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3HOCOCTIMKI TOKPUTTS Ha aTFOMIHIEBUX CILJIaBax

Jocmimkeno aOpa3wBHY 3HOCOCTIMKICTH aioMiHi€eBOro criaBy J[16 3 MOKpHUTTSAMH HaHECCHHMHU
METOZAaMH: TallbBaHIIHOTO XPOMYBaHH:, Ha3BYKOBOTO rasonomymeHeBoro HammwieHHEs (HVOF — High Velocity
Oxygen Fuel Flame Spraying process), mia3mMo-eIeKTPOJITHOTO OKCHIYBaHHS, TBEPIOTO AaHOINYBaHHS Ta
€JIEKTPOAYTOBOTO HANWJICHHA NOKPHUTTIB. [lokazaHo, IO JOCHIMKEHI MOKPHUTTS MiABUINYIOTh aOpa3uBHY
3HOCOCTIHKICTh amoMmiHieBoro crutaBy J[16 B 20...90 pasiB 3a yMOB BHIIPOOOBYBaHb 3aKPIINICHUM a0pa3nBOM Ta
B 3...10 pa3iB 3a yMOB BHIIPOOOBYBaHb HE3AaKPIIUICHUM a0pa3WBOM. 3aCTOCYBAaHHS LHUX METOIB IiIBHILY€E
3HOCOCTIHMKICTb ZieTallel 13 aJlfOMiHIEBUX CILIAaBIB JIO0 PIBHS CTaJEBUX Ta J03BOJISE 3aMIHIOBATH CTallb 1 YaBYH Ha
AIFOMIHI€BI CIUIABH 13 MOKPUTTIMH, 1100 3MEHIIIUTH Bary JeTaljicii Ta BAKUIU BYTJICIIO B aTMocdepy.
amoMiHi€BHMIl cIUIaB, rajgbBaHiuHe XPOMYBAHHS, ra3onojyMeHeBe HANWJIEHHH, IJIA3MO-eJeKTPOJITHE
OKCHUYBaHHS, TBep/ie AHOAYBAaHHS, eJIeKTPOAYroBe HANUJIeHHs

IMocTaHoBKka mnpodaeMH. AJIOMIHIEBI CIUTABH INUPOKO BHUKOPHUCTOBYIOTBCS Y
OpOMHCIOBOCTI. B ocTaHHIN Yac iX BHUKOPHCTOBYIOTH SIK 3aMiHy CTaJli AJIi BUTOTOBJIECHHS
IIKiBiB, HIECTEPEHb, KOJIOHOK TiApaBIIYHMX POTATHBHUX TpaHCMIcii rpeidepiB Ta inm. Lle
3MEHIIy€ Bary jeTajedl Ta 3MEHIIye BUKUAM ByIJIEHI0 B atMochepy. OQHaK adroMiHieBi
CIUIaBM MAalOTh Majly aOpa3wBHY 3HOCOCTIHKICTh, TOMY IX BHKOPHUCTAHHS MOXJIHMBE 13
HOKPUTTSIMHU Ha MOBEPXHI.

AHaJi3 ocTaHHiX fgochaigxenb i myOaikamiii. Cepen MeTonIB  HAaHECEHHS
3HOCOCTIMKUX MOKPUTTIB HAMOLIbII €EeKTUBHUMHU TEXHOJIOTISIMHM HA LIeH 4Yac € rajbBaHIuHE
xpomyBaHHs [1], Hag3ByKoBe TazonoymeHeBe HammwieHHs (HVOF — High Velocity Oxygen
Fuel Flame Spraying process) [2], mia3mo-enektpoinitHe okcuayBanHs (IIEO) [3, 4, 5],
tBepae anoayBanHs (Hard Anodic Coatings) [6] Ta eleKTpoAyroBe HAIMMUICHHS TOKPUTTIB
(EAID) [7, 8, 9].

