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AHOTAIIA
bypixose O.0O. MaruniTHo-a0pa3uBHE MOJIPyBaHHs TUIOUIMH 1HAYKTOpaMu Ha 0asi

BUCOKOCHEPTeTHUYHMX MarHiTiB. — KBamidikariiiina HaykoBa mparisi Ha IIpaBax pyKoOIHCY.

Huceprartiist Ha 3100yTTs HAyKOBOTO CTYIEHS JOKTopa (iocodii B ramy3i 3HaHb
13 — Mexaniuna imxkeHepis 3a creuiaibHicTiO 131 — IlpuknagHa mexaHika. —
HamionaneHuii TexHiuHMA yHIBepcuTeT YKpainu « KUIBChKUN MOMITEXHIYHUN 1HCTUTYT
imeH1 Iropst Cikopebkoro», Kuis, 2025.

3B’f130k po0OTM 3 HAYKOBUMH NporpaMamMi, IUIaHAMH, TeMamMu. [
HucepraiiiiiHa po60oTa BUKOHYBaJacs BIAMOBIAHO 10 HAyKOBOTo Hanpamy " JlociiikeHHs
BJIACTUBOCTEH MAarHiTHO aOpa3uBHOTO IHCTPYMEHTY Mpu oOpoOlll B YMOBaxX KIJIbIEBOT
BaHHHM" Ha kKadenpi koHcTpyroBaHHs MamuH KIII im. Irops Cikopcbkoro. PesynpraTn
JUCEepTaIiitHOi poOOTH BUKOpHUCTaHI Npu BukoHaHHi iHimiatuBHOT HJ/IP "OcBoenHs
HOBUX TEXHOJIOT1 BUPOOHHUIITBA MaTepiaiiB, iX OOpoOJeHHS 1 3'€HAHHS, CTBOPECHHS
IHAYCTpli HaHoOMaTepiamiB Ta HaHoTexHojorid" (Ne nepkaBHOI — peecTparil
0122U000084).

B gucepraniiiniii  poOOTI BUKOPUCTAaHO METOJAUKH BH3HAYCHHS SKICHHUX
napamMeTpiB 0OpOOJIOBaHMX TIMOBEPXOHb, IO YTBOPIOIOTHCS BHACTIIOK B3a€EMOJIT
MarHiTHO-a0pa3uBHOro 1HCTpyMeHTy (MAI) Ta moBepXOHb 3aroTOBOK, SIKI JO3BOJSIOTH
MPOBECTH KOMIUIEKCHY OIIIHKY BIUIMBY CKJIAJOBHMX TEXHOJOTIYHHUX MapaMeTpiB MpH
MPOBEICHHI  MarHiTHO-abpa3uBHOI 00poOsenHs (MAQ) TIUIONIMH — TOPIIEBUMU
1HAyKTOpaMu. Briepiiie BU3HaY€HO BILJIMB TEXHOJIOTTYHHUX [TapaMeTPiB 0OpOOICHHS TaKUX
K, IBUJIKICT OOEPTAaHHS 1HIYKTOpa, poOOUMii 3a30p, MIBUAKICTH T0J1ayi, MOYaTKOBA
IIIOPCTKICTh Ta KOHCTPYKTHUBHI, TaKi SIK, TUII Ta PO3MIp MarHiTHO-a0pa3uBHOTO MOPOIIIKY,
dbopma pobOoyoi TOBEpPXHI IHAYKTOpa, KOMIIOHYBaHHS 1HIyKTOpa. Po3po6ieHo
peKoMeHpaIli, om0 MAOOPY palioHATBHUX TEXHOJOTIYHUX MapaMeTpiB IS
iHTeHcuikanii npouecy MAQO, 1o 6a3yroTbest Ha 0COOIMBOCTAX YTBOpeHHs: MAL

ExcriepuMeHT BUKOHYBajduM Ha ycraHoBui mains MAQO, mo peanizoBaHa Ha
YHIBEpCaJIbHOMY BEpCTATHOMY O0JIaHAHHI — BEPTUKAIBHO-(DPE3epHOMY BEpCTaTi MOJI.

6b75B®1, 1o nae 3Mory Bectd 0OpOOJIEHHS B yMOBaX MaJIUX MarHiTHUX 3a30piB.



VY AKOCT1 JOCHITHUX 3pa3KiB JJIA MPOBEICHHS MOCIIIKEHHS OyJM BUKOPHCTaHI
dbepomarniTHi Matepianu y ¢opmi mmactuH po3mipamu 440x80x20 mm i3 crami 40X Ta
IUTACTHH po3MipaMu 65x8x0,8 MM 13 ByTJI€[€BOI IHCTPYMEHTANIbHOI cTam Y9.

Jlnig omiHkY (I3MKO-MEXaHIYHUX Ta SIKICHUX MapameTpiB MOBEPXOHb OTPUMAHUX
BHacHiok BBy MAO Oylio BHKOPHUCTaHO SIKICHI METOIM — Bi3yaJbHHH Ta
OE€3KOHTAKTHUI CIIOCOOM Ta KUIBKICHI METOAA — KOHTAKTHI Ta OE3KOHTAKTHI 13
BUKOPHUCTAHHA CHEIIaJIbHUX BUMIPIOBAILHUX MPHIIAIIB — MIKPOCKOIIIB, TPOpIIOMETPiB
ta npodigorpadiB. Po3poOieHO TEXHOJOTIUHI MPUCTOCYBAaHHS JJIs 3aKpIIUICHHS Ta
3UUTYBaHHA OTpPUMaHUX pe3ylbTariB oOpoOneHHs. [ns dopmyBanns MAI Oynu
BUKOPHUCTaHI HACTYMHI MOPOIIKHK: OCKOJIbYacTUi piBHOBICHUN Pepoman Ta [{apamam 3
po3mipoMm 3epen 630/400, 400/315, 315/200, 200/100 mxm, OKpyTIJi pPiBHOBICHI
ITP6M5 200/100 mxm, AYJI 1800/1300 mxm, S330 1400/1000 MxM, OCKOIIBYACTI aJIMa3HI
nactu Tuny ACM 40/28 mxMm, 20/14 mxm, 5/3 MM, 3/2 MKM, a TaK0> CyMillli Ha OCHOBI
JAHUX TTOPOIIKIB.

BceranoBieHo, mo B 3amexHOCTI Bix BenuuuHu Qpakuii MAIT icHyroTh
pallioHalIbHI 3HAYEHHS BEJIMYMHM MATHITHUX 3a30piB, IO BiJANOBIAAIOTH IIEBHIN
BEJIMYMHI (Ppakiii MOPOIIKY, MpU SIKOMY BiOyBaeTbCsd €(QEKTHBHE OOpOOJICHHS Ta
BIICYTHIM e(eKT ImapKyBaHHs. 3a BEIUYMHU 3a30py MEHIIEe HiX 1,5 MM BigOyBaeThCs
MpolleC aKTUBHOTO BHJAAJIEHHS MaTepiaiy, ajieé MpU I[bOMY CIOCTEpIraloThCsl YacTi
BUMAJKK mapxxyBaHHs. [Ipu nposeaenHi MAO 13 BETMUYMHOIO MarHiTHUX 3a30p1B MOHA
5 MM 00poOJIeHHS He B1IOYBAEThCS BHACHIIOK HEAOCTAaTHLOI aOpa3WBHOI Ta MarHiTHO1
B3aemojiii MAI ta 00po6ioBaHoi moBepxHI. B OLIbIIOCTI BUMAAKIB palliOHATBHUM
3Ha4YEHHSIM PoO0OUOTO 3a30py s BUuNpoOyBaHux MAII ctaHOBUTH OJIU3BKO 3-X MM.

[TokazaHo, 110 3a MBUAKOCTI MO1a41 TOJI0BKHU TipH TipoBeneHHi MAO B mexax 20,
30 1 50 mm/xB. BinOyBaerbcsi mepeBakHE BHJIIAJICHHS BEPIIMH MIKPOHEPIBHOCTEH
MoBepxH1 0€3 akTUBHOT 00poOKM 3anaauH. [Ipu MBUAKOCTIX oAyl B Mexkax 5-15 MM/XB
BUKOHYETHCS TIOBHE PO3MOJIPOBYBAHHS MIKPOMPOQIII0 13 aKTUBHUM BHIAJCHHSIM
€JIEMEHTIB CHaJAKOBOCTI OOpOOJIEHHS, OTPUMAHUX BHACIIIOK 3aCTOCYBAaHHS MEPBUHHUX

METO/IIB 0OpOOJICHHS.
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BuznaueHno, BiAMIHHOCTI B XapakTtepi B3zaemojii mix MAII Ta neramto npu
BUKOPHUCTAHHI TOPOIIKIB OKPYIJIOi (OpPMH, IO BHUKOHYE IEPEBAXHO IJIACTHYHE
nedopMyBaHHS ITOBEPXHEBOIO IIapy 00poO0Ir0BaHOT TOBEPXHI 0€3 3HAUHOTO BUJIaJICHHS

MaTepialy 3arOTOBKH.

BcranoBneno, mo npu npoegaeHHi MAQO 31 MBUAKOCTIMH 00€pTaHHS 1HIYKTOpa
B Mexkax 10 1000 06/XB oTprMaHi 3HAYEHHS MIOPCTKOCTI € MiHIMAIbHUMHU. 301IbIICHHS
IIBUJKOCTI oO0epTanHs iHaykTopa moHas 1000 06/XB Beme A0 MOPYIICHHS MeEXaHI3MY
B3aemoii MAI 13 00po6:110BaHOIO TOBEPXHEIO — B1I0YBAETHCSI aKTUBHE MPOCKOB3YBaHHS
Ta mpoBopoT yacTUHOK MAII BimHOCHO 00p00IIFOBaHOT MOBEPXHI, 110 HE 3abe3nedye
CHOPUSATIMBUX YMOB JIJIsl POTIKAHHA MPOLECIB MOJIIPYBaHHS Ta MiKpopi3aHHs, To0To MAI
HE BCTUTA€E BIJHOBIIIOBATH CBOIO (DOPMY y MarHiTHOMY IOJIi, @ i BIANOBIHO HE BUKOHYE
aKTUBHOTO BUJAJICHHS MaTepiaiy.

