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MoBbllWeHWe A0ArOBEYHOCTU U HAJAEXHOCTH
TeXHO/Iornyeckoro o6opyaoBaHUS U UHCTPYMeEHTa

C y4eTOM 3KOHOMMYECKUX U 3KOJIorm4yecknx pakropos
HenocpeacTBEHHO CBSI3aHO C TPU6OTEXHUYECKUMU
XapaKTepucTMKamMmu conpsiraemMbix getanemu
(U3HococTOlKOCTbIO, KO3PPULMEHTOM TPEHUS,
CXBaTblBaHMEM, 3ae4aHNEM U T.N.). PelleHue 3ToM
334,241 BO3MOXXHO TOJIbKO Ha 6ase rny60Kux, Hay4yHo
060CHOBaHHbIX MOAXOA0B, OAHUM U3 KOTOPbIX
cneayeTt CYNTATb MHXKEHEPUIO NOBEPXHOCTHU

[1]. B ctaTbe paccmaTpuBaeTcs Ucnosib3oBaHue
“rub6puagHoOM" TeXHOIOrMM NOBEPXHOCTHOIO CUHTE3a
KOMMO3ULNOHHbIX HAHOCTPYKTYPUPOBAHHbIX
KepamMono/IMMepHbIX MOKPbITUA ANS U3TOTOBJIEHUS
TOpLEBbIX YMJIOTHEHMUI BbICOKOTOYHbBIX, A,O/IFTOBEYHbIX,
MaJIOMOMEHTHbIX 6bICTPOBPALLAIOLLLMXCS MEXAHU3MOB.

H>XeHepHs IoBepxHOCTHU (surface engine-

ering) - OTHOCHTe/JIbHO HOBOe HaIlpaBie-

HHe B HayKe U TeXHOJOTHH, BK/IIOYaKIlee
KaK TPaAULMOHHBIe, TAK U NUHHOBALIMOHHBIE CIIO-
co6bI MOAUGULIMPOBAHU S [IOBEPXHOCTH U3AETHU.
M HXeHepHUs IIOBEPXHOCTH OXBAaThIBaeT MHOIHe
06/1acTH COBpPeMe@HHOT0 MaTepHaloBeleHUs U 6a3u-
pyeTcs Ha npoueccax GOpMHUPOBAHHUS IOBEPXHOCT-
HBIX CJIOEB C HeOOXOMUMBIMU CBOMCTBAMHU HEIIO-
CpefCTBeHHO B MaTepHaJjie-OCHOBe, a Tak>Ke HaHe-
CeHMSI pa3/IMuYHBIMH MeTOAaMHU IIPOYHO CBSI3aHHBIX
C HUM CJIOeB APYroro, Kak IpaBHJIO, KOMIIO3UIHOH-
HOT0 MaTepHasla Co CBOMCTBAMHU, OTIMYAIOMIMMHUCS
OT CBOMCTB OCHOBBI. UIHTepec K IOBEPXHOCTHOMY
MoAHGUILIMPOBAHHIO 00yC/IOB/IeH TaKke TeM, 4YTO
B OOJIBIIMHCTBE C/1y4YaeB UMEHHO XapaKTepUCTUKHU
IIOBEPXHOCTH B KOMOMHAIIMK CO CBOMCTBAMHU MaTe-
pHaIa-OCHOBHL ONpefessioT CBOMCTBA U3JeIus
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An increase in the durability and reliability
of the process equipment and tools with
regard to economic and environmental
factors is directly related to the tribological
properties of mating parts (wear resistance,
friction factor, setting, seizing etc.).

The problem can be solved only through
the deep and science-based approaches,
one of which should be considered surface
engineering [1]. The article discusses

the use of the hybrid technology of

the surface synthesis of nanostructured
composite ceramic-polymer coatings

to manufacture of end seals of
high-precision, durable, low-torque

and fast-running mechanisms.

urface engineering is a relatively new trend in

science and technology including both traditional

and innovative ways of modifying the surface of
products. Surface engineering covers many areas of
modern material sciences and is based on the processes
designed to generate surface layers with the required
properties directly in the substrate material and coat
by connecting through various methods of firmly
associated other layers usually of composite material
with properties differing from those of the substrate.
An interest in surface modification is also due to the
fact that in most cases the surface characteristics
in combination with the properties of the substrate
material determine the product properties in
general. In addition, surface modification is more
attractive as compared with methods for changing
the bulk properties of materials and products from the
economic point of view [2].
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B L1esioM. Kpome Toro, MoguQUIIMPOBAHHE [10BEPX-
HOCTH IIpeJfcTaBiseTcs 6osee mpUBIeKaTeJIbHBIM
II0 CPaBHEHHMIO CO crlocobaMU M3MeHeHHUs 06beM-
HBIX XaPAKTEPUCTUK MATEPHUAJIOB U U3LEIHUH C 3KO-
HOMMYECKUX [IO3ULIUH [2].