IocTtanoBka 3aBaaHHs. [IpoBecTH MOCHIPKEHHS BIUIMBY OCHOBHHX TEXHOJIOT
3MII[HEHHsS] Ha a0pa3WBHY 3HOCOCTIMKICTH AalIOMIHI€EBHX CIUIAaBIB, MOPIBHATH pE3yIbTaTH
JOCIIDKCHHUX MTOKPUTTIB Ta MPOBECTH X PaHKYBAaHHS CTOCOBHO 3HOCOCTIMKOCTI, KOPO3iiHOT
CTINKOCTI, a TaKOK CO0IBAPTOCTI Ta €KOJIOTIYHOTO ACTEKTY .

Buxian ocHOBHOro MmarepiaJgy.

Metoan pociigkeHb. JocaiKyBamu IUCKM 13 MOKPUTTAMH JiamerpoM 50 mm Ta
ToBmMHOKW 10 mm., BupizaHi 3 TmpyTka amomiHieBoro crwiaBy J[16 (7075) 3minHeHi
JOCIIJIKYBaHUMH MOKPUTTSIMHU:
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BucokomBuakicHe razomonymeHeBe HamuieHHs (HVOF) 3piiicHIOBanM  Ha
yctatkyBaHHi (Diamond Jet Hybrid gun),, ne 3a maquBO CIyTyBaJld NMPONAH — KHCEHb.
Jucranniss HamwioBaHHS 175 MM, IIBHIKICTH YacTOYOK IMOPOIIKY (kKapOif BaHAMAIO:
dbepoxpomy — 50:50) 3aBOubmikn 20...45 pm cranoBuiaa 650 m/s. [lonepeaHbO MOBEPXHIO
3pa3kiB 001yBanu KopyHaoM. ToBumHa nokputts 500 pm.

Enextponyrosi mokpurts (EIT) toBmmuoo 500 um HaHOCHIM BHUKOPHCTOBYIOUH
metanizatop @®MI Tta mnopomkoBuit apit OMI-2 (Cr6Al6B3Fe-ocnoBa). Ilapamerpu
HamnuiaeHHs: Hanpyra nyra — 32 V, ctpym — 150 A, Tuck noBiTpsiHoro crpymento — 0,6 MPa,
muctaniist HamieHHs — 130 mm. [TomepeaHp0 MOBEpXHIO 3pa3kiB 00AyBaIl KOPYHIOM.

[TEO (oxcumokepaMiuHi) MOKPUTTS CHUHTE3YBaJd Ha amtoMmiHieBomy cruiaBi J[16T B
enektponiti 3 g/l KOH + 2 g/l pinkoro ckna (HaTpiif CHIIIKaTHOTO) IMITyJIbCHUM CTPYMOM
gactotoro 50 Hz, 3a cmiBBiIHOIIEHHS TYCTHH KaTOAHOTO Ta aHOAHOTO cTpyMiB Jc/Ja+15/15
A/dm’. Tpusaricts ITEO npouecy 60 min.

[Iponec TBEpIOro aHOAYBaHHS NMPOBOIMIM 3a Temmepatypu —4...0°C BOpoOIOBK
60 min. bazoBum enexrtponitom cinyrysaB 20%-uit Boauuii pozunn H,SO4. B mponeci
aHOJIyBaHHS IIIATPUMYBAIH I'yCTHHY cTpyMy 5 A/dm?.

Binkpurty mopyBaTicTh MOKPUTTIB BU3HAYAIA METOAOM TiJPOCTaTUYHOTO 3BayKyBaHHS.
®dazoBHii CKJIaJ MOBEPXHEBUX IIIAPIB JIOCTIKYBaIU 3a qonoMoror audpakromerpa JJPOH-
3.0 y Cu-K — BunpomiHioBaHHi 3 OKyCyBaHHSIM TpyOKH 3a cxemoro bperra-bpenrano.

AOpa3uBHY 3HOCOCTIMKICTB 3aKPITUICHUM Ta HE3aKPIIUICHUM abpa3uBOM BHU3HAYAIN Ha
YCTaHOBKAaX 3TiAHO 3 [8].