Pe3ynbpTaTaMu MOJIeTIOBaHHSI MAarHiTHUX TOJIIB 32 PI3HOTO KOMIIOHYBAHHS 1HIYKTOpa
JOBEJICHO, 110 PalllOHAJIBHOI0 KOHCTPYKLIEIO € TOJIOBKA 3 OJAHMM BEJIUMKHM MarHiTomMm
3aBASKA OUIBIIIN OJHOPIHOCTI TOJIsA, €HEeProe(eKTUBHOCTI, MPOCTOTI YMPaBIiHHSA,
MEHIIIMA CKJIAAHOCTI Ta HHU3bKUM pHU3MKaMH MeXaHIYHUX 300iB. Taka KOHCTpYKIis
JI03BOJISIE  JIOCATTH CTaOLIbHUX Ta TMPOTHO30BAHMX pE3yJbTaTiB OOpOOJIEHHS Ta
BUMIPIOBaHb.

JlocnipkeHo MHOKMHY Bapialiii poOoYrnX MOBEpXOHb 1HAYKTOpa. BeTaHoBieHo, 1o
HalpaIiOHAIBHINIOW KOHCTPYKIIIE€I0 POO0OY0i MOBEPXHI TOPIEBOi TojoBku 3 MAI tumy
IIITKa € MOBEPXHs, IO MICTUTh y cBOill OyAoBl 9 — 12 mpomeHenoaiOHUX BUCTYMIB
TpukyTHOI (opmu. BukopucranHs mnomiOHMX TOJOBOK J03BOJISIE 3a0e3meuyBaTu
(dhopMyBaHHS MIOPCTKOCTI 00poOaeHUX MoBepXxoHb 3 Ra < 0,03 Mxm npu BuxiaHii Ra Ha
piHi 0,8 MkM. IIpy IbOMYy IPAKTUYHO MOBHICTIO YCYBA€ThCA MIKPOXBUJISCTICTD, IO
(bopMyeTbCS BHACHIOK TIOMEPEIHIX METOMIB 00poOseHHsA. 3a XapakTepoM 3MiHU
BEJIMYMHU BITHOCHOI OMOPHOI MOBEPXHI MIKpONPO(D1III0 MPOAHATI30BAaHO KIHETUKY HOTO
¢dopmyBanHs. I[lokazaHo, 110 Ha IMOYAaTKOBOMY eTami BiJOYBa€ThCs TMEpPEBaKHE
BUJIAJICHHSI MIKPOBUCTYMIB 13 TMOJAJBIINM AKTHBHUM OOPOOJICHHSM MIKPOBIIAIUH Ta

BUTJIa/I)KyBaHHSIM MiKpOIpOQLIIO.



BceraHoBieHo, 110 HalOUIbIIl 3HAUYEHHS CTUCKAKYMX 3aJMIIKOBUX HAINPY’KEHb, N0
100 MIla, popmytrorses micast MAO maockux MOBEpXOHb 1HAYKTOpaMHy THITY "HIITKA" Ha
0a3l TOCTIMHUX BHCOKOCHEPIreTUYHHUX MATHITIB 3 BUKOPHUCTAHHAM  OKPYIJIMX
MOPOIIKOBUX MaTepialiB, AKi 3a0e3MeuyroTh NEpeBakHE IIacTHUHE aehopMyBaHHS
MOBEPXHEBOTO IIapy, HOT0 MIKPOHAKJICTYBaHHS 0€3 3HAUHOTO BUAJICHHS MaTepialy, sike
npuramaiHe MAQO nopomikamu 3 0OCKOJIKOBOIO (popMoro yacTUHOK Tuity depomar.

[TokazaHo, 110 HaWOIbIIIE 3HAYEHHS 30UTBIICHHS CTYTIEHIO HAKIICMy 3HAXOAUThCS Ha
ribuHi 5-5,5 MkM. [Ipu 1boMy 3pocTaHHs CTyNEeHIO HakJeny noHaja 35% BinOyBaeThes
niciast MAO 3pa3kiB mOpoIIKaMH 3 HaWMEHIIMMM pajlycaMy OKPYIJIEHHS pl3aJIbHUX
KpoMOK — Takux sk ®epoman — 30—-60 mMxm Ta Llapamam — 10-50 Mxm. BcranoBieHo,
[0 3MiHa TBEPJOCTI MO TIMOWHI HE € PIBHOMIPHOIO. Pe3yiabTaTH NEMOHCTPYIOThH, IO
nicast MAO nopoukom @epoman BiI0OYBaeThCs 3pOCTaHHS TBEPAOCTI Ha ruOuH1 120 —
320 mxM, B TO#l 4yac sk micast npoBeneHHs MAQO mnopomkoM I[lapamam 3pocTaHHs
TBEPJIOCT1 B MOBEPXHEBOMY I1api BinOyBaeThes Ha raubuni 100 — 150 mxm. HaitGinbii
3HAYEHHS MIABUUIEHHS TBEPJOCTI B IOBEPXHEBOMY IIapi MaTepially 3pa3KiB Ha INIMOWHI
10 200 MM Mae mictie miciisg BukoHaHHS MAO okpyrium nopomikoMm S330 3 po3mipom
gacTUHOK 1200/900 MKM, SKHMH BUKOHYE MEpPEBa)KHE IUIACTUYHE Je(OpMyBaHHS
nmoBepxHeBoro mapy. OTpuMani pe3yJbTaTd B3a€EMO3AJICKHI 13 JAaHUMHU OTPUMAHUMHU
MIPY BU3HAYEHH1 3aJTMIIIKOBUX HAIPY>KEHb — HAUOLIBIIIE 3pOCTaHHS MTOKAa3HUKA TBEPIOCTI
B [TIOBEPXHEBOMY LIapi BIAMOBIAA€ HAUOLIBIINM 3aJTUIIIKOBUM HANIPY>KEHHSM.

[TosicHenHst 3a3HaueHOMY (akTy TIOB’S3aHO 3 CTPYKTYPHOIO 1 Je(EKTHOIO
nepebyqoBaMu  Marepialy  3pa3KiB 1 HOTpedye  MOAAIBIIMX  PETEIbHUX
MIKPOCTPYKTYPHHUX JTOCHIIKEHbD.

Bnepmie BcranoBneHo, 1o aist MAQO 13 BUKOPUCTaHHAM CHEPUYHHUX MOPOIIIKIB,
XapaKTEPHUM € BITHOCHO HU3bKUH PIBEHb 3HMKEHHS LIOPCTKOCTI, 32 PaXyHOK (popMu
noBepxHi MAII, sika He Ma€ MHOXUHU p13aJIbHUX KPOMOK, a IIpU 00pOOIJICeHHI TOBEPXOHb
TaKUMU TOPOLIKAMHU CIIOCTEPITra€ThCs BUCOKHI BIUIMB Ha IMOBEPXHEBI HAIPYKEHHS
BHACJIIIOK IHTEHCUBHO1 yIapHO-(PPUKITIIHHOT B3a€EMO/II.

BcranoBneno, mo 3actocyBanHs cymimedr MAII nns nposegenns MAO

3a0€3MeuyloTh 3HWKEHHS PIBHS MIKPOXBWISICTOCTI MoBepxHi. IIpo 1me cBiguath
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IIOJIO’KEHHS 30H Ha KPUBUX 3QJIEKHOCTI 3MIHU BEJIHUYUH f, BIJ PIBHS BIIHOCHUX BHUCOT
npodiio p, ne BiAOyBaeTbes MEpexia BiJ MIKPOBUCTYIIB J0 MIKpO3amaauH npodisito
noBepXxoHb. [y cyminieit mopornikiB depomar 3 po3mipom gactuHok 630/400 1 315/200
MKM pO3TalllyBaHHS 3a3HAYCHHX 30H 3MIIIYETHCS BiJl BIJHOCHOTO PIBHS TMEPETUHY
p=25,5% micnsa 06pobnenns MAII 13 po3mipom gacturok 630/400 mxMm n0 piBHsS p=50%
IIPU BUKOPHUCTAHHI CYMIIIeH MOPONIKIB 3 po3MipoM yacTuHOK 630/400 1 315/200 Mxm 3a
YMOB 3pOCTaHHS BMICTY BIJHOCHOI KUIbKOCTI ApiOHOT ¢pakmii 1 cymimi go 0,4.
Buxopucranns npu MAO iHCTpyMeHTY, akui chopMoBaHUN 13 CyMillll KPYIMHHX
okpyrimux 4yactTuHok mopomky JY 1800/1300 MM 13 JApiOHUMH OCKOJIbYACTUMU
yacTuHkaMu nopouky depoman 3 po3mipamu yactuHok 630/400, 315/200 1 200/100 mxm
JI03BOJISIE 32 YMOB OOpOOJICHHSI 13 palllOHAJbHUMHU 3HAYCHHSIMHU POOOYMX 3a30pPiB
BCTAHOBHTH, IIIO 5K 1 Y BUTIAJKy BUKOPHUCTAHHS ocKoybuacTux MAII BemmdmHa po60odoro
3a30py HE MA€ 3HAYHOTO BIUIMBY Ha BUXIJHI MapaMeTpu IIOPCTKOCTI, IO MIATBEPIKYE
MOTIEPEIHI PE3YIbTaTH TOCITIIKEHb.

[Tokazano, Mo Haikpani pe3yabTaTd OOpOOJICHHS OTPMMAHO MPU BUKOPUCTAHHI
cymimreit okpyriux nopomkiB Y 1800/1300 mxm 1 ockonpuactux @epoman 630/400
MKM TpH ix criBBigHomeHHI B MAI 1:1. 3a takux ymoB 0OpoOJeHHSI OKpYTJl KpyIH1
MOPOIIIKH, BUKOHYIOTh POJIb PYXOMO-CKOOPAUHOBAHOTO MPUTHPY, TEPEIAI0YN CHUIIOBE
HABAHTAXKEHHS Ha ApiOHI yacTuHKH. [Ipu oMy y mporieci B3aemoiii 3 00po0IFOBaHOIO
MOBEPXHEI0 KPYMHI OKPYTJi YaCTUHKHU 3a0e3MeUyloTh K TUIACTUYHE AePOpMyBaHHS
MIKpPOHEPIBHOCTEH MMOBEPXHI, TaK 1 6€31ocepeHbO MTOBEPXHEBOIO MIApPY .

Hoseneno, mo GopmyBanus MAI 3 mopommky JIU 1500/1300 MM Ta aamMa3HUX MacT
tunmy ACM [03BOJMIIO BCTAHOBUTH, [0 HaMlKpaiia Mojipyloya CIPOMOXKHICTb
Binnosinae MAI, sixkuit cpopmoBano 3 mopomky JIH 1500/1300 MxkM 3 101aBaHHSIM TTACTH
ACM 13 po3mipoM 3epeH 5/3 MxM. IIpu 1boMy OTpHMAaHO MIOPCTKICTh OOpPOOJIEHUX
noBepxoHb 3 Ra Ha piBHi 0,03 - 0,04 MxM.