®OPMUPOBAHMUE TOPLLEBbIX YIOTHEHUMA:
TEXHOJIOTUU U NPOBJIEMbI

Pa3paboTKH HOBBIX 3KOJOTHYECKH YHUCTHIX T€XHO-
JTOTUH MOOUPULIUPOBAHUSA A1 GOPMUPOBAHUS
MHOTOQYHKIIMOHA/JIBHBIX [IOBEPXHOCTHBIX CJI0€B
M IOKPBITHUM, 3aI[MINAMUX U YIPOUHSIONUX
MeTajJIMuecKHe U3Leausi, - aKTyasJbHble 3aa4ul
COBpPeMeHHOM HAayKH U TeXHUKH. [[puMepom 110706~
HOI'0 IIOAX0Aa MOXKET CJIYKUTb MHKeHepH sl COILPS-
raeMblX MOBEPXHOCTEN MPHU CO3LAHUU TOPLIEBBIX
YIJIOTHeHUH. TOpPIeBBIM YIIIOTHEHHEM Ha3bIBAIOT
repMeTHU3HpYyOllee yCTPONUCTBO KOHTAKTHOIO THUIIA,
KOTOPO€ HCIIONB3yI0T B MAIIMHAX U MeXaHU3MaXx
IJ1s1 pa3fesieHus II0JI0CTel BBICOKOI0 M HU3KOT0 aB-
neHUH. O6BIYHO OHO BBIIIOJIHEHO B BHJeE IIapHl Tpe-
HU S TOPLIEBBIX [I0OBEPXHOCTEH ABYX AeTaslel, oJHA
13 KOTOPBIX YCTAaHOBJIeHA Ha POTOpe, a BTOpas — Ha
cTaTope (Kopmyce) ycTporcTBa. TopLeBbM yIIJIOT-
HeHHEeM TaKKe SBJISIeTCS PAa3HOBUIHOCTD YIIOPHBIX
MIOAIIUITHUKOB CKOJIbKeHHU S C IApOM TpeHHUs, OIS
GYHKLIMOHUPOBAHHUS KOTOPBIX HeOOXOAUM IIOJ-
BOJ, CMa3KH{ B IIPOCTPAHCTBO MeXAY TPYIIHMHUCS
[IOBEPXHOCTSAMHU. OTIHYHe TOPLEBbIX YIIIOTHEHU I
OT OOBIYHBIX YIIOPHBIX IMOAUIMIIHHUKOB II0 XapaK-
Tepy paboTHl COCTOUT B TOM, YTO TPyLIasics mapa
TOPLIEBBIX VIIJIOTHEHUH LOJKHA paboTaTh B ycio-
BHUSIX IIepeIlaJioB JaBIeHUs, a B KaueCcTBe CMa3KH
B ITOJaBIsSoONEeM OOJBIIUMHCTBE CIy4YaeB HCIIONb-
3yeTcs yIJIOTHsieMasl cpefia. TopleBble yIJIOTHe-
HUS ABASIOTCS Hanboee 3GPeKTUBHBIM U JOITO-
BEUHBIM THUIIOM YIUIOTHSIONIKX YCTPOMCTB Bpalla-
IOIIMXCSI BAJIOB HACOCOB, APYTUX MAIIWH U HMEIOT
CyIlecTBeHHBIe [IPeUMYINecTBa II0 Ka4eCTBY repme-
TH3aILUHU U CPOKY CJIYKOBI I10 CPAaBHEHHIO, HAIIPU-
Mep, C CAJIPHUKOBBIMH YIIJIOTHEHUSIMH [3].

Bo MHOTHX C/1y4asX IIOBBIIIEHHE JOITOBEYHOCTH
Iap TpPeHUS HOCTUTAIOT 3a cUeT MOAyuYeHHUs pas-
JIUYHBIMU MeTOLAMHU Ha COIIPSraeMbIX II0BEpXHO-
CTSAX OJOCTATOYHO TOJICTHIX (6osee 30 MKM) 3aIHUT-
HBIX OKCHJHBIX C/I0eB. B IocaeqHee BpeMs s
3TOHM Pa3HOBUIHOCTHU HHXK€HEPUU MOBEPXHOCTH
BCe IMIHpe NPUMEHSIOTCSI METOABl IJIa3MEeHHOTO
BO3JeNCTBHUS B 3JIEKTPOJIUTAX — CPABHUTEIHHO
HOBOT'O BH[A 3JIeKTPOXHMMHUYECKOH ob6bpaboTku
[IOBEPXHOCTH IPeHMMYIeCTBEHHO MeTaJlaH4e-
CKHX MaTepuasos [4]. MogudunpoBaHUe C yUa-
CTHEeM 3JIEKTPOJIMTHOMN I171a3Mbl MUKPOPA3PSILOB
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FORMATION OF END SEALS,

TECHNOLOGIES AND PROBLEMS

Development of new environmentally friendly
technologies for the creation of multi-functional
modification of surface layers and coatings
protecting and reinforcing metal products are the
relevant issues of modern science and technology.
An example of this approach is the engineering of
mating surfaces in the creation of sealing ends.
A mechanical seal of the contact type is used in
machines and mechanisms for separating the
cavities of high and low pressures. Usually it is in
the form of a pair of friction surfaces of mechanical
seals of two parts, one of which is mounted on the
rotor, and the other one on the stator (housing) of
the device. A mechanical seal is also a kind of thrust
bearings with a friction pair for the operation of
which lubrication needs to be supplied into the
space between the rubbing surfaces. The difference
between mechanical seals and conventional thrust
bearings in the nature of operation is that the
rubbing pair of mechanical seals should operate
under pressure drops, and in most cases a sealing
medium is used as a lubricant. Mechanical seals are
the most effective and durable type of sealing media
of the rotating shafts of pumps and other machines,
and have significant benefits in terms of the quality
of sealing and durability as compared for example
with gland seals [3].