3HOC OLHIOBAIM 3a BTPATOK MAcH 3paskiB 3 TouHicTIo 10 2-107° T emekTpoHHiil
aHamtuyHii Bazi mapku KERN ABJ 220 4M. 3HOCOCTIHKICTh 3akpilUieHHM aOpa3uBOM
BHU3HAYAIM BUKOPHCTOBYBAIM a0pa3MBHUM JUCK 13 €JIEKTPOKOPYHIY CEpPEAHbOM’ SIKOT
tBepaocti CM-2 Ha kepamiuHiilt 3B s3ui 7K15 miamerpom 150 mm Tta mmpuHOIO 8 mm.
3epHUCTICTh €NEKTPOKOPYHAY craHoBuia 250...315 um (25 A, 25 H), ninifina mBUIKICTH
tepTs — 100 m/min, HaBaHTaXEHHs B 30HI JiHIIHOTO KOHTaKTy — 1,5 kg. 3HOCOCTIHKICTh 3a
HE3aKpiIIeHOro abpa3uBy BU3HAYAIHU 32 JOMIOMOTOI0 YCTaHOBKH (puc. 1 b). HaBanTtaxxenus P
= 2,4 H, wBuaKicTh 00epTaHHS TYMOBOTO AMCKa — 25 m/min., niametp 48...50 mm, mupuHa
15 + 0,1 mm, abpasuB — ppakiioHoBanuit (po3mip yactuaok 200...1000 pm) Ta mpocymeHui
ICOK.

Pe3yabTaTu nociainkedb. Ctpykrypa (HVOF) nOKpUTTIB, OTpUMAHUX 32 JOTIOMOTOIO
naneauka Diamond Jet Hybrid gun (puc. la) — ue 3akpucranizoBaHi crnabonaedopMoBaHi
KpaIJIMHU TOPOIIKOBUX CYyMIIIeH, Kl (OPMYIOTh JIamelni 3 JIeb MOMITHUMH TPOIIapKaMHu
OKCH/IIB M HUMH.
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Pucynok 1 — Mikpoctpykrypa (a) Ta ¢azosuii ckiazn (b) HVOF nokpurrsa FeCr-VC
Howcepeno: pospobaeno agmopamu
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Ile o3Haka TOro, MO B MOMEHT yJapy KparuliH o0 HamnuIioBaHy MOBEPXHIO BOHHM HE
Oyl TIOBHICTIO B PO3IUIABJICHOMY CTaHi, a JIMIIE MaJld IiJBHUIIEHY IUIACTHYHICTh, MIO
3YMOBJICHO HEJOCTATHBOIO TEMIIEPATyPOIO MOIYyM sl JUISl TUIABJICHHS BCiX YACTUHOK MOPOLIKY
TaKoro CKjaay. M JaMesIsiMU B IOKPUTTI CIIOCTEPITAETHCS MIITHUA METATyPTiHHHMA 3B’ 30K,
CIOPUYMHEHUH CUIBHOIO 1X 371e(OPMOBAHICTIO. Y CTPYKTYpi MOKPUTTS € KapOinu 3aimisa,
xpoMmy Ta BaHafito. MikporBepaicte mokputrtss HVOF mokpurts FeCr-VC crtaHoBUTH
1000...1100 HV. [TopyBaTicTh MOKPUTTIB HE mepeBUIIye 2%.

EJIT i3 mopomkoBoro apoty ®MI-2 maroTh CHIBHO BHpa)XXe€HYy JaMeEIspHY OyIOBY,
mikpotBepaicte 700 HV. V¥V crpykTypi MOKpHUTTS croctepiraiotecsi okcuaHi ¢asu Fe,Os,
ALO; ta mopysBaTictb 10 5% (puc. 2). OxcunHi (a3 y CTpyKTypl HOKPUTTSI MatOTh BHUCOKY
TBEPIICTH Ta MiIBUIIYIOTh 3HOCOCTIHKICTh MIOKPHUTTSI.