PesynbraTti poOOTH 103BOJMIM YTOUHUTH MeXaHi3M ¢opmyBanHs MAI Ha ocHOBI
cyMiliei 1 0coOIMBOCTI HOTO B3a€MO/IIi 3 MOBEPXHAMHU TUITY ILJIOIIMHA B YMOBaX MajHX
MarHiTHUX 3a30pi, 10 3POOHII0 MOKJIMBUM PO3IIMPEHHS HOMEHKIIATYpH 3aCTOCYBaHHS

Metony MAO 1 miaBuUIieHHS Horo €(heKTUBHOCTI 1 MPOIYKTUBHOCTI.
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Karw4oBi caoBa: MarniTHo-abpasuBHe o0OpoosenHs (MAQO), MarniTHo-
abpazuBHuii nmopomok (MAII), MaraitHo-abpa3uBamii iHCTpyMeHT (MAI), IOpPCTKICTB,
OTIOpHA TIOBEPXHs, MOJIIPYBaHHS, IMMOBEPXHEBAa TBEPAICTh, 3AJIWIIKOBI HANPYKCHHS,
pi3aHHs, PeXUMH Pi3aHHSA, TEXHOJOTTYHUN MpOIleC, 1HIYKTOP, IHHOBAIIWHUMN TMpoIIec,
MAO B yMmoBax MajnuxX MAarHiTHHUX 3a30piB, Mar”iTHE TIoJie, yAapHO-(QPHKITIHHA
B3a€EMO/III, PYXOMO-CKOOpAMHOBaHUM mputup, MAO QepoMarHiTHUX jaetaneu,

aedopmartis, mIacTU4He AeopMyBaHHs, MEXaHIYHA CYMIIIL.

ABSTRACT
Burikov O.0O. Magnetic-abrasive polishing of planes with inductors based on high-

energy magnets. — Qualification scientific work in the form of a manuscript.

Thesis for the scientific degree of doctor of philosophy, the field of study 13 —
Mechanical Engineering, program subject area 131 — Applied Mechanics. — National

Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, 2025.

The dissertation uses methods for determining the qualitative parameters of the
processed surfaces, which are formed as a result of the interaction of the magnetic-
abrasive tool (MAT) and the surfaces of the workpieces, which allow for a comprehensive
assessment of the influence of the constituent technological parameters during magnetic-
abrasive finnishing (MAF) of planes with end inductors. For the first time, the influence
of technological processing parameters such as the inductor rotation speed, working gap,
feed rate, initial roughness and design parameters such as the type and size of magnetic
abrasive powder, the shape of the inductor working surface, and the inductor layout was
determined. Recommendations were developed for the selection of rational technological
parameters for the intensification of the MAF process, based on the features of the
formation of MAT.

The experiment was performed on a MAF installation implemented on universal
machine tool equipment - a vertical milling machine mod. 6B75VF1, which allows

processing in conditions of small magnetic gaps.
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As experimental samples for the study, ferromagnetic materials in the form of
plates measuring 440x80x20 mm from 40X steel and plates measuring 65x8x0.8 mm
from U9 carbon tool steel were used.

To assess the physical, mechanical and qualitative parameters of surfaces obtained
as a result of the influence of MAF, qualitative methods were used - visual and non-
contact methods and quantitative methods - contact and non-contact using special
measuring instruments - microscopes, profilometers and profilographs. Technological
devices were developed for fixing and reading the obtained processing results. The
following powders were used to form the MAT: fragmented equiaxed Feromap and
Tsaramam with grain sizes of 630/400, 400/315, 315/200, 200/100 um, rounded equiaxed
PR6MS5 200/100 um, CIS (cast iron shot) 1800/1300 um, S330 1400/1000 pm,
fragmented diamond pastes of the DSP (diamond submicropowders) type 40/28 um,
20/14 pwm, 5/3 pwm, 3/2 pm, as well as mixtures based on these powders. It was established
that depending on the size of the MAP (magnetic abrasive powder) fraction, there are
rational values of the magnetic gaps corresponding to a certain size of the powder fraction,
at which effective processing occurs and there is no cartooning effect. At a gap size of
less than 1.5 mm, the process of active material removal occurs, but frequent cases of
chamfering are observed. When performing MAF with a magnetic gap size of more than
5 mm, processing does not occur due to insufficient abrasive and magnetic interaction of
the MAT and the surface being processed. In most cases, the rational value of the working
gap for the tested MAP is about 3 mm.

It is shown that at the feed rate of the head during MAF within 20, 30 and 50
mm/min. There 1s a predominant removal of the tops of surface micro-roughnesses
without active processing of depressions. At feed rates within 5-15 mm/min, complete
polishing of the micro-profile is performed with active removal of processing inheritance
elements obtained as a result of the use of primary processing methods.

It was determined that there are differences in the nature of the interaction between
the MAT and the part when using round powders, which perform mainly plastic
deformation of the surface layer of the treated surface without significant removal of the

workpiece material.
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It was established that when conducting MAF with inductor rotation speeds within
the range of up to 1000 rpm, the obtained roughness values are minimal. An increase in
the inductor rotation speed above 1000 rpm leads to a violation of the mechanism of
interaction of the MAT with the treated surface - active sliding and rotation of the MAP
particles relative to the treated surface occurs, which does not provide favorable
conditions for the polishing and microcutting processes, i.e. the MAT does not have time
to restore its shape in the magnetic field, and accordingly does not perform active material
removal.

The results of modeling magnetic fields with different inductor layouts have proven
that the rational design is a head with one large magnet due to greater field uniformity,
energy efficiency, ease of control, lower complexity and low risk of mechanical failures.
Such a design allows achieving stable and predictable processing and measurement
results.

A variety of variations of the inductor working surfaces have been studied. It has
been established that the most rational design of the working surface of the end head with
a brush-type MAT is a surface containing 9-12 radial protrusions of a triangular shape in
its structure. The use of such heads allows for the formation of a roughness of the
processed surfaces with Ra < 0.03 pum at the initial Ra at the level of 0.8 um. At the same
time, the microwaviness formed as a result of previous processing methods is almost
completely eliminated. The kinetics of its formation were analyzed by the nature of the
change in the value of the relative support surface of the microprofile. It was shown that
at the initial stage, the predominant removal of microprotrusions occurs with subsequent
active processing of microcavities and smoothing of the microprofile.

It was established that the largest values of compressive residual stresses, up to 100
MPa, are formed after MAF of flat surfaces by "brush" type inductors based on permanent
high-energy magnets using rounded powder materials, which provide predominant plastic
deformation of the surface layer, its microhardening without significant removal of
material, which is inherent in MAF using powders with a fragmentary shape of particles

of the Feromap type.
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It was shown that the largest value of the increase in the degree of hardening is at
a depth of 5-5.5 um. At the same time, the increase in the degree of hardening by more
than 35% occurs after MAP of samples with powders with the smallest radii of rounding
of cutting edges - such as Feromap - 30-60 um and Tsaramam - 10-50 um. It was
established that the change in hardness along the depth is not uniform. The results
demonstrate that after MAF with Feromap powder, hardness increases at a depth of 120—
320 pum, while after MAF with Tsaramam powder, hardness increases in the surface layer
at a depth of 100—150 um. The largest values of the increase in hardness in the surface
layer of the sample material at a depth of up to 200 pm occur after MAF with rounded
S330 powder with a particle size of 1200/900 pm, which performs the predominant plastic
deformation of the surface layer. The obtained results are interrelated with the data
obtained when determining residual stresses - the greatest increase in the hardness index
in the surface layer corresponds to the greatest residual stresses.

The explanation of this fact is associated with the structural and defect
rearrangements of the sample material and requires further careful microstructural
studies.

It was first established that for MAF using spherical powders, a relatively low level
of roughness reduction is characteristic, due to the shape of the MAP surface, which does
not have a set of cutting edges, and when processing surfaces with such powders, a high
impact on surface stresses 1s observed due to intensive shock-friction interaction.

It was established that the use of MAP mixtures for MAF provides a decrease in
the level of surface microwaviness. This is evidenced by the position of the zones on the
curves of the dependence of the change in the values of tp on the level of relative heights
of the profile p, where the transition from microprotrusions to microdents of the surface
profile occurs. For mixtures of Feromap powders with particle sizes of 630/400 and
315/200 pum, the location of the indicated zones shifts from the relative level of
intersection p=25.5% after processing MAP with particle sizes of 630/400 um to the level
p=50% when using mixtures of powders with particle sizes of 630/400 and 315/200 pum
under the conditions of increasing the content of the relative amount of fine fraction and

the mixture to 0.4. The use of a tool for MAF, which is formed from a mixture of large
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rounded particles of powder DC 1800/1300 um with small fragmented particles of
powder Feromap with particle sizes of 630/400, 315/200 and 200/100 um, allows, under
processing conditions with rational values of working gaps, to establish that, as in the
case of using fragmented MAP, the value of the working gap does not have a significant
effect on the initial roughness parameters, which confirms the previous results of the
studies. It is shown that the best processing results were obtained when using mixtures of
rounded powders CIS 1800/1300 um and fragmented Feromap 630/400 um at their ratio
in MAT 1:1. Under such processing conditions, rounded large powders play the role of a
motion-coordinated lapping, transferring the force load to small particles. At the same
time, in the process of interaction with the treated surface, large rounded particles provide
both plastic deformation of the surface micro-irregularities and the surface layer itself.

It has been proven that the formation of MAT from 1500/1300 pm CIS powder and
DSP-type diamond pastes made it possible to establish that the best polishing ability
corresponds to MAI, which is formed from 1500/1300 um CIS powder with the addition
of DSP paste with a grain size of 5/3 pm. At the same time, the roughness of the treated
surfaces with Ra at the level of 0.03 - 0.04 um was obtained.

The results of the work allowed to clarify the mechanism of MAT formation based
on mixtures and the features of its interaction with plane-type surfaces in conditions of
small magnetic gaps, which made it possible to expand the range of application of the
MAF method and increase its efficiency and productivity.

