDbI. 1. HanoxeHnue BBICOKOBOJIBTHBIX HM-
IMynbCcOB 4YacToTol 6,5 kI'n, HampsbkeHueM 5 kB mo
IpsIMOIT cxeMe MeXxay MIa3MOTPOHOM U H3JENHEM NpHU
I1a3MEHHOM HAIbUIEHUU MO3BOJISIET MOIyUYUTh U3MEIb-
YEHHYIO CTPYKTYpY TOKDBITHSI W OOECIeYHBacT IOBBI-
meHue TBeproctd Ha 20...25%, mpouHOCTH cLerule-
Husg — Ha 25 %, u3HococToMKoCTH B 1,5 pasa.

2 . DNEeKTPOUMITYIIECHOE BO3ICHCTBIE 00ECIICUNBACT
MOBBIIIEHUE CPEIHEH MOATETHON CKOPOCTHU YaCTHII B BBI-
COKOTEMIIEpaTypHOM JIBYX(a3HOM ITIOTOKE IIPH IIa3MEH-
HOM HarblieHuu Ha 25 %.
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Maccaxupckoe cyaHO Ha BO3AyLLIHOW noAayLike amgubuinHoro tuna
(CBIMA) «bepkyT» npegHa3sHa4yeHo AJis NepeBO3KU fitoder no Bofe

1 NbAy B MOPCKUX U PEYHBIX PavioHax Mpu TeMMepaType Hapy>XHOro
Bo3gyxa oT —20°C go +45°C, c yganeHnem oT MecTa yboexuiia Ha pac-
cTosiHne o 50 Musb, € 3aX0[0M B KPYMHbIE PEKM.

CBIMA «bepkyT» npeaHa3HayeHO Ans 3KcniyaTauuMm B NpUOPEXHbIX Mesi-
KOBOAHBIX 1 3ab0NoYeHHbIX palioHax, B 3apoclleM MenkoBojbe, B obBof-
HEHHbIX BO BpeMs pa3finBa pek y4yacTKOB CyluW, BO BPEMS Jlefoxofa W Lyru,
B TyHApe 6e3 orpaHuyYeHusi NMPOYHOCTU MOKPOBA, MO CHery niobon NpPoYHOCTH,
Nno pekam BO BpeMs NlefoXoAa 1 negoctaBsa.
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