Pucynok 2 — Crpykrypa EAII i3 ITJ] ®MI-2 (Cr6Al6B3Fe-ocHoBa), 1-0KCHIHI BKITFOUEHHS
Locepeno: pospobaeno agmopamu

[Tna3moenekTponiTHa 0OpoOKa alIOMiHIEBUX CIUIaBiB J103BoJisie (OpMYBaTH Ha ix
noBepHi 3H0cocTiiki mapu (ITEO) Ha ocHOBI kopyHIy (AlLO3) i3 TBepaicTio 1o 2000 HV ta
ToBIIMHOIO 10 400 pum. Bepxusa nedexrna vactuna IIEO mapy (puc. 3) Mae BiTHOCHO Mairy
mikpoTBepaicTs (He Bumie 800 HV), Tomy mMae Maiy 3HOCOCTIHKICTh. BHCOKY 3HOCOCTIHKICT
INEO mapy 3a0e3nedye HOro HUKHS 4aCTHHA, TBEPAICTb K01 focarae 1900 HV.
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Pucynoxk 3 — Ctpykrypa (a) Ta ¢azosuii ckiaj (b) OKCHIHOTO HIapy, CHHTE30BAHOT'O
B enexTpoiti 2KOH+Na,Si0;, criiBBiIHOMIEHHS T'YCTHH KaTOJHOTO
Ta aHoaHOTO cTpyMiB Jc/Ja+15/15 A/dm?. Tpusanicts ITEO nponecy 1 roxuna
Hoicepeno: pospobaeno agmopamu

AHomoBaHui mmap (GOpPMYeEThCS HAa TOBEPXHI ATIOMIHIEBUX CIIJIaBIB Yy BHUTJISAL

CTOBITYUKIB JiamMeTpoM He Oinmpmie 50 pm 3 CHJIBHO TiIpaTOBAHOTO OKCHUIY aJIIOMiHiIO
AlegnHzo (pI/IC 4)
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Inensity ag

a R R ' b
Pucynoxk 4 — Ctpykrypa (a) Ta dha3osuii anani3 (b) aHOOBAHOTO LIAPY
Ha craBi AJ[0 cuHTe30BaHOrO BIpoaoBx 60 min.
Jrcepeno: pospobneno asmopamu

KinbkicTh MOJIEKYJ B OKCHIHOMY Iapi 3al€KUTh BiJ PEXKUMY CHHTE3y MOKPUTTA.
MikpoTtBepaicTh aHOmOBaHOTO I1apy He mnepeunrye 500 HV. Ilicins tepmiunoi 0OpoOku 3a
temneparypu 300°C mporsrom 1 h mikpotBepaicts 3poctae 10 700 HV, a KinbKicTs MoseKy
H,O0 y riagpatoBanomy okcumi Al,Os-nH,O 3menmyernest Big 3-x 10 OnHIET.

OTpumaHi eKclepuMEeHTalbHI JaHi 3HococTikocTi crutaBy J[16, mopiBHAHO 3
HE3MII[HEHNM, 32 PIBHEM 3HOCY 3a Pi3HHX YMOB BUIPOOYBaHb, a TAKOX CHEPro3aTpaTHICTIO

npuBeeHo y Tabu. 1.