Keywords: Magnetic abrasive finishing (MAF), Magnetic abrasive powder (MAP),
Magnetic abrasive tool (MAT), roughness, support surface, polishing, surface hardness,
residual stresses, cutting, cutting modes, technological process, inductor, innovative
process, MAF in conditions of small magnetic gaps, magnetic field, shock-friction
interaction, motion-coordinated lapping, MAF of ferromagnetic parts, deformation,

plastic deformation, mechanical mixture.
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BCTYII

AKTyanbHiCTb po06oTH. CTpIMKUNA pPO3BUTOK Ta I1HOBAIIMHI pIlIEHHS B
MaIIMHOOY/IyBaHHI, HapiBHI, 13 ONTHMI3aIl€l0 BXKE BIJOMUX METOIIB BHUPOOHUIITBA,
MOKJIMKAaHI 3a/I0BOJIBHSITH HOBI BUMOTH CIIOKMBaya J10 SIKOCTI Ta (Pi3UKO-MEXaHIYHHUX
napaMeTpiB JAeTajedl y 1HCTpyMeHTalbHIk, (POPMOBOYHIN, MEIUYHIA TEXHIIll, aBiallii,
ONTHII Ta aCTPOHOMII. 31 30UIBIIEHHAM CKJIQTHOCTI (DOPMU BiJ TJIOCKUX 1 00EPTaTBLHO-
CUMETPUYHHUX MOBEPXOHb 0 ACUMETPUYHUX MOBEPXOHb BUIBHOI (OopMHU, BHUpOOHUUI
3yCWJUISL 3HA4YHO 3pocTaroTh. Jlns 3abe3meueHHss BUMOT BHUPOOHHWYHMX TPOIIECIB
BUKOHYIOTh HACTYIHI BUJM BUCKONPOAYKTHUBHUX Ta TOYHUX METOJIB OOpOOJICHHS, 10
AKUX HaJIeXKaTh HAATOYHI mpoiecu (nutidyBaHHs, ToOKapHa oOpoOka, (pesepyBaHHs),
aOpa3uBHI npouecu (MpUTUpKa, BiOpaniiine nuti(yBaHHs, IPUTUPAHHS TOTOKOM THCKY,
py4YHE TOJIIpyBaHHS, MarHiTOPEOJIOTIYHE IMOJIpPyBaHHs), MPOIECH JIPOoOOCTPYMEHEBOI
00poOKku (ToyipyBaHHS Ja3epHUM a00 EJIEKTPOHHUM MPOMEHEM), EJIEKTPOXIMIUHE
MOJIIpyBaHHA Ta 0araTo I1HIIMX. 3BHYaiHI TEXHOJOrIl (IHIIHOI OOpOOKH YacTo
CTUKAIOThCS 3 OOMEXKEHHSIMH Y JIOCATHEHHI BHUCOKOi SIKOCTI TMOBEPXHI, 30KpeMa B
acTeKTaX MaKporeoMeTpii, penbedy Ta BIACTHBOCTEH MPUIIOBEPXHEBOI 30HM, a TaKOXK
MalTh HEAOJIKH, MPUTAMaHHI CaMOMy TIpolecy. 30KpeMa, HU3bKa MPOAYKTUBHICTH
OUIBIIIOCT] TAKWX TPOIIECIB € OCHOBHUM OOMEXKEHHSM JUIS X MIMPOKOTO 3aCTOCYBaHHSI.
He3Baxatrouu Ha 11€, 111 TEXHOJIOT'11, 1HOJII 3 BKJIIFOUEHHSIM €TariB, 10 NOTPEOYIOTh PyYHO1
mpari J0Cl BUKOPUCTOBYIOTHCS B IMPOMHCIOBOCTI 4Yepe3 BiJACYTHICTh ajJbTEPHATHB.
MarHiTHO-a0pa3uBHE NOJIIPYBaHHS € CIEL1aTbHOI0 TEXHOJIOTIE0 (DIHIIIHOT 00pOOKH, sIKa
BUKOPUCTOBYE a0pa3uBHI YACTHHKU 3 HEBU3HAYEHOIO T€OMETPI€I0 ab0 3 JIykKe CIaOKuM
3B'I3KOM 3€peH 1 MOXKe OyTH KOHKYPEHTOCIPOMOXHOIO aJIbTEPHATUBOIO 0OaraThboM
TpaguuiiHuM metoaam [1-3]. 3apa3 MarHiTHO-aOpa3uBHE MOJIPYyBaHHS 3aCTOCOBYETHCS
SK By3bKO-HaIpaBJieHa TEXHOJIOT1s, HAPUKJIIA, IJIsl TOTepeHbO1 Ta (BiHIITHOT 00pOoOKU
pi3aJIbHUX THCTPYMEHTIB B TPOMHUCIOBOCTI.

B po6oTi mocTaBieHo 3a METy JOCHTIINTH BaXIMBE MUTAHHS: YA MOXE MarHiTHO-
abpazuBHe 00pobseHHs (MAQO) 3a0e3meunT JOCTaTHRO BUCOKI PIBHI TEXHOJIOTIYHOCTI
Ta OaxaHl (I3MKO-MEXaHIYHl BJIACTHBOCTI JJII MPOMHUCIOBOTO 3aCTOCYBaHHS,

BUKOPHCTOBYIOUH HOBITHI HayKOBI BIIKPUTTSI Ta METOIU JJII BAKOHAHHS BUCOKOTOYHHX
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po6iT? Y miTepaTypl BiJioMa BeJIMKAa PI3HOMAHITHICTh KIHEMAaTHUYHUX CXEM peaizailii
MpOLECYy MarHiTHO-aOpa3MBHOTO MOJIIPYBaHHA. Y OUIBIIOCTI BUMAAKIB BUKOPUCTAHHS
HOBOI TEXHOJOTii OOpOOKM 3IIMCHIOETHCS Ha OKPEMOMY YyCTaTKyBaHHI, IO 4YacTo
HETaTMBHO BIUIMBA€ HA THYYKICTH OOJaAHAHHSI Ta €KOHOMIYHI ¢akTopu. OCHOBHOIO
imeero ansa npocyBanHd MAQO y BUPOOHMIITBO € T€, IO 32 BUKOPUCTAHHS HE3HAYHHUX
Moau(iKallii HASBHOTO YHIBEpPCAILHOTO 00J1aJHaHHS a00 00pOOHUX LIEHTPIB MPOBOIUTH
aBTOMATH30BaHE MOJIIPYBAHHS MICIsI PI3HUX BHUJIIB MEXaHIYHOTO 00pOOICHHS YHUKAIOUU
BUTPAT HA MPpUI0aHHS CUCTEM JiJis (PIHIIIHOT TeXHOJIOT1i a00 pyuHoi poboTr. MaiiOyTHI
PO3pOOKHM HOBUX MarepialliB 3 IIiJBUINCHOI ITOCTIMHOK HaMarHi4eHICTIO MOXKYTh
BIJIKDUTH HOBI IEPCIIEKTUBHU JJIsl PO3BUTKY MarHiTHO-aOpa3uBHOIo nonipyBanHsa. Hapasi
icHye juiie oOMeXeHa KUIBKICTh HAyKOBUX JOCHDKeHb y Mmii  cdepi.
@yH/IaMEHTAJIbHUN, 1€TaJbHUN 1 MPAKTUYHO OPIEHTOBAHUMA AOCIITHUIBKHI BHECOK y
I[}0 TeMY TOKH 10 BIJACYTHIH, 1 came 1ie OyJie po3TIaHyTO Yy AaHiid poOoTi. JomaTkoso,
OyJie TpeacTaBiICHO IHHOBAIIHE PIMICHHS IS MiABUIIEHHS IHTEHCHUBHOCTI MPOIECY
MarHiTHO-a0pa3uBHOTO TOJIIPYBaHHS IUIOCKUX IMOBEPXOHb ()EPOMATHITHHUX 3arOTOBOK
IUIIXOM BJIOCKOHAQJIEHHSI MEXaHIYHOTO YIIUIBHEHHS MOPOIIKY B pobouomy 3azopi. Y
bOMY JOCHIIPKEHHI OyJie MpOoaHaIi30BaHO BIUIMB IMapamMeTpiB MpPOLECY, CTPYKTYpH
MOpPOUIKIB, TUMNIB 1HCTpyMeHTIB MAOQO, moaudikaniii npouecy, BIaCTUBOCTEH Ta
napameTpiB, a TaKOX (PI3UKO-MEXaHIYHOTO CTaHy OOPOOIIOBAHUX MTOBEPXOHB 3aTOTOBOK.
Takum ymHOM, LI poOOTa CTaHE OCHOBOK I MOAAIBIIMX AOCHIIKEHb Yy cdepi

MarHiTHO-a0pa3uBHOTO MOJIPYBAHHS HAa YHIBEPCATLHOMY BEPCTaTHOMY O0JIaTHAHHI.
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Merta i 3a1a4i J0CTiZKEHHSA

Meta pobGotn: ®opMyBaHHSA IHCTPYMEHTAJIBHOTO CEPENOBHINA IMPH MAarHiTHO-
abpa3uBHOMY OOpOOJICHHI IUIONIMH 1HAYKTOpaMH TOPIIEBOIO THUIy Ha 0asi
BHCOKOCHEPIeTUYHUX MArHITIB Ta JOCHIJKEHHS $IBHIN, IO BUHUKAIOTh y MPOIEC]
oOpoOJieHHs 3  ypaXyBaHHSM  BIUIMBY  TEXHOJIOTIYHUX  yMOB  MpOIIECY,
MarHiTOpPEOoJIOTIYHUX XapakTepucTuk, Gopmu Ta ckimaxy MAI, posmipiB MAIl Ta
MaTepiaity 00poOIIOBaHUX JIETANCH.

3anmaui:

1. Bukonatu anamiz HasBHOI iH(popmalii npo BukopuctanHs MAO,
0oco0nMMBOCTI  (POpMYBaHHA MIKpPOreoMeTpii 1 (PI3MKO-MEXaHIYHUX BJIACTUBOCTEN
0o0OpoOJIIOBaHMX TOBEPXOHb Ta  SIBUII, IO CYMNPOBOKYIOTH OCOOJIMBOCTI TPUOO-
MEXaHIYHOI B3a€MO/I11, BIUIUB BiIacTUBOCTe MAI Ta TexHOJIOTTYHUX (HAKTOPIB MpoLecy
MAO Ha pe3ynbTaTi 00pOOICHHS.