In many cases, increasing the durability of
friction pairs is achieved by a variety of methods
of formation on the mating surfaces of rather
thick (more than 30 pm) protective oxide layers.
Recently, for this variety of engineering surfaces
increasingly used are the methods of plasma
exposure in electrolytes, a relatively new type of
the electrochemical surface treatment of mainly
metal materials [4]. Modifying with an electrolyte
plasma micro-discharges allows synthesising on
valve group metals surfaces (Al, Mg, Ti, Zr, Nb, Ta
and some others, during the anodic oxidation of
which the oxide films with unipolar conduction in
the metal-oxide-electrolyte system are formed on
the surface) the nanostructured oxide composite
layers, which in many respects are superior to the
coatings created in other ways [5]. A combination
of functional properties (high hardness, wear
and corrosion resistance, electrical insulation
properties etc.) makes it possible to use the
modified products in many industries. However,
during the development and application of this
process it should be taken into account that the
residual and through-porosities in the modified
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I103BOJIsSIeT CUHTE3UPOBATh HAa [IOBEPXHOCTH MeTaJ-
noB BeHTUIbHOM rpynnsl (Al, Mg, Ti, Zr, Nb, Ta
Y HeKOTOPHIX APYTHUX, IPHU aHOLZHOM OKHCIeHHH
KOTOPBIX HA IOBEPXHOCTH 06pa3yoTCs OKCHA-
Hble IJIEHKHU C YHHUIIOJSPHOM IPOBOJHUMOCTBIO
B CHCTEeMe MeTaJlI-OKCHUJ-3TeKTPOJUT) HAHO-
CTPYKTypHUPOBAHHBIe OKCHIHBIe KOMIIO3UTHBIE
CJIOM, KOTOPbIe I10 MHOTHM ITOKa3aTessM IIpeBoC-
XOZAST IMOKPBITHUS, CPOPMHUPOBAHHBIE HHBIMHU CIIO-
cobamu [5]. CoueTaHHe psifa GYHKIIMOHAIBHBIX
CBOMCTB (BBICOKASI TBEPAOCTb, U3HOCO- U KOPPO3HU-
OHHasl CTOMKOCTD, 3JIEKTPOU30/ISILIHOHHBIE CBOH-
CTBa U [p.) JelaeT BO3MOKHBIM HCIIOb30BaAHHUE
MOOUGUIIMPOBAHHBIX H3/IeIUH BO MHOTHUX OTpac-
JSX IPOMBIIIJIEHHOCTH. OLHAaKO Ipu pa3paboTke
Y IPUMeHeHHUH JAHHOTO TeXHOJOTUYeCKOT0 IIpo-
Lecca He06XOAUMO YyUUTHEIBATh, YTO €T0 HEOThEM-
NeMo¥ 0C06eHHOCTBHIO SIBISIETCSI OCTATOYHAS CKBO3-
Has MOPHUCTOCTh B MOLUPUIIMPOBAHHOM CJIO€,
KoTopasi HeobxoquMa Al peanu3anuu GU3UKO-
XHUMHUYEeCKUX MEXaHHU3MOB, IIPUBOASIIUX K IJIa3-
M0O06pa30BaHUIO U CHHTe3y TpebyeMBbIX OKCHIHBIX
¢da3. B cayuyae, Korma He CTaBUTCSA 3amava dop-
MHUPOBAHUS Ha IIOBEPXHOCTH IIOPUCTOHU CTPYK-
Typhl (HampuMmep, s yAepXKaHHUS CMa3KU HIH
IJIsl TEeIJO3allUThl), IOPUCTOCTH CIeAyeT pac-
CMaTpUBaTh KaK HEJOCTATOK, CyIlIeCTBEHHO CHU-
SKAIOUUH XapaKTePUCTUKHU MaTepHAJIOB U H3Je-
JIMH U He MO3BOJISIIONHMU B IIOJTHOM Mepe NOCTHUYb
HeOOXOOMMBIX Pe3yabTaTOB MOAUGUIUPOBAHUS
[6]. [nst peryiupoBaHHUS OCTATOYHOM IIOPHUCTO-
cTH (BIIJIOTH 10 €€ MOJIHOT0 YCTPAaHEeHHU ), a TAaKKe
IPUJAHUS [IOBEPXHOCTH OKOHYATETbHBIX IIOTPe-
6UTeNbCKUX CBOMCTB, IPUMEHSIOT Pa3IHYHbBIE
BU/BI JOMOMHUTENbHON 06paboTku. Cpenu Tako-
BBIX MOSKHO OTMETHUTbh IIPOIIUTKY HJIH HAIIOTHEHHE
OTKPBITHIX IIOP PA3JUYHBIMHU BelecTBaMu (opra-
HUYEeCKMMHU U HEOPraHUUYECKUMHU KUIKOCTSIMH,
IIOJIMMepaMHU, PacljaaBaMU MeTaJJIOB); OIJIaBJle-
HHUe; MeXaHHUYeCKyo 06paboTKy U T.II., KOTOPbIe
CrocobOHBHI "3amevyaTaTds’ OTKPHITHIE IIOPHL U CylIe-
CTBEHHO PacIIMPUTH 0671aCTH NPUMEHEHUS OKCU-
OUPOBAHHBIX JeTaJIeH.

PaccMOTpUM 0COOEHHOCTH HCIOJB30BAHHUS
OJHOTO M3 IJIa3MEeHHO-3JIEKTPOTUTHYECKHUX METO-
IOB - MHUKPOAYroBOoro okcuaupoBanus (MIO)
B COYETAHUH C ra3oba3HON AeNMO3UTHOMN MOTHU-
Mmepu3sanuew (IAID) [6] mast 3amI0NTHEHUS OCTATOY-
HOM OTKPBITOM IOPUCTOCTHU. [TomobHOE 06BemU-
HeHUe CI10co60B MOAUGUIIUPOBAHUS IIOTOKEHO
B OCHOBY pa3paboTKu HOBOM, 'THUOPUIHOMN" TeXHO-
JIOTUH ITI0BEPXHOCTHOI'O CHHTEe3a KOMITO3UIIMOHHBIX
HAHOCTPYKTYPHUPOBAaHHBIX KePaMOIIOTHMEPHBIX
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layer, which are necessary for the physicochemical
mechanisms leading to plasma formation and
synthesis of the desired oxide phases, are an
integral feature of the process. In a case when
forming a porous structure on the surface (for
example, to retain grease or ensure thermal
protection) is not an objective, the porosity should
be considered as a disadvantage which significantly
reduces the material and product characteristics
not allowing to fully achieve the desired
modification results [6]. To regulate the residual
porosity (including its complete elimination) and
give the surface the consumer properties, various
kinds of additional processing take place. Among
these it can be mentioned impregnation or filling
of open pores with various substances (organic and
inorganic liquids, polymers, metal melts); fusion;
mechanical processing etc., which can seal the
open pores and significantly extend the application
of oxidised parts.

Let us consider the features of using of one of
plasma electrolytic methods, micro-arc discharge
oxidation (MDO) in combination with vapor
deposition polymerization (VDP) [6] to fill the
residual open porosity. Such an integration of
the modification methods provides the basis for
developing a new hybrid technology of surface
synthesis of the composite nanostructured ceramic-
polymer coatings proven for the manufacture of
mechanical seals of high-precision, durable and
rapidly rotating low-torque mechanisms. The use
of the MDO layer of the VDP process for filling
the pores opens up new surface engineering
opportunities because fundamentally new
nanostructured ceramic polymer-composite
coatings are created on the surface of materialsasa
result of such combined treatment.

EQUIPMENT AND METHODS OF CREATION AND
EVALUATION OF THE OXIDE LAYER PARAMETERS
As a material for the production of prototypes
chosen was a deformable thermally hardenable
aluminium alloy D16 (3.8-4.9% Cu; 1.2-1.8% Mg;
0.3-0.9% Mn) commonly used in the industry. A
synthesis of the nanostructured oxide-ceramic
surface MDO layers was carried out on the MDO-100
unit of the MATI [4,5]. Oxidation was carried out in
an alkaline silicate electrolyte (9 g/l Na,Si0;-9H,0 +
2 g/l NaOH) in the anode-cathode mode with a ratio
of anode and cathode currents I /I, = 1 and the total
current density of 10 A/dm? for 1-300 min.

The pores of the MDO layer with a polymer
material (poly-para-xylylene) were filled on a



IIOKPBITHI, OITPO6OBAHHOM JIJISI H3TOTOBJIEHUS TOP-
LleBBIX YIIJIOTHEHHUH BBICOKOTOYHBIX, IOITOBEYHBIX,
MaJIOMOMEHTHBIX OBICTPOBPAIIAONMXCSI MeXaHHU 3"
MOB. McIonb30BaHMe [/ HAIIOJIHEHU ST OTKPBITHIX
mop MJIO-cinosa I'ITI-ipouiecca OTKpBIBA@T HOBBIE
BO3MOXKHOCTH HH>X€HePHH ITIOBEPXHOCTH, TaK KakK
B pe3yJbTaTe 0J06HOM KOMOMHHUPOBAHHOM 06pa-
00TKH Ha [TOBEPXHOCTU MaTepHaoB GOPMUPYIOTCS
IIPUHLUMIIMA/IBHO HOBble HAHOCTPYKTYpPHUPOBAHHEIe
KepaMOIIOJIMMePHbIe KOMIIO3UI[HOHHBbIe IIOKPBITU .