Tabmuus 1 — PanxkyBaHHs cr1oco0iB MOBEPXHEBOTO 3MIIIHEHHS aJIFOMIHIEBOTO CIJIABY

XKopcrko |Heszakpime . . BigrocHi ..
Meton . . 9 MikpoTBepaICTh Exonoriuaicts
3aKpIIUICHUI HUUI eHeprosarpa
HaIWJIEHHS HV npouecy
abpasuB abpasuB TH
B95 - 1070 _ _
(Etamon) ! ! 100
Cranbs 100Cr6 - -
(ananor CILIA 20 3 800
52100) (HRC64)
lNanbBaHIuHE 35 5 1000 3 KaHuep0r§HH1
XPOMYBaHHSI CJICKTPOIITH
o [T [0
HVOF (VC) 75...85 7...10 MIKPOTBEPIICTh ik OHHH;I
kap6izis VC-2500 -~
pO3MipiB
7 Exomnoriuno
IIEO 70-90 8-10 1900 YHCTI
€JICKTPOJIITH
Teepae 2 Exosoriuno
o E;‘HM 20 3 700 qneTi
v €JICKTPOJITH
1 ym 12016
ExexTpomxyrose 0 ITnn metan
Ha;EH:IZHH 30 > Mixporsepaicts MIK OHHI/I)?I
okcuis 800-2000 PofH
po3MipiB

Iicepeno: pospobneno asmopamu

Bceranosneno, mo nokpurts HVOF (VC) ta TIEO mators y 3...4 pasu Buily
3HOCOCTIHMKICTh, HI)K BUCOKOBYTJeueBa raproana ctaib 100Cr6, Ta B 2 pa3u BHILY, HIX
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NOKPUTTA 13 TalbBaHIYHOTO XpOMY, IPOTE MAalOTh BHCOKI eHeprosarpatd. Hailimenmri
CHepro3arpaTd MaloTh JBa METOIHU: E€JEKTPOAYTrOBE HAMWICHHS MOKPHUTTIB Ta TBEPHE
aHoAyBaHHS. B TOH e 4Yac 3HOCOCTIMKICTb TaKWX MOKPHUTITIB € CYTTEBO MEHIIOIO, HIX
nokpuTTiB, oTpuManux metonom [TEO ta HVOF (VC). [Ins BiTHOBIIEHHS 3HOIICHHUX JETalei
HaiiOutpm nouinbHuMEU € Metoan HVOF (VC) ta enekTpoayroBe HamuiIeHHS, TaK SK BOHU
JI03BOJISIIOTH HAHOCUTH TOBCTI HOKPHUTTS 10 5 mm. [y HOBUX AeTtaneil cKiiagHoi KOHCTPYKIii
€ OUTBII MPUHHSATHOIO TEXHOJIOTIS 3MIITHEHHS JIeTajeil MEeTOA0OM TBEPAOTO aHOTyBaHHS, yepe3
Te, 0 y I[bOMY pa3i MOKHA OTPUMATH 3HOCOCTINKE MOKPUTTS 0€3 3MIHM PO3MIpiB JeTai Ta ii
mopctkocTi. [IEO moKpuTTS MaroTh BUCOKY 3HOCOCTIMKICTB, MPOTE BIAHOCHO My TOBIIUHY
1 BUCOKY LIOPCTKICTh, TOMY MOTPeOYIOTh PiHIIIHY 00pOOKY HutipyBaHHIM (pHC. 5).

a) 0)

PucyHoxk 6 — BinHoBI1eHi moBepXHi MopuHs (Ikuii HOBUM OyB aHOJOBaHUM) (a)
Ta 3arajbHuil BUJSLI (0) poTaropa rperidepa METOA0M €ICKTPOLyTOBOTO HATUIICHHIM
i3 mopomkoBoro npoty ®MI-2
IDicepeno: pospobneno agmopamu

Ane y JAesKuX BHIAgKax, ocoOIMBO y mojirpadidHiii mpoMHCIOBOCTI, HaBMaKH,
HEOoOXiJJHa KOHTPOJILOBAaHA MIOPCTKICTH, IO JIETKO 3a0e3neuyeThest pisHuMu pexxumamu [TEO.
MeTon ranbBaHIYHOTO XPOMYBaHHS Ma€ JOCTaTHHO BHMCOKY 3HOCOCTIHKICTh, O3BOJISE
HAHOCHUTH TOBCTI IOKPHUTTS, JIETKO 3HIMAEThCSA Ta TOBTOPHO HAHOCHTHCS HA 3HOIICHY
MOBEPXHIO, OJTHAK HASBHICTh KAHIEPOTCHHUX EJIEKTPOJITIB 3MyCHIIN MEPEIOBl KpaiHU CBITY
PI3KO 3MEHIIUTH 3aCTOCYBaHHS IIHOT'O METOTy Y BUPOOHHIITBI.