2. Po3pobut MeToauky BHUMIpIOBaHHSA (PI3UKO-MEXaHIYHUX Ta SKICHHX
napaMeTpiB 0OpoOJIIOBAaHUX TOBEPXOHb, Kl MAIOTh MICIl€ TIPU B3a€EMOJIIi MarHiTHO-
a0pa3MBHOTO THCTPYMEHTY 3 OOpOOTIOBAaHUMU JCTAISIMU Ta CUHTE3yBaTH KOHCTPYKIII1
st popmyBanas MAIL. Buznauntu HeoOX1AHI AJis JOCTIKEHHST MaTepianu 1a Gpopmu
THCTPYMEHTY, pO3X1JH1 MaTepianu (MOPOIIKK) Ta iX THUII 1 cKiag Ayid popmyBanHs MAL

3. [TpoBecTr KOMIUIEKCH1 TOCTIKEHHS 3MIHU (D13UKO-MEXaHIYHUX Ta SIKICHUX
napaMeTpiB 00poOrOBaHOI JeTaii Ta BIUIMB ckIagoBux MAI. BusHauutu BIUIUB
(aKTOpI1B TEXHOJOTIYHOTO XapaKTepy Ha 0OpOOIEHHS.

4. JlocmioguTu xapakTep 3MIiHU TMapameTpiB 0OpOOJIIOBaHUX TMOBEPXOHbB, IO
MaroTh MICIIE PU B3aeMO/I1i 00pobOroBaHoi fetani Ta MAI B pealibHUX yMOBax mpoliecy
MAO.

3. BcranoBuTH BIUTMB BIACTHBOCTEH MaTepiany, po3Mipy Ta OpMU YaCTHHOK
MarHiTHO-a0pa3uBHOTO MOPOIIKY Ha XapaKTep B3a€MOIl M’k 0OPOOIIIOBAHOIO IETAILIIO
ta MAI 3 ypaxyBaHHSM 3MIHM TEXHOJOTIYHUX (aAKTOpIB Tpolecy OOpOOIJICHHS.
Po3pobutu pekomenaartii no eeKTuBHOMY (piHIIIHOMY OOpOOJICHHIO JIeTalleid METOI0M

MAO.



21

06’exkm  OocniddicenHsi — MarHiTHO-aOpa3WBHE TIOJNIPYBaHHS IUIOIIMH Ha
yYHIBEpCAIbHOMY BEpCTaTHOMY OOJIaJHAaHHI B yYMOBax pOOOTH B MajuX MAarHiTHHUX
3a30pax.

Ilpeomem Oocnioxcenv — (GI3UKO-MEXaHIYHI TOKAa3HUKH, SKUX HaOyBae
oOpoOmoBaHa neTanb Ta BIDIMB ckiIagaoBux MAI mpu peamizamii MAO B mamux
Mar”iTHUX 3a30pax MJIOCKOTO THITY.

Memoou docnidxcennss — NI po3B’ I3aHHS MOCTABICHUX 3a1a4 JOCTIHKEHHS 0yIJI0
BUKOPUCTAHO OCHOBHI IOJOXKEHHS TEOpii MarHiTHOrO MOJsi, MarHeTU3My, MEXaHIKU
KOHTaKTHOI B3a€MOJIii, TEOpii pi3aHHA MaTepialiB, TPUOOJIOTii, TCOPETUYHOT MEXAHIKH,
KIHEMaTUKH, MaTepiao3HaBCTBA. EKCIepMMEHTanbHI JIOCHIIKEHHS MPOBEIECHO Ha
HasiBHOMY BEpPCTaTHOMY OOJIaHAHHI B Ja0OpaTOPHUX YMOBaxX 3 BHUKOPUCTAHHSIM
Cy4acHHUX Ta KOMIT IOT€pU30BaHUX 3aC001B BUMIPIOBAHHS.

HaykoBa HOBU3HA 0O/lep:KAHUX pe3yJabTaTiB

Po3po6iieH0 ekcepuMEeHTaIbHO-TEOPETUYHI TOJOKEHHS Ta peKOMEHAAlli Jyist
3a0€3MeUeHHs] TIABUINCHHS e()EKTUBHOCTI 0O0poOeHHsT MomuH Merogom MAO
1HYKTOpaMU TOPIIEBOTO TUITY Ha 6a31 BUCOKOCHEPTETUYHUX MarHiTIB Ha YHIBEPCATbHHUX
BepcTaTax, siki 0a3yroThcs Ha aHami31 ymoB opmyBaHHs MAI, dakTopis (TIporieciB), 1m0
iX CynpOBOJXKYIOTh B YMOBAaX MaJMX MAarHiTHUX 3a30piB:

1) Brnepiie BCTaHOBIIEHO OCHOBHI 3aKOHOMIPHOCTI, II0 MarOTh MICLIE MPHU
¢dbopmyBanni MALI 1 iioro B3aemoii 3 00poOiroBaHMY OBepXHAMU Ipr MAO miiockux
JeTaned BUTOTOBJIEHMX 3 (PEpPOMAarHiTHUX MaTepiaiiB 3 YypaxyBaHHSAM 3MIHU
TEXHOJIOTTYHUX (DAKTOPIB, TAKUX SIK OTYKHICTh (1HIYKIIiS ) MATHITHOTO TOJIS, IIBUAKICTD
pPYyXIB Ipu 0OpOOJEeHH], TUIly, (POPMHU, pO3MIPY YACTUHOK, BIJCOTKOBOTO BIAHOILIEHHS
cknagoBux MAIIL. BusnaueHo BrumB 3a3HadueHMX (HaKTOPIB HA 3HAUCHHS SKICHUX
napameTpiB, 1110 OTPUMYIOThCS B miporieci 00pobnenHs miomuH MAI npu MAO.

2) Bnepmie  mochikeHO  AOUIIBHICTh — 3aCTOCYBaHHS — PI3HUX  THIIB
(bepoabpa3uBHUX TOPOIIKOBUX MaTepiaiiB Ta CyMIilIed MOPOIIKIB MPU TOJIpyBaHHS
IJIOLIMH BUPOOIB 1HIYKTOPaMH Ha 0a31 BUCOKOEHEPTE€TUYHUX MArHITIB B YMOBAX MaJoro

pobGodoro 3azopy 1 ocoOnuBocTet QopmoyTtBopenHs MAI mpu  B3aemomii 3



22

o0poOmroBaHuMU MoBepXHsIMU 1pu MAQO 3 ypaxyBaHHSIM XapaKTEPUCTUK 0OpOOITIOBaHO1
JIeTalll Ta BIACTUBOCTEN MarHiTHO-aOpa3MBHUX MOPOIIKIB.

3)  ExkcnepuMeHTaJIbHO MIATBEPIKEHO TEOPETUYHI MPUMYIICHHS, 00
BIUTMBY BiactuBocTet MAI Ta TexHomoriunux ¢akTtopiB mpouecy MAQO Ha mneBHi
MOKA3HUKH AKOCT1 00POOIIOBAaHUX MTOBEPXOHb.

4)  3anpomoOHOBAHO PEKOMEHJAIlll Ta YTOYHEHHS WI0JI0 OCOOJIMBOCTEM
MexaHi3My cTpykTypoyTBopeHHs: MAI Ta mpoiiecis, fKi BigOyBalOThCS B IOBEPXHEBOMY
mapi 3aroToBKM B mporect peanizanii MAO B ymMoBax MalMX MarHiTHHX 3a30piB, IO
3a0€3Me4nsIo PO3MIUPEHHS] MOKIMBOCTEH METONY 1 MIABUIIEHHS MOro e€(eKTHUBHOCTI 1
MPOTyKTUBHOCTI.

Oco0ucTuii BHECOK 3100yBa4a

ABTOpPOM CHHTE30BAaHO METYy Ta 3ajauyi, M0 PO3TJSJAIOTHCA B JHUCEPTAIINHINA
po0OTI. 3anpPONOHOBAHO METOJIMKY JTOCHIIKEHHS ()OPMYBAHHS Ta BIUIUBY CTPYKTYpPHHX
napametpiB MAI npu BukonanHi MAO B ManioMy MarHiTHOMY 3a30pi IJIOCKOTO THITY Ta
pO3p00JIeHO HEOOXI1IHE ISl IbOTO OCHAIIeHHS. BUKOHaHO MOCTaHOBY pOOOTH, METO/I1B
Ta 3aco0iB Il JOCATHEHHS BHM3HAUYE€HOI METH, MPOBEIEHO MOJICIIOBaHHS,
EKCIIEpMMEHTAJIbH1 HAIPAIFOBAHHS, aHaJi3 Ta y3arajJlbHEHHS OTPUMaHUX PE3yJbTATiB.
Marepianu nuceprauiiiHoi poOOTH HE MICTATh PE3yJbTaTIB, 110 HAJIEKATh CIIIBABTOPAM,
3 IKUMH OyJiM HamucaHi poOoTu. B poOOTI BUKOPUCTOBYIOTHCS IMMOCUJIAHHS HA aBTOPIB 1
BIIMOBIHI  JpKepesla TpU  ONHWCAHHI  BIJIOMUX TEOPETHMYHHMX TIOJIOKEHb  Ta
EKCIIePUMEHTATbHUX JaHHX.

IMyoaikanii. 3a OCHOBHUMHM pe3yJIbTaTaMU JAUCEPTAIIHHOT pOOOTH OIMyOJIIKOBAaHO
5 crareil y npoBiiHUX (PaXOBUX BUJIAHHSIX B YKpaiHi. Pe3ynbTratu JOCHIIKEHHS TaKOXK
MIPE/ICTABJICHO B 4 Te3aX JOMOBieH B 301pHUKAxX MaTepiaiiB KOHGEPEHITIH.