OBOPYJOBAHUE U METOANKKN ®OPMUPOBAHUA
N OLLEHKW NAPAMETPOB OKCUAAHOI O C/104
B xayecTBe MaTepHaja AJisd U3TOTOBJEHMS OIBIT-
HBIX 06pa31oB 6L BEIOPaH AebOpMHUPYEeMBIH, Tep-
MHYeCKH yIPOYHseMBbIH aTIOMHUHHEBBIH CIIIaB J16
(3,8-4,9% Cu; 1,2-1,8% Mg; 0,3-0,9% Mn), MIKHPOKO
IpUMeHSeMbl B INPOMBIIIJIEHHOCTH. CHHTe3
IIOBEPXHOCTHBIX HAHOCTPYKTYPHUPOBAHHBIX OKCH-
JokepaMuyeckux MJO-cs0eB IPOBOLH/IN Ha yCTa~
HoBKe MJIO-100 MATHU um. K.2.1luoaKoBCKorO [4, 5].
OKCHUAHPOBAaHME BRIIIOJHSAIN B CUIMKATHO 1[04~
HOM 3siekTponuTte (9 r/n Na,Si0;-9H,0 + 2 r/n NaOH)
B aHOJHO-KaTOJAHOM peXXHMe IIPU COOTHOUIEHUU
KaTOJHOTO XU aHOJHOIo TOKOB I /I, =1 1 cCyMMapHOH
IIJIOTHOCTH ToKa 10 A/mm? B TeyeHHe 1-300 MUH.
Hamonuenue mmop MJO-c/iosd OJIMMEPHBIM MaTe-
puasoM (IonH-mapa-KCUAUIeHOM) IIPOBOAKIMN Ha
TeXHOJIOTHYECKOU YyCTAHOBKEe ra30$pa3sHoU [ero3UT-
HOU MOJIMMepH3aluu, pa3paboTaHHON B UHCTUTYTe
TeopeTU4YeCKOU M NPHUKIaJHOH 3JIeKTPOSUHAMHUKH
PAH. ITonu-napa-KCU/IH/EH —~ apOMaTH4YeCKU I [T0JIH-
Mep, KOTOPBIH GOPMUPYETCs B BUJe TOHKOIJIEHOY-
HOTO BBICOKOA/JTe3HOHHOTO MOKPBITHS TOMIIKHOMU
oT 10 HM 70 100 MKM Ha IIOBEPXHOCTHU CybCcTpaToB
Pa3/IMYHOMN NPUPOABL. YCTAaHOBKA A1 pealu3aluu
['AIl-mipoliecca COCTOUT M3 TPeX IOC/IeL0BaATE/IbHO
CoeqUHEeHHBIX HarpeBaeMBbIX 30H M peaKTopa IOJIK-
MepH3aluu o6bemoM 40 1. B 30HY cybnumanuu
IIpefBapUTeNbHO 3aTpy>KaeTCd UCXOAHBIH SHUMep
napauukiaodana (IILP) ¥ ycTaHOBKAa BaKyyMHUPYyeTCs
[0 flaB/ieHHs B peakTope MMOoJIHMMepHU3al UK 0KOJIO
1 [1a. B pesynbTaTe HarpeBa 30HBI CybIHMMalKUU
Io 150°C mpoucxonut Bo3roHka I1I®, u ero mapsl
[IOIIaAI0T B IIMPOIH3HYI0 30HY (600-700°C), rae Kask-
Jas mosekyna ITI® pacragaeTcs Ha ABe MOJIEKYJIbI
mapaxcuauaeHa. ITpoxons yepes 30HY IIPOMEKY-
TOYHOI0 oxJIaxkAeHus (200°C), Mo/leKy/bl TapaKCH-
JIMJIeHA II0MafaloT B PeaKTop IIOJIMMepU3aluu, Ie
OHH KOHJeHCHPYIOTCS Ha OTHOCHUTEe/IBHO XOJI0JHON
(25°C) mOBepPXHOCTH U IIOJTUMePHU3YIOTCS ¢ obpaso-
BaHMEeM IIJIEHKH IIOJIM-TIapa-KCUInIeHa. IleHka
dbopMHUpyeTCs OMHOBPeMeHHO Ha BCeH [IOBEPXHOCTH

NANOTECHNOLOGY

vapor deposition polymerization unit developed
at the Institute for Theoretical and Applied
Electromagnetics RAS. Poly-para-xylylene is an
aromatic polymer created as a thin-film highly
adhesive coating with a thickness from 10 nm to 100
pm on the surface of substrates of various nature.
The installation for the VDP process consists of three
series-connected heated areas and a polymerisation
reactor with a volume of 40 litres. In the area of
sublimation is pre-loaded the paracyclophane dimer
and the installation is vacuumized to a pressure
in the polymerisation reactor of about 1 Pa. As a
result of heating of sublimation area up to 150°C
sublimation of paracyclophane dimer occurs, and
its vapours get into the pyrolysis zone (600-700°C),
where each paracyclophane dimer molecule splits
into two para-xylylene molecules. Passing through
the intermediate cooling zone (200°C) para-xylylene
molecules get into a polymerisation reactor where
they condense on the relatively cold (25°C) surfaces
and are polymerised with a creation of a poly-para-
xylylene film. The film is created simultaneously on
the entire surface of the substrate irrespective of its
profile, and creates a layer of uniform thickness. The
polymer coating has the same good quality on the
sharp edges, in holes and crevices, open pores, cracks
and other hard-to-reach places.

The thickness of the modified layer was measured
using an eddy-current thickness gauge BT-201 which
is designed for fast, accurate and non-destructive
testing the thickness of non-metallic coatings
applied to a metal non-magnetic base (aluminium,
copper, titanium etc.). To measure microhardness
the Leitz micro-durometer with the Vickers diamond
indenter were used. The load on the indenter was 50
g. To determine the porosity of the oxide composite
layers was applied the methodology developed at the
Department of the Materials-Processing Technology
with High-Energy Streams of MATI and described in [5].