BucnoBku. Bcranosneno, mo gocmimkeni HVOF (VC), ITIEO, EJIl Ta
TBEPJIOAHOIOBAHI TOKPHUTTS CYTTEBO MiABHINYIOTH a0pa3WBHY 3HOCOCTIHKICTh AETalel i3
amoMinieBux cmiaBiB. Meromn HVOF (VC) Tta enekTpoayroBe HamwiIeHHS MOXHA
BUKOPHCTOBYBATH JUIsl 3aXUCTY BiJ 3HOIIYBAaHHS HOBHX, TaK 1 JIJISl BiIHOBJICHHS 3HOIICHUX
netaneii. Merogu IIEO Ta TBepae aHOMyBaHHS MOXKHAa BUKOPHUCTOBYBATH JJIS 3aXHCTY BiJl
3HOIITYBAHHS JIMIIIE HOBHX JETaJCH.

3acToCyBaHHS IMX METOJIIB IMiJIBUIYE 3HOCOCTIMKICTh ACTAICH 13 aTIOMIHIEBUX
CIUIaBiB JI0 PIBHA CTAJIEBUX Ta JI03BOJISIE€ 3aMIHIOBATH CTaJlb 1 YaBYH Ha aJIOMIiHI€BI CIIJIaBH 13
MOKPUTTSAMH, 3MEHIIYIOUH Bary JeTajeil Ta BUKUIU BYTJeIo B aTMochepy.
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Wear-resistant Coatings on Aluminum Alloys

Aluminum alloys are widely used in industry. Recently, they are used as a replacement for steel for the

manufacture of pulleys, gears, columns of hydraulic rotary transmissions of grabs, etc. This reduces the weight
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of the parts and reduces carbon emissions into the atmosphere. However, aluminum alloys have low abrasive
wear resistance, so their use is possible with coatings on the surface.

High-speed gas flame spraying (HVOF) was carried out on the equipment (Diamond Jet Hybrid gun).
Arc coatings with a thickness of 500 um were applied using FMI metallizer and FMI-2 powder wire
(Cr6Al6B3Fe-base). PEO (oxido ceramic) coatings were synthesized on D16T aluminum alloy in an electrolyte
of 3 g/l KOH + 2 g/1 liquid glass (sodium silicate) with a pulsed current at a frequency of 50 Hz, with the ratio of
the densities of the cathode and anode currents Jc/Ja+15/15 A /dm’. The duration of the PEO process is 60 min.
The open porosity of the coatings was determined by the method of hydrostatic weighing. The phase
composition of the surface layers was studied using a DRON-3.0 diffractometer.

HVOF (VC) and PEO coatings have been found to have 3 to 4 times higher wear resistance than high
carbon hardened steel 100Cr6 and 2 times higher than galvanic chromium coatings, but have high energy
consumption. Two methods have the lowest energy consumption: electric arc spraying of coatings and hard
anodizing. At the same time, the wear resistance of such coatings is significantly lower than that of coatings
obtained by the PEO and HVOF (VC) methods. For the restoration of worn parts, the most appropriate methods
are HVOF (VC) and electric arc spraying, as they allow applying thick coatings up to 5 mm.

Conclusions: It was established that the studied HVOF (VC), PEO, EDP and hard anodized coatings
significantly increase the abrasive wear resistance of aluminum alloy parts. HVOF (VC) and electric arc
spraying methods can be used to protect new and worn parts from wear. PEO and hard anodizing methods can be
used to protect against wear on new parts only.

The use of these methods increases the wear resistance of parts made of aluminum alloys to the level of
steel and allows replacing steel and cast iron with aluminum alloys with coatings, reducing the weight of parts
and carbon emissions into the atmosphere.
aluminum alloy, galvanic chrome plating, gas flame spraying, plasma-electrolytic oxidation, hard
anodizing, electric arc spraying
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