CrpykTtypa Ta 06csar po6oru. [ucepraliis Ma€e HaCTylHY CTPYKTYpy: BCTYyT, 3
PO31IH, 3araibHl BACHOBKH, CIIMCOK BUKOPUCTAHUX JuKepen 13 71 HaliMeHyBaHHs Ha 145
cropinkax. OCHOBHHMI TEKCT AMCEpTaIlli BUKIaJeHO Ha 145 npyKoBaHUX CTOpPIHKAX, 1110

MiCTUTh 88 pucyHkiB, 10 Tabnuip. [ToBHUI 00csT nucepTailii CTaHOBUTH 145 CTOPIHOK.
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PO3LI 1

AHAJII3 HAYKOBO TEXHIYHOI IH®GOPMAILIL B OBJIACTI ®IHIIIHIX
METO/JIB OBPOBJIEHHA ITIOBEPXOHD 3A TOITIOMOI'OIO
CIIEINAJIBHUX TA MAT'HITHO-ABPASUBHUX IHCTPYMEHTIB

1.1 Oraspa ¢iHimHUX MeTOAIB 00pOOJIeHHS

1.1.1 IlpuTUpanHs
[IpuTupanas — 11e Npolec, sSIKud BUKOPUCTOBYIOTh Uil IOCSTHEHHSI TOYHOCTI B

MEXaHIYHUX KOHCTPYKIIIAX 1 JETalIX HUIAXOM JIETKOTO 3aTHpaHHS abo HuTipyBaHHS
IOBEPXOHb. VIOro MeTa — JOCAITH TEBHOTO KOHTAKTY MiX IOBEPXHAMHM, 3MEHIIHTH
3a30pH, TOKPAITUTH CKIadaHHs AeTaneld. [[puTupanHs 3aCTOCOBY€EThCS B TaKUX cdepax,
K MaIIMHOOY/1yBaHHS, BUTOTOBJICHHS JABUTYHIB 1 TOYHa MexaHika. [Iponec 3a3Buuaii
BKJIFOYA€ BUKOPUCTAHHS a0pa3sMBHUX MarTepialiiB a0o0 CreliaJbHUX MacT JJig TOYHOI
miaroHku neranen. lle moxke OyTH 0COOJMBO Ba)KJIMBUM Yy BHUMAJKax, KOJIU HEOOX1THO
3a0€3Me4YeHHs] BUCOKOI TOYHICTh 300pKM 1 B MOJAIBIIOMY IiJBUILNEHOT HAIIAHICTD Y
po0oTi MexaHi3MiB. [IpuTupaHHsT BUKOHYETHCS CUIYYHUM 3€PHOM, B PIAMHHOMY CTaHi
a00 mactonoaioHoMy cepenoBuiili. CriBBIHOIIECHHS 3MIITYBaHHS CKJIAJIOBUX 3a3BUYAid
npuitmMatorh B Mexax Big 1:10 go 1:2 [4]. B sKocTi pi3aibHUX MartepiajiB
BUKOPHUCTOBYIOTHCSI BACOKOTBEP/I1 MaTepiaiu, Taki sik anmas abo KbH, a Takox 3Buuaiini
Marepiaiu, Takl Ik KOpYH]I 1 KapO1J KpeMHII0 3 po3MipoM 3epHa Bix 1 1o 250 mxwM [5].
PizanpH1 aOpa3uBHI YaCTUHKU BLILHO MEPEMINIYIOTHCS B CEPEAOBHINAX, TAKUX 5K
outisi, mapadiH, BazesiH abo kepocuH. [IputupanbHuil areHT 6e3MepepBHO MOIAETHCS B
30Hy 00poOJieHHS 13 BuUTpaToro B Mexkax 1 mo 10 a/rox. OOpoOGiaroBaHI MOBEPXHI
PO3MIMIAIOTHCS] MK TTPABUIBHUM KIJIBIIEM Ta MPUTHPATBHUM TUCKOM. | IpUTHpaTbHAN
JUCK, 1 TIpaBWJIbHE KIJIbIE 13 3arOTOBKaMU OOEpPTAIOTHCS B MPOTUIICKHUX HAMPSIMKAX
OJIMH BIJIHOCHO OJIHOTO, AHAJOTIYHO KIHEMAaTHWIll IUIaHETapHOI mepejadvi. 3arajibHa
IIBUJIKICTH Pi3aHHS CTaHOBUTH BiJl 50 10 500 M/XB 1 0OMEXY€ThCSI BIALIEHTPOBOIO CHIIOKO.
[IpuTupanbHa Cymill BIABIIOETHCSI B MPUTUPAIBHUNA JUCK a00 T II€I0 CUITU TSHKIHHS
KOMITOHEHTIB, a0o0, i MEHIIMX 3aroTOBOK, 3a JOMOMOTOI MPUTHUCKHUX TIUIACTUHU
HAaBaHTAXEHHA a00 B pe3ynbTaTi All NHEBMATHMYHUX NOpHUBOMAIB. [LIOMIMHHICTH

MPUTUPATILHOTO TMCKA MA€ BETUKUMA BIUIMB HAa TOYHICTH PO3MiPiB KOMIIOHEHTA 1, 3aJI€KHO
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BiJI HEOOXIJTHOTO CTYIEHS TBEPJOCTI, CKIAJAAETHCA 13 PI3HUX MaTepialliB, TaKUX SK
YaBYHH, 3arapTOBaHi CTali, Kepamika, Mijib, miaactuk ado ¢etrpy. Parionansauii Bubip
OTIpaBKM 3a0e3Medy€e BHCOKY TOYHICTh PO3MIPIB MPUTHUPATIBLHOTO JUCKA, PIBHOMIpHUMN
PO3MOAUT MPUTUPATBHOTO €JIEMEHTY 1 BiJBeleHHs Temia. [Ipu miockonmapaieasHOMY
MPUTHPAHHI 3aTOTOBKU OOPOOJISIFOTHCS 3 ABOX CTOPIH OJHOYACHO. BHKOPUCTOBYIOTHCA
JIBa MPUTHUPATBHUX JUCKH, IO CIIPHUsi€ 301IBIIEHHIO BAPTOCTI MALlIMHU, a TAKOXK CTBOPIOE
ayX)e XKOpCTKi pomycku. OKpiM TOPIEBOTO MPUTHPAHHS TAaKOX BUKOHYIOTH 30BHIILITHE
KpyTiie, BHYTpIIIHE Kpyrjie, TBUHTOBE, MpokaTHe Ta mnpoduibHe. [IpuTHpanHsIM
0OpOOJISIOTHCS TIIOCK], HMMJIHAPUYHI Ta 00epTaabHO-CUMETpUyHI noBepxHi. CkiagHi
MOBEPXHI BUIbHOI (POPMHU HE MOYKHA OOpPOOUTH MPUTHUPKOIO 3 KIHEMATHYHUX NPUYHUH.
Tunose 3actocyBanHHs mnpuTHpku: OOpoOKa MITaMIIOBaHUX JAeTajied, HapajelbHUX
KaJIOpiB, AeTaneu AJi1 BUMIPIOBAIBHUX MPUJIAAiB, YIIUIBHEHb, IOPIIHEBUX 1 My(TOBUX
KiJIellb, OTBOPIB BTYJIOK 1 Tr'iib3 [6-9]. Ilpu 0OpoOLl HMIIHAPUYHHUX CTAJEBUX POJIUKIB
(cramp 1.3505) ormiHOBaIM 3a 3HAYYIIICTIO (PakTOpu, IIO BIUIMBAIOTH HA SKICTh
OJIep>)KYyBaHOi TMOBEpPXHI: CHUJIM NPUTHCKAHHS, KOHLEHTpalis a0pa3uBHHUX 3E€pEH Yy
MPUTUPOYHOMY 3aco01 Ta mBHAKICTH pizanHs [10]. Temneparypa mpoliecy Takox Mae
BIUIMB HA TOBINMHY IIapy TMOIIKOKEHOI KpailoBOi 30HM 1 MOXE, HampHKIan, OyTH
3HKeHa 10 20% npu o0poOLl repmanito 31 3HMKEHHIM Temrepatypu Big 40 °C no -10
°C[11].

llepesacu npoyecy: TlputupanHs 103BOJISIE JOCSTTH BUCOKOI SIKOCTI TOBepXHI1 (10 Rz =
0,05 MkMm [5]) 1 TouHux gomyckiB Ha hopmy (TWIOMMHHICTE 710 0,1 MKM, MapanenbHICTh
o 0,5 mxm [12]). [lomibHO 10 XOHIHTYBaHHS, Ha 3aKIIOYHOMY eTari 0OpoOKHU
BUKOPUCTOBYIOTBCSI JAyXe€ JpiOHI aOpa3suBHI YACTUHKH, WLIO CHpHUSE 30UIbIICHHIO
KOPUCHOI TUIONII TIOBEPXHi, IO 3ajisHa B Tmporeci. THCK YacTHHOK 3MIITHIOE
MPUIIOBEPXHEBUI 11ap 00poOII0BaHOr0 Marepiany Ha riauouni 4—24 mxMm [8]. Bognouac
MPOILIEC 103BOJISIE OTPUMATH MOBEPXHIO 0€3 MOIIKOIKEHb 1 CIiJiiB 0OpOOKH TpH AyxkKe
HU3BKUX TemriepaTypax. OCKUIbKM JeTalli He TOTPeOYyIOTh MIIHOTO 3aKpIIJICHHS Y
poOoulif 30H1, IPUTHUPAHHS MOXKE 3aCTOCOBYBATHCH JJIsi OOpPOOKM TOHKHUX 3aroTOBOK,

TOBIIIMHA 3arOTOBOK MPU ILOMY MO3K€ OyTH TOBIIMHOIO MeHmIe 0,1 MM.
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Heoonixu npoyecy: llpuTupanHs CyNpOBOIKYEThCS 3HAYHUM 3HOCOM 1 APOOJIEHHSIM
aOpa3MBHUX YaCTMHOK BHACIIIOK TEPTHOBOI B3aemoii. J[s 3a0e3nedenns mocTiiHOI Ta
PIBHOMIPHOI 0OpOOKH MOTPIOHO MOCTIMHO BBOAUTH HOB1 abpa3uBHi yacTuHKH. [lle onun
HEJOJIK TOJsIrae B TOMY, IO CHIbHE TepTs 3a0pyIHIOE MOBEPXHIO a0pa3MBHUMHU
YaCTUHKAMH, YTBOPIOIOUM T'YCTUH HUTI(QyBaTbHUM 1ITaM, KU MOTPiOHO BIABOIUTH 13
30HM OOpOOJIEHHS Ta YTUJII3yBaTH K HeOe3neuHi Biaxoau. KpiM Toro, mpuTupaHHs He
MiIXOIUTh 11 00poOKU BuUTbHHX (opMm [6, 8, 12].