Tribological sample tests were performed on the
upgraded friction machine CMT-1 equipped with
a test unit for testing the friction pairs. The unit
operates as follows (fig.1): a movable ring sample (1)
with a thickness of 10 mm mounted in a holder and
rotated at a pre-determined speed; non-movable ring
sample (2) with a thickness of 12 mm mounted in the
opposite holder having a force measuring sensor;
recording samples is provided with a clamp (3). In the
tests were recorded the slip speed, friction factor and
load on the sample. The sliding speed was measured
by the photosensor, the force of friction and friction
load by means of strain gauges. To process signals
from the recording sensors was developed the system
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cybcTpara, He3aBUCHMO OT ee mpodusi, 1 obpa-
3yeT OLHOPOLHBIH I10 TONIIKHEe C/I0H. IToTuMepHOe
IIOKPBITHE KMeeT OLMHAKOBO XOpolllee KayeCTBO Ha
OCTPBIX KpasgX U KPOMKaXx, B OTBePCTUAX U IIeAX,
OTKPBITHIX IIOPaXx, TPeIIMHAX U HHBIX TPYLHOMO-
CTYIIHBIX MecTaX.

TonmuHy MOAUGHULKMPOBAHHOIO CJI0S HM3Me-
PA/IH C IOMOIbI0 BUXPETOKOBOIO TONIIMHOMepa
BT-201, KoTOpHIM IpefHa3HaAYeH O 6I>ICTpOFO,
TOYHOTO U Hepas3pyllalollero KOHTPOAS TOJ-
OMHBl HEMeTa/JINYeCKUX IIOKPBITHH, HAaHeCeH-
HBIX Ha MeTa/l/In4eCKoe HeMAaTrHHUTHOe OCHOBa-
HHe (QJIIOMUHUN, Me[b, TUTAH U AP.). 1 U3Me-
PeHUuSsI MUKPOTBEpPAOCTH B paboTe ObI UCIIOAB30-
BaH MHUKpOTBepAoMep Leitz c aiMa3HBIM HH/EH-
TopoM BuKKepca. Harpyska Ha HHAEHTOP COCTaB-
nsna 50 r. [Ing onpeneneHUs IIOPUCTOCTU OKCHU-
HBIX KOMIIO3UTHBIX C/I0€B [IPUMEeHSIH MeTOLHUKY,
paspaboraHHyI0 Ha Kadpenpe TOMIIBD MATH
uM. K.3.I[MOIKOBCKOIO U MOAPO6HO OMHCAHHYIO
B pabore [5].

Tpubonoruvyeckue UCHBITAHUS 00pa3IoB MMpo-
BOAM/IH HAa MOJEPHH3HPOBAHHOM MalllMLHe Tpe-
Husa CMT-1, ocHaIeHHON HUCOLITATEIbHBIM 6710~
KOM [J151 TeCTUPOBAHHUS AP TPeHHsI. YCTaHOBKA
pabotaer cienyromuM obpasom (puc.l): MoIBUXK-
HBIM KOJIbLIeBOM obpaser (1) TonmuHON 10 MM
yCTaHABJIMBAETCs B 060MMY U BpallaeTcs C 3afaH-
HOM CKOPOCTBIO; HEIIOABHKHBIN KOJIBIeBOM 0bpa-
3el] (2) TOMIMHOM 12 MM YCTaHAB/IHMBAETCS B IIPO-
THBOIIOJIOKHYI 060MMYy, HMEIOMYI0 CHIOHU3Me-
PUTeNBbHBIN AAaTYMK; PUKcalKsg obpasuoB obe-
crieduBaeTcst cTpybruHOM (3). [IpH UCOBITAHUSX
PerucTpupoBaaIu CKOPOCTh CKOJIbXKEHH A, KO3PPH-
LIMeHT TPeHUSs, Harpy3Ky Ha obpa3ser. CKOPOCTh
CKOJIBK@HU I U3MEePSI/IH C IIOMOIbI0 poTomaTUHKA,
CHUJIY TPEHHM S U HArPY3Ky — C IIOMOIIbIO TeH304,aT-
YUKOB. [/11 06paboTKM CUTHAIOB C PperUCTPUPYIO-
IUX JaTYUKOB 6bI71a paspaboraHa cucTeMa cbopa
OaHHBIX Ha 6a3e CHelHaJIbHBIX IPOrPaMMHOTO
Y anmnapaTtHoro obecredeHHus: KOMIIaHKUK National
Instrument. Ko3¢pduieHT TpeHUST PaCCUYMTHI-
BaJjiu 110 Gopmyie:

==,
N
rae N - HopMajnabHasg Harpyska, H; F - cuia TpeHuUd
Ha cpefHeM fHaMeTpe, H.

PacyeTHas 3aBUCHMOCTD [JIS1 HHTeHCUBHOCTH

HM3HALIMBAaHUA:
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Puc.1. Cxema nposedeHuss mpuboao2u4eckux ucnbimaHuti
Fig.1. Tribological tests scheme

for data collection, which is based on the special
software and hardware of the National Instrument.
The friction factor was calculated by the formula:

where N - normal load, N; F - friction force on the
mean diameter, N.
The calculated ratio for the wear rate:
£= 1
S,
where 1 - linear wear, mm; S; - sliding distance,
mm.

The samples were tested in terms of friction
and wear at a specific load of 0.5 MPa without
lubrication, thus simulating the extreme conditions
for using mechanical seals.

GROWTH KINETICS, MICROHARDNESS AND
POROSITY OF THE OXIDE LAYER

Fig.2 shows the kinetic dependence of the thickness
of the oxide-ceramic layer during MDO. It should be
noted almost a linear increase in the thickness of



rae | - TMHeWHBIA U3HOC, MM; S;, ~ IIYTh Tpe-
HUS, MM.

HcnsIiTaHMS 06pa3IioB HA TPeHHUE U U3HOC IIPOBO-
IOUIH IIPU yOenbHOM Harpyske 0,5 MIla 6e3 cma3skH,
MMHUTHDYS TeM CaMBIM 3KCTPeMaJbHble yCIOBHS
3KCILJIyaTallUH TOPLIEBBIX YIJIOTHEHUH.