1.1.2 IIpuTHPAHHSA MOTOKOM PEYOBHHH il THCKOM
[Ipu npuTupaHHi i TUCKOM, MDKHAPOJIHO BiJIOMOMY sIK 00poOka aOpa3uBHUM

notokoM (OAII), cymim B’A3KONPYKHOTO TMOdiMEpPY Ta aOpa3sMBHUX YaCTHHOK
MePEMINTY€EThCS T1IPABIIYHO B OJHOMY a00 000X HaIpsiMKax y 3aKpUTOMY PoOOYOMY
MPOCTOPI, KWW yTBOPIOE BHYTPILIHIA KOHTYpP 3aroTOBKM ab0 OOMEXEHUM 30BHIIIHINA
KOHTYP 3 (popMoto iHCTpYMeHTY. [101100poCHIMKOHOBUM T'elb a00 CHIIIKOHOBUN KaydyK
4acTO BUKOPHUCTOBYIOTH SIK MOJIMEPH, a KJIACH4YHI aOpa3uBHI 3€pHa, Taki K KapOif
KPEMHIIO, OKCH/JI aIIOMIHII0, KyOlYHUI HITpUJ OOpy Ta MOMIKPUCTAIIYHUNA aaMa3 4acTo
BUKOPUCTOBYIOTH SIK a0Opa3uBH. 3alieKHO BIJl THUCKY, IO CTBOPIOETHCSA, MEXaHI3M
BUJIAJICHHSI XapaKTEPU3YEThCS OLIBIIIO MIPOK MIKPOOOpOOKOI abo IMIaCTUYHOIO
nedopmaitieto [ 13], OCKUTbKH B’ A3KICTh B’ I3KOMPY>KHOI a0pa3UBHOI CyMIIIIl PETYIIOETHCS
THCKOM.

Kpim Toro, Ha B'SI3KICTh aOpa3uBHOI CyMIIll ICTOTHO BILJIUBA€ BMICT a0pa3uBHUX
YaCTUHOK, (Ppakiist 3epeH Ta temneparypa [14]. Ilo6 mocsrtu 301/IbIIEHHS IIBUIKOCTI
BHJIAJICHHS, KA 4acTo € HU3bKow mpu kiacuuHid OAIIl, BKHBarOThCS pi3HI 3aXO0/IH
(BiOparriitHe 30y/KeHHsI a00 HaJaHHS 00EpPTaJIbLHOIO PYXy 3aroToBili). Takox BiIOMO
3actocoBaHHs KomoOiHalii nporeciB MPO, MAO, EXO [13, 14]. IlputupanHs TOTOKOM
] THCKOM CIOYaTKy Oyio po3po0JieHO NJisi BUIAICHHS 3aAUPOK 1 0OpOOKH OTBOPIB
Oyl1b-s1KO1 (HOPMHU Ta CKJIQJHOCTI B T1APABIIYHUX 1 MAJIMBHUX KOMIIOHEHTaX JiTakiB [37].
CporojiHi, HaMPUKIaa, OTBOPU Masioro aiamerpy (10 0,3 mm) y naturkax MC, manuBHHX
(dhopcyHKax, coriax MpUHTEPIB MPOMUCIOBOTO Ta MOOYTOBOTO IPU3HAUYCHHIX a00 HABITh

30BHILIHIX MOBEPXHSX, TAKUX K 3yOH KOHIUHUX LIECTEPEHb 1 JIOMATKH TypOiH IBUTYHIB,
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obpobssttoThest 3a jgonomororo OAII [13]. Tumosi mapamerpu mporecy s OAII
HaBeJleHI B Ta0miwmi 2.3.

Tabmuug 1.1 - Tunosi napametpu npouecy aiigs ACM [39-42]

IHapamerp 3HavyeHHA Opununi BUMIpy
Tuck 5-80 MlIla

KinpkicTh 1UKITIB 400 -
TpuBamicTs MUKITY 1-10 XB.

YacTka abpazuBy 50-60 %

SIkicTh TIOBEpPXHI 3arOTOBKM OIHUCYETHCS MaKpOreoMeTpiero, Tomorpadiero Ta
(h13UKO-MEXaHIYHUM CTaHOM MoBepxHi (puc. 1.1). MakporeomMeTpisi BKJIIOYa€ TOYHICTh
dbopmu (TUIOLIMHHICTh, MapayeNIbHICTh TOIIO) 1 XBUJISCTICTh. Tomorpadisi omucyeThes
JIBOBUMIPDHUMHU TapaMeTpaMu IIOPCTKOCTI (HANpUKIa, cepeAaHiMm apudmernunum Ra,
cepeaHiM KBaJapaTHYHUM Rq, cepelHbOI0 TIIMOMHOIO MIOPCTKOCTI RZ) 1 TpuBUMIpHUMU
napameTpamu MOPCTKOCTI (Hapukiazi, Sa, Sp 1 Sv), a TAK0K MIKPOCTPYKTYPOIO.

Sa € cepenHiM apu@METHUYHUM 3HAYEHHSM aOCOJIFOTHUX BIAXWJIEHb BHCOTH
MOBEpPXHI BiJ CEpPeAHBOTO PiBHA (TJI0OANTBHOT CepeaHbOl JiHII) B TPUBUMIPHOMY
npocrtopi. Ile y3aranpHeHa Bepcisi JBOBUMIpHOTO TapameTpa Ra, 1o BpaxoBye BUCOTY
Mo BCli moBepxHi. BUKOPUCTOBYeTbCA ISl OLIHKH CEPEAHBOI BHCOTHU IIOPCTKOCTI
MOBEPXHI 1 € KOPUCHUM JIJI aHAJI3y 3arajbHOi pIBHOCTI MOBEPXHI.

Sp mipezcTaBisie co00I0 KBAIpaTUUHE CEPEIHE BIIXHUICHHS BUCOTU MOBEPXHI BiJl
cepenHboro piBH4. Lle oaMH 3 HAMNOWMPEHIUX TPUBUMIPHUX MapaMeTpiB, HA OCHOBI
SKOTO OLIHIOIOTH 3arajibHy LIOPCTKICTh IMOBEPXHI, BPAaXOBYIOUM BEJIMYHUHY BIJIXHUJICHb.
Jlanuit napameTp Aae OUTbII I€TalIbHE YSBJIEHHS PO CTYMHIHb HIOPCTKOCTI, BPAaXOBYIOUH
HE TUIbKU CEPEHIO BUCOTY, aJie i BeIMUMHY Bapialliid BUCOTH, [0 MOKE OYTH BaXKJIMBUM
JUTSI OIIHKY (DYHKITIOHATBHUX BJIIACTUBOCTEH MOBEPXHI.

Sv € 3aranbHOI0 MaKCUMaIbHOIO BUCOTY MI>K HAMBUIIIMMU 1 HAHM>KYMMU TOYKAMHU
B MEXax MeBHOi 00J1acTi BUMiptoBaHHs. UncenbHe 3HAYEHHSI IbOTO TTapaMeTPy JT03BOJISIE

OIIIHUTH HAUO1IBIII HEPIBHOCTI HA TOBEPXHI. SZ KOPUCHUH JIJIsi BU3BHAYEHHS HAHOUTBIITNX
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nedexTiB a00 HEPIBHOCTEH Ha ITOBEPXHI, 110 MOXKe OyTH BOXKJIUBUM JIJIs1 PYHKIIIOHATBHUX
Ta KOHCTPYKTUBHUX BUMOT JICTaJICH.

®di3MKO-MEXaHIuHI BJIACTUBOCTI MOBEPXHI BKIIOYAaE AehEKTHUN ImIap (TOBIIMHA
MOIIKOPKEHHS TIOBEPXHI), CTPYKTYPHI 3MiHH, HAIIPUKJIA, Y 30HI TEIIOBOTO BIUIMBY Ta
3aJUIIKOB1 HAMPY>KEHHs 0171 MOBEPXHi.

dopMyIH 7151 pO3paxXyHKY YMCETbHUX 3HAYCHb Sa, Sp Ta Sv HaBelIEeHO HIDKYE:

1
Sa=7J  Alz(xy)ldA (1.1)
Jle: A — muioIa BUMiprOBaJIbHOT 00J1aCTi;

Z(X,y) — BUCOTa IMOBEPXHI B TOUIII (X,Y).

Sp = \/ﬁf A(z(x,y))?dA (1.2)

Sz = max(Zmax — Zmin) (1.3)
Je: Zyax — MaKcuMalibHa BUCOTA POP1ITIO;

Zmin — MIHIMaJIbHa BUCOTA MPOQLIIO.

AKicmb Mo8epxHi

Di3UKO-MEXaHIYHI
griacmusocmi
osepxHeg8o20 wapy

Makpozeomempis Tonozpacpisa

- ToyHicme ¢hopmu:
nAoWUHHICMb, napanenbHicms,
nepneHAuUKynapHicms, Kpyanicms
KOHIYHICMb, MOWO;

- fleosumipHi napamempu wopcmKocmi:
cepedHe apugpmMemuyHe Ra;
cepedHe kgadpamuyHe Rq;

|

|

|

|

|

|
i | = 7 .
cepedHa anubuxa wopcmkocmi Rz; ‘ Hecpexkmnui wap:
| HassHicmb decbexkmis
|
|
|
|

- Xeunacmicms: nosepxHeeoao wapy,

genuKkoMacwmabHi 8idXuneHHs,
"cnadkosicmb nicna 0b6pobneHHs;

- TpusuMIpHI napamempu WopcmKocmi:
cepedHe apughMemuyHe 8iOXuneHHA nosepxHi Sa; o
cepedHe keadpamuyHe sidxuneHHs nosepxHi Sq; - CmpyKmypHi 3miHu:

cymapHa eucoma HepeaynapHocmedl Sz; | 3MiHa mikpecmpykmypu,
ymeopeHHa mepMIiYHUX 30H,

F—————————————

i - 3anuwkoei HanpyXxeHHsA,
| -TllosepxHesa msepdicmb

Puc. 1.1 I1apameTpu, 1110 BU3HAYAIOTH AKICTh TOBEPXHI.
SIKicTh TIOBEpXHI CYTTE€BO BH3HA4Ya€ (PYHKIIOHAIbHI BJIACTUBOCTI OOpOOIEHHX
MarepiaidiB 1 JeTanei, BKIIOYAIOYM iXHIA TEpMIH CIy»KOM, TpHUOOJIOTIYHI
XapaKTEpPUCTUKH, 3HOC, BUIUICHHS TeIJia, pIBEHb BiOpalliid, pO3BUTOK TPIIIUH, YMOBHU

3MallleHHsI, CTIHKICTh O KOPO3ii Ta ONTUYHI BIACTUBOCTI. Hampukiazn, HeperyaspHOCTI
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MOBEpPXHI, Takl SK MyJbcallii, MOXYTh 3HAYHO BIUIMBAaTHU Ha pPIBEHb IIyMy, IO
CTBOPIOEThCSL B mepenadax. Pembed MoBepxHI BiJirpae KIOYOBY pOJIb Yy BCIX IUX
acrieKTax, BIUIMBalOYM Ha €(EKTUBHICTh poOOTH MexaHi3MmiB 1 geranei. LlimicHICTH
MOBEPXHI € KPUTHUYHO BAXJIMBOIO JJISi JOBTOBIYHOCTI, OCKITBKH Je(EKTH, Taki SK
TPIMHN 200 TOMIKOKEHHS, MOKYTh IPUCKOPHUTH MPOIIEC 3HOITYBAHHS 1 PU3BECTH 10
nepeyacHoro Buxoay 3 yaay [15, 16].