KWUHETUKA POCTA, MUKPOTBEPALOCTb

N NOPUCTOCTb OKCUAHOIO C/104

Ha puc.2 mpepcraBieHa KMHeTHUYeCKas 3aBUCHU-
MOCTb U3MEHEeHHUS TOJIIHUHB OKCHIOKepaMUuuie-
cKoro ciod B mpouecce MJIO. CienyeT OTMEeTUTH
MpaKkTHUYeCKH JUHENHOe HapacTaHHe TOJIIHHBI
B MCCIelyeMOM BpeMeHHOM HMHTepBaJje (300 MmuH)
Co cpelHel CKOPOoCThI0 0,6 MKM/MHUH. OTHAKO, CKO-
POCTh pocTa KakK fuddepeHIIMATbHASI XapaKTepu-
CTHUKa KoJiebeTcs B JOBOJIBHO IIMPOKOM AHAIIA-
30He oT 0,4 10 1,1 MKM/MHUH. 3TO, II0-BUIHUMOMY,
CBSI32HO C 0COBEHHOCTSMHU MexXaHHU3Ma OKCHUAKPO-
BaHMS U, IIPeXKe BCero, C pa3IMYHbIM BIHIHHUEM
TeMIIepaTypO-BPpeMeHHBIX XapaKTePUCTHK MUKPO-
LYyTOBOIO pa3psfa Ha COCTaB, CTPYKTYPY U CBOM-
CTBa IOKPBITHUSA Ha Pas3sHBIX CTaAHUAX Ipoliecca
MJO.

Ha puc.3 mpencraB/ieHbl 3aBUCUMOCTH MHKPO-
TBepAOCTH H ¥ CKBO3HOH IIOPUCTOCTH II. OT TO-
mUHB MIO-TIOKPHITHA. M3MeHeHHe MUKPOTBEp-
JoCTH MJIO-IOKPBITUH C POCTOM HX TOJIIHUHBI
MO>KHO OOBSCHUTH ClIefy0IKUM obpasom. IIpu Toi-
LM He IIOKPBITHS 0KOJI0 50 MKM CO3JaI0TCS YC/IOBH S
st Hadana GopMUpoBaHUS pabodyer 4acTH MOAHU-
dunupoBaHHOro cno4 [4, 5]. YTonmeHue MogUOU-
LIMPOBAHHOTO CJIOSI 40 ITpuMepHO 100 MKM COIIpoO-
BOKJA€TCS MOBBILIEHHEM MUKPOTBEPAOCTHU bosee
4yeM B 3 pa3a (co cTabunu3ainuern Ha ypoBHE OKOJIO
900 xr/mMM?) 6;1arogaps CHHTE3y B IIOKPBITHH BBICO-
KoTeMIlepaTypHou dassl a-Al,0; (kopyHI), 0b61a-
Japoller BBICOKOM TBepAOCThIO. IIo Mepe gasb-
HeHIIero pocta TonmuHBE MJO-ciod Hadu-
HaeTCs yTeIlJIeHHe ero pabodyell 4yacTH HapyX-
HBIM TeXHOJIOTUYeCKHUM cybciaoeM, 4TO COmpo-
BOKZaeTcs 6oyee IMONHBIM IPOTEeKAHUEM BBICO-
KOTeMIIepPaTypPHOIo IMOJIMMOPHOro mpespalie-
HUA y—A1203&>a—A1203 H YyBeJIHUYeHHEM
MHKPOTBEPLOCTU L0 NpUMepHO 1700 Kr/MM? mpu
TOJII[MHE [IOKPBITHU A 0K0JIO 150 MKM.

Ha KXxpuBOMH, HANIOCTPUPYyIOIMeN 3aBUCH-
MOCTb CKBO3HOM IIOPUCTOCTH OT TOJIHHEBI
MILO-HOKprTm?I (pHc.3), MOJXHO BBIOEJIHUTH Ba
MUHHMYMa:

* Ha ypoBHe 3-4% nas MO-IOKPBITHH TONIIUHOM
0K0J10 100 MKM;
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Fig.2. The growth kinetics of the oxide layer during the micro-
arc oxidationprocess

the tested time interval (300 min), with an average
rate of 0.6pm/min. However, the growth rate as a
differential characteristic varies within a fairly wide
range from 0.4 to 1.1 pm/min. This is apparently due
to the peculiarities of the oxidation mechanism and,
above all, due a different effect of the temperature and
time characteristics of the micro-arc discharge on the
composition, structure and properties of the coating at
different stages of MDO.
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Fig.3.Microhardness and porosity through the thickness
of the coating
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Fig.4. Parameters and typical appearance of the samples after tribological testing of a friction pairoxide ceramics —oxide

* Ha ypoBHe 5-6% [Js1 IOKPBITHUI TOJIIHHOM 150~

180 MKM.

3/mech BaXKHO OTMETHUTh HellpeMeHHOe HaJIu4due
CKBO3HOH IIOPUCTOCTH Ha JI000H CTaJHUH IIpoIecca
MJIO.

HanonHeHune nop MJO-NIOKPBETUI IONIH-TIapa-
KcunaeHoM MmeTomom IIII 1103Bo/IsIeT CyIleCTBEHHO
CHHU3HUTh BeJIMYUHY CKBO3HOMU IIOPHUCTOCTH [6].

TPUBOJIOTMYECKUE CBOMCTBA

C TOUKU 3peHUSs TPUOOIOTUUECKOr0 IPUJIOKEHHS,
OpeACTaBIsSIT UHTepeC OKCUAOKepaMHYeCKHUe
MJIO-IOKpPBITHS TONIKUHOMN 150-180 MkMm [5]. M
CBOMCTBEHHBI HaubobIIMe 3HaUeHUSI MUKPOTBep-
JOCTH Y CPaBHUTEJIbBHO HEBBICOKAS CKBO3HAS IIOPHU-~
CTOCTb, KOTOpasi MOXKeT OBITh CBeJleHa IpaKTHUe-
CKH K Hy/NW0 (B IIpefenax MNOTPeIIHOCTH HU3Mepe-
HHUU) IyTeM HaIloJIHeHU sl I0/IU-TIapa-KCHU/IHM/IEHOM.
[ToaToMy JabHeHIIMe UCCIeloBaHU S IPOBOAUIH
Ha obpaslax C MOKPBHITUSIMHU, HMEBIIMMHU HCXOZ-
HYI0 CKBO3HYIO IOPUCTOCTh 5-6% IpU TOJIIIHHE
MJIO-cmos okoJ1o 170 MKM.

TpubosorudyecKUM HUCIBITAHHUSIM MOABepPraau
mapel 06pasLoB C pa3IMYHBIM XapaKTepOM MOJH-
GUIIMPOBAHU S [IOBEPXHOCTH:

« okcupokepamuka (MJO-TIOKPEITHE) —~ ORCUAOKePa-

MHKa;

* OKCHUJIOKepaMHKa - KepaMmomoaumep (MIO-

NOKPBITHEe C HAaNOMHeHHeM OCTAaTOYHOM
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Fig.3 shows the dependence of microhardness H,
and through-porosity P, on the MDO coating thickness.
Changing the microhardness of MDO coatings with
an increase in their thickness can be explained as
follows. When the coating thickness is about 50 pm,
the conditions are established to start creating the
working part of the modified layer [4, 5]. Thickening
the modified layer up to about 100 pm is accompanied
by an increase in the microhardness by more than 3
times (with stabilisation at about 900 kg/mm?) due
to the synthesis in coating of the high-temperature
phase a-Al,0; (aluminium oxide) having a high
hardness. With further increase in the thickness of the
MDO layer begins the heat insulation of its working
part with an outer sublayer, which is accompanied
by a more complete high-temperature polymorphic
transformation y—A1203ﬂ>a—AIZO3 and
increasing of microhardness to about 1,700 kg/mm? at
a coating thickness of about 150 pm.

On the curve showing the dependence of the
through-porosity on the thickness of such MDO
coatings (fig.3), we can distinguish two minima:

« at the level 3-4% for MDO coatings with a thickness
of about 100 pm;
« atthe level 5-6% for coatings with a thickness of 150-

180 pm.

In this context it is important to point to the
necessary through-porosity at any stage of MDO.
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Fig.5. Parameters and typical appearance of the samples after tribological testing of a friction pair oxide ceram-

ics - ceramic-polymer
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MIOPUCTOCTH MOAU-TIapa-KCUJINIEeHOM MeTOJL0M
[AID);
* KepaMOIIOJHMep ~ KePaMOIoIHuMep.

[ KaskAOTro U3 IepedMrCcJeHHBIX COUeTaHHUU
OBLI0 UCITBITAHO 110 5 ITap 06pa3Los.

Ha puc.4 nmpencTaBIeHBl pe3yabTaThl UCIIBITA-
HUI [apbl TPEeHHUS OKCHUJOKepaMHUKa ~ OKCHUJOKe-
paMuka. CpefHSsl HHTeHCUBHOCTb U3HANIMBAHUS
MJO-TIOKPBITHS Bpal[aloIIKUXCs (TOHKKUX) 0obpas-
LoB cocTaBuaa I; = 17,0:10® MM/MM, 2 HEIIOABU K-
HBIX - [, = 13,9:10® mm/MM. CpenHee 3HaueHHUe
Ko3bdunmeHTa TpeHHUS cocTaBuio f = 0,60. Cenyet
OTMEeTHUTbH CyIeCTBEHHYIO OCLIMJ/IISIHI0 3HAaUeHU
K03 PUIIeHTa TPeHHUS B TeueHHe UCIIBITAHUH.

Ha puc.5 npescTaBieHa TUIIMYHas JHarpaMMa,
COOTBETCTBYIOLAS HCIIBITAHUSIM IIaphl TPEHHS OKCH-
ooKepaMHKa - KepaMoIloJIKMMep. B mpouecce maH-
HOT'0 9KCIIepHMeHTa Ha MOJBUKHBIX 06pa3siax Obl10
IIOKPBITHE M3 OKCHUAOKePAMHKH, Ha HEIOJBHXK-
HBIX - KepaMomnonuMep. [IoOKpbITHe Ha MMOJBHMKHBIX
obpasmax UCTHUPAIOCh MPAKTUYECKH [0 MOAJIOXKH,
IIPU 5TOM BeJIMYMHA M3HOCA Obla 3HAUYUTEIBHO
BBIIIIE [10 CPAaBHEHHIO C HEIIOABHKHBIMU 006pasnaMHu.
CpenHsiSi MHTeHCHUBHOCTb M3HANIMBAHUS IOKPHI-
THUS Ha Bpallamomuxcs obpasmax cocTtapnsna [, =
10,5108 Mmm/MM, 2 Ha HETIOABYKHBIX — [, = 0,88108 MM/
MM. CpenHee 3HaYeHMe KO3 UIIMEHTa TPEHHU S I10CTIe
OKOHYAaTe/JbHOM NpHpaboTKu (mpuMepHO 40 MHUH)
coctasuo f = 0,26.

Filling the pores of MDO coatings of poly-para-
xylylene by VDP can significantly reduce the amount of
through-porosity [6].

TRIBOLOGICAL PROPERTIES
From the tribological point of view, the oxide-ceramic
MDO coatings with a thickness of 150-180 pm can are
of interest [5]. They are characterised by the highest
values of microhardness and relatively low through-
porosity, which can be reduced to almost zero (within
the measurement error) by filling with poly-para-
xylylene. Therefore, further research was carried out
on the samples with coatings of the initial through-
porosity of 5-6% at the thickness of the MDO layer of
about 170 pm.

The pairs of samples with different nature of surface
modification were subjected to the tribological tests:

« oxide ceramics (MDO coating) - oxide ceramics;

« oxide ceramics - ceramic-polymer (MDO coating
with filling the residual porosity with poly-para-
xylylene through the VDP method);

 ceramic-polymer - ceramic-polymer.

For each of these combinations five pairs of samples
were tested.

Fig.4 shows the test results of the friction pair oxide
ceramics - oxide ceramics. The average wear rate of
the MDO coating of the rotating (thin) samples was
[, =17.010®* mm/mm, and fixed - I, =13.9-10® mm/mm.
The average friction factor was f = 0.60. There should

#8 /54 /2014 NANO
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Fig.6. Parameters and typical appearance of the samples after tribological testing of a friction pair ceramic-poly-
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PHUCc.6 HUIIJIIIOCTPUPYeET pe3yjabTaThl HMCIIBITA-
HUI Mapbl TPeHHS KepaMOIIOJIMMep — KepaMo-
nonuMmep. CpefHSAsd UHTEHCHBHOCTh M3HALIU-
BaHMS IOKPBITHS Ha BpallalomUxcs obpasmax
coctaBuminal; = 6,18-108 MM/MM, a Ha HEeIOABUX-
HBIX - I, = 0,83-10® Mmm/MM. CpefHee 3HaueHHe
Ko3dpdunmeHTa Tpenus cocraBuio f = 0,08. ITo
[103BOJISIeT OTHeCTH I1apy TPeHUS KePaMOIIOIH-
Mep -~ KepaMOIIOJIUMeP K pa3paly aHTUQPUKIIUOH-
HBIX, IIOCKOJBKY f < 0,15 [5].

Onst anpobaluy IOJYyYeHHBIX 3KCIIepPUMEH-
TaJIbHBIX Pe3yJIbTATOB OBLJIO H3rOTOBJIEHO TOPLIEBOE
yILIOTHeHHe, FepMeTH3HpYolllee BEIXOAHOH KOHeL]
Baja poTopa MHOTOCEKIIMOHHOTO LleHTpobex-
HOTO Hacoca Jis IlepeKaukKy BOJBI, U [IPOBeJeHbl
ero HaTypHble UCIBITaHUS (pUc. 7). CompsaraeMsle
netanu 6enu 06pabotanel MeTomoM MO c mocite-
AYIOIIHUM HAaIlOJTHEHMEM OCTAaTOYHBIX OTKPBITBIX
[10P OKCHIOKePaMHUUeCKOTO CJI0S IIOJIU-TIapa-KCH-
nuaeHoM (Ilapa TPeHHUs KepaMOIIOJHMMep - Kepa-
MomonuMep). YacToTa BpallleHHU S Baja NPUBOJ-
HOTO IBUTATeJIsl COCTaB/siIa 3 ThIC. 06/MHUH, JaBie-
HUe BOJIBI B 30He YIJIOTHEHHU S — 10 16 Krc/cm?.

Pe3ynbTaThl UCIIBITAHUH II0Ka3a/IH, YTO MOMEHT
BpallleHM s IPHU 3amycke coctaBua 0,011 H-m, oce-
BOM NI0OQT B 30He conpsikeHUs - MeHee 0,001 MM.
ITpH 3KCIIyaTallMOHHBIX UCIBITAHUAX B TeUeHHe
200 yac ynjoTHeHHE COXPAaHJIO IIOJHYIO repme-
TUYHOCTb (OTCYTCTBHE IPOTEUKH).
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be noted significant oscillation values of the friction
factor during the test.

Fig.5 shows a typical diagram corresponding to
the friction test of the pair oxide ceramics - ceramic-
polymer. In the course of this experiment the
moving samples were coated with oxide ceramics,
the fixed ones with ceramic-polymer. The coating
on the movable samples was rubbed nearly to the
substrate, and the wear amount was significantly
higher compared with the fixed samples. The average
wear rate of the coating on the rotating samples
was I; = 10.5:10® mm/mm, and on the fixed ones
I, =0,8810® mm/mm. The mean friction factor after the
final run-in (approximately 40 minutes) was f = 0.26.

Fig.6 demonstrates the results of tests of the friction
pair ceramic-polymer - ceramic-polymer. The average
wear rate of coating on the rotating samples was
[, =6,1810® mm/mm, and the fixed ones I, = 0,83-10°8
mm/mm. The average value of the friction factor was
f'=0.08. This makes it possible to attribute the friction
pair ceramic-polymer - ceramic-polymer to the anti-
friction category because f < 0.15 [5].

For testing the obtained experimental results a
mechanical seal was made to seal the outlet end of the
rotor shaft of a multi-centrifugal pump for pumping
water, and its full-scale tests was conducted (fig.7).
The mating parts were treated by the MDO method
followed by filling the open residual pores of the
oxide-layer with poly-para-xylylene (friction pair



MEPCNEKTWBbI "rMBPUAHON" TEXHONOT UM

B 3ak/jo4YeHHe MOXHO CJejaThb BBIBOJ O TOM,
YTO HAMJIYYIIHe pe3yJabTaThl [ HCCIeSOBaH-
HBIX [Iap TPeHUS IOJy4YeHHl B C/lydae KOHTaK-
TUPYIOIHMX KePaMOIIOTHMMePHBIX IIOBEPXHOCTEH.
[IpencTaBiseT UHTepeC JOBOJIbHO 3HAUYHUTe/lbHAS
PasHHLIA B MHTEHCHBHOCTH HU3HOCA [JIS ITOJBH K-
HBIX M HeITOJBHKHBIX 06Pa31[0B /151 BCeX U3ydeH-
HBIX COUeTaHHUM Tejla U KOHTpTeaa. Bo3MOXKHO,
3TO CBSI3aHO C METOAUKOM U 060pymOBaHHEM [
HMCIBITAHUM, HCIIOAB30BABIINXCS IIPU IIpoBeJe-
HU U SKCIIePUMEeHTa.

Yto KRacaercs pa3paboTaHHON 'TUOPUIHON" Tex-
HOJIOTUH II0BePXHOCTHOI'0 CHHTe3a KOMITIO3HUI[HOH-
HBIX HAHOCTPYKTYPHUPOBAHHBIX KePaMOIIOJIHMEP-
HBIX TIOKPBITHUI, TO IIOJIyYeHHBIe Pe3yIbTaThl CBU-
NeTebCTBYIOT O IIePCIIeKTHBHOCTH ee HCII0/Ib30Ba-
HUS [IJIS1 UHKeHePUU [IOBEPXHOCTH IIPU CO3aHHUH,
B TOM YHCJIe, TOPLIEBBIX YIJIOTHEHHU I BBICOKOTOY-
HBIX, JOJITOBEYHBIX, MAaJIOMOMEHTHBIX OBICTPOBPA-
IIAIOMIMXCSI MeXaHHU3MOB.

UccaedosaHue sbinoaHero npu noddepskke POOU (Hayu-
Hblll npoekm Ne 13-08-12038 ou_m) u SLIT "Uccaedosanus
U pazpabomku no npuopuUMemHblM HANPABAEHUAM pa3BUMUS
HAay4HO-mexHoAo02u4ecK020 Komnaekca Poccuu Ha 2007-2013
200b" (TK N2 14.513.11.0034).
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[ToBEepXHOCTb CONPSAXEHUS
Mating surface

Puc.7. Topuesoe ynnomHeHue 0As 2epmemu3sauuu
8bIXOOH020 KOHUJ 8aAd pOmopa UeHmpobexxHo20 Hacoca
Fig.7. Mechanical seal for sealing the output shaft of the rotor
of a centrifugal pump

ceramic-polymer - ceramic-polymer). The rotation rate
of the drive motor was 3,000 rpm, water pressure in the
seal area is up to 16 kgc/cm?.

The test results showed that the torque at startup
was 0.011 N'm, the axial play at the conjugation area
is less than 0.001 mm. During the performance tests
for 200 hours the seal retained the full tightness (no
leaks).

PROSPECTS FOR THE HYBRID TECHNOLOGY

In conclusion, it can be stated that the best results
for the examined pairs of friction were obtained in
the case of the contacting ceramic polymer surfaces.
Interesting is a rather significant difference in the
rate of wear of moving and stationary samples for all
the examined combinations of body and counterbody.
Perhaps this is due to the testing method and
equipment used in the experiment.

With regard to the developed hybrid technology of
the surface synthesis of the nanostructured composite
ceramic-polymer coatings, the results indicate the
prospects of its use for surface engineering during the
creation of high-precision mechanical seals, durable,
fast-moving and low-torque mechanisms.
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