Tomy edexTuBHA 00pOOKA TOBEPXHI € HEOOXITHOIO JUTSI TOCATHEHHS 3a10BUTBHIX
(YHKITIOHATBLHUX XapaKTEPUCTHK 1 3a0€3MeUeHHs HaJIMHOCTI KOMIIOHEHTIB Y PI3HUX
yMOBaX €KCIUTyaTallii.

1.2 IIpouec MAOQO Ta i10ro 0c00/1MBOCTI

MoxnuBicTh TpoBefeHHs edexktuBHOTO mpouecy MAQO XapakTepusyeTbes
3a0€3MeUYeHHSIM HACTYITHUX OCHOBHUX YMOB 00po0ieHHs [17-19] (puc. 1.2):

- HasBHOCTI NPUTHUCKY YaCTUHOK MAarHiTHO-akTHUBHOro nopomky (MAII) no

00poOJIIOBaHMX MOBEPXOHb JETall, II0 3yMOBJIEHO MAarHiTHUMH cujaMu abo

JUHAMIYHUMU (hakTOpaMu, TOOTO HOpMaJibHa CKJIa/I0Ba Pi3aHHS;

- @opMyBaHHs CTabUIBHOTO MarHiTHO-aOpa3uBHOro 1HCTpyMeHTy (MAI), TooTo

3aTHICTh JI0 TMEpPEMINTyBaHHS Ta BIJHOBJICHHS (POPMU YACTHHOK, BIJACYTHICTbH

PO3KHIyBaHHS TIOPOIIKY 13 0OpPOOIIOBAILHOT 30HH 1 HOTO PIBHOMIPHE PO3IMOA1ICHHS

B poOOUOMY 3a30pi.

- HasBnicTs BiHOCHOTO pyXy Mixk "yactuHkamu MAII Tta oOpoOatoBaHMU

MOBEPXHAMH, 10 XapaKTEPU3YETHCS TAHTCHITIAIBHOIO CKJIaI0BOIO Pi3aHHS.

- PiBHOMIpHUI pyx dyactuHOK MAII BimHOCHO 0OpOOIIOBaHOI MOBEPXHI O€3

YTBOPEHHS 3aCTIMHMX 1 TIHBOBUX 30H OUIA TOBEpXHI JAeTalii abo TMOJIIOCHOTO

HaKOHEUHUKA.

[{i yMOBM € KpHUTHYHO BaXJIMBUMHU i1 3a0e3medeHHs €(QEKTUBHOTO MPOIIECY
MarHiTHO-akTUBHOI 00poOku (MAOQO) 1 CyTT€BO BIIMBAIOTh HAa MPOLECH Ta SBUILA, 1110
B110yBatoThes 117 yac MAQO, a Takok Ha CUJIOB1 XapaKTEPUCTUKH IIbOTO Tpoliecy. TooTo,
JUTSI TOYHOTO PO3YMIHHS MPOIIECIB 1 SBUII, 1[0 BUHUKAIOTH B PE3YJIHTATI B3aEMOJIIT MIXK
netano Ta MAI, HeoOX1AHO BpaxOBYBaTH 11l YOTUPHU KIIHOUOBI (pakTopu. J1jisi BABUEHHS

(dbopMyBaHHS IHCTPYMEHTAIBHOTO TIOPOIIKOBOTO CEPENIOBHINA, SIKE YTBOPIOETHCS TMPHU
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00poOI1l peanbHUX AeTaneil 3 BUKOpUCTaHHAM MAI, BaXIMBO TOCHIAUTH MPOLIECH Ta

SIBUIIIA, IO BUHUKAIOTh Y MAI 11 9ac 00poOKHM pi3HUX THIIIB ACTAJICH.

MazHimHo-abpa3usHe

06pobreHHs
| CmabinbHe mazHimHe none
ons popmyeaHHs MAI
TaHeeHUjarnbHa
> Ckradosi pi3aHHs
HopmarbHa
PisHoMipHe rnepemiyeaHHs
—
ma pyx yacmuHok MATT

Puc. 1.2 YmoBu mis 3a6e3neuenns nporecy MAO

1.3 Anaui3 ¢paxkrTopis, 1m0 0e3m0cepeHbO BILINBAIOTH HA NPo1ec
popmyBanna MAI

JIJist BUBHAUEHHS MapaMeTpiB SAKOCTI MOBEPXHI, 0 (OPMYIOTHCS MPU MArHiTHO-
akTuBHi 00po6Ii (MAQO) Ha paerani BHACHIIOK BIUIMBY MAarHiTHO-aOpa3MBHOTO
iHcTpyMeHTy (MAI), a TakoX Juisi po3yMiHHS MPOLECIB 1 SBHIL, IO CYINPOBOJKYIOTh
dhopmyBanas MAI, HeoOXi1HO eTabHO BUBUNTH caM nporiec MAO. Lle Bkirouae aHami3
(hopMyBaHHS THCTPYMEHTAILHOTO (PEPOMATrHITHOTO a0pa3uBHOTO CEPEIOBUILIA B YMOBaX
caOKMX MAar”HiTHUX MOJIB Ta MajuxX poOOYMX 3a30pi, a TaKOX BIUIMB YHMCIECHHUX
(bakTOopiB Pi3HOI MPUPOIH Ta MOXOKEHHS (puc. 1.3).

OCHOBHMMH TMpollecaMH, IO BIIOYyBalOThCA TiJ 4Yac OOpPOOKH, € MEXaHIYHi
mporiecu. 30KpeMa, e MeXaHiuHe TEPTS MI>K 0OpOOJIFOBAHOIO TOBEPXHEIO T YACTUHKAMHU
MOPOIKY, SKE TMPU3BOAWTH JIO 3HIMAHHSA IMapy Marepiany, MIKpOIUIACTHYHE
nedopMyBaHHs TOBepxHi. He MeHm BaxiauBuUMH € Tmiporiecu BcepeauHi MAI, ne

B110yBA€THCS MEXaHIYHA B3a€MO/I1sI MIXK YaCTUHKAMHU TTOPOIIKY. J[71s1 epekTnBHOT poboTH
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MAO BaxiauBO, 1100 YAaCTUHKHU MOPOIIKY MOCTIMHO 3MIHIOBAJIM CBO€ TIOJIOKEHHS Y

cTpykTypt MAI, mo copuse OHOBIEHHIO pi3aJIbHUX KPOMOK 3€peH IMOPOIIKY 1

BUJIQJICHHIO JUCIIEPTOBAHOIO Martepiaiy 13 30HU pi3aHHs. Lle, B cBOIO uepry, CTBOpro€

JTOAATKOBI CHJIOBI HABAaHTAXKCHHS, SIKI

BILTUBAIOTH Ha 00pOOKy. [20-24].

lMpouyecu, wo chopmyromsb

MAO

———

"MNopowiok - Oemaan

"MNopowok - nopowoxD

)@epmbosi nap}
(Mexam'tmi)

BudaneHHs mamepiany
sudarneHHs CmpyXxKu)

lNepemiwysaHHs
YacmuHOK MopouwiK

Mikponnacmu4He
OegbopmysaHHS

CamogiOHO8IeHHS
(CamozazocmpeHHs

3HOWEHUX pi3aribHUX KPOMOK)

- B3aemodis 8 cepedosuwyi MAI
- MazHimHi
= Bzaemodis "MMopowok - demanes”
= Adcesis
—»  XiMiqHi
= [Juchysisi

—» EnneKmpuYHi | [ToHdepoMomopHi cunu

Puc. 1.3 Tpoiecu ki mpOTIKaIOTh MPU BUKOHAHHI mporiecy MAQO

Sk 1 B Oynp-akoMy MeroAl oOpoOku pizaHHsM, npouec MAQO 3MIHIOETBCS B

3aJIEKHOCTI BiJl BXIIHMX TE€XHOJIOTTYHUX MapametpiB. [IpoTe, BpaxoBytoun crnenudiky

MAO, 1 mapaMeTpu MaroTh CBOI

0co6muBOCTI. OCHOBHOIO 3 HHUX € TIPUCYTHICTb

MAarHiTHOI CKJIa/I0BOi, SIKa BIAIrpa€e KIOYOBY PoOJib y (pOpMyBaHHI MarHiTHO-aKTUBHOTO
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iHcTpymMeHnTy (MAI) 1 6e3mocepeiHbo BIUIMBA€E Ha Horo xapakrtepuctuku. Ha puc. 1.4
Mpe/CTaBlICHa CXeMa TEXHOJIOTIYHUX (aKTopiB, sIKIi O€3MOCepelHbO BIUTUBAIOTH Ha

nporecu hopmyBanas MAL

®opma Ta MarHiTHi
po3Mipu geTtani B1T@CTMBOCTI

MaTepian TepmiyHa oGpoﬁKs{ ToBLWMHa Ta
deTani CTPYKTYpa

noBepXHi
O6pobnoeaHa < j
demansb

HopaTtkoBi hakTopu
(3OTC, ribpuansaudis

KiHemaTuka
npoliecy) /

MarHiTHo-abpasnBHe
T T =T T T A

CTpyKTypa Ta NOPUCTICTb | 06pobneHHs | [TOTYKHICTb Ta KOPCTKICTD |
[ i MarHiTHoro nons |

MarHITHOro cepegouilla

| |
| I
L_ L TN sssssmasm——m—— _

e oo o T B
I B’askicTb Ta dpopma

lnacTnuHicTs \Maz2HimHo-abpa3ueHu

| |
| |
| PRV | o |
| . 1 l
: aﬁTa 3HOCOCTIKICTb . : iHCmpyMerm : a6pa3|/|B|-!9| :
| abpasuBHMX YacTuHok | / [ L ___ YT . cycneHaii .
L N n——— 4 40 0 |
| M et i ol |
H e — “ S N H H |
 Matepian abpasvey | ' TemnepatypHa| : ®opma i poamip | MarHiTha npoHMKHICTb |
! cTimkicTb | | abpasuBy |
L _ _ __ ____________ | L. |

Puc. 1.4. ®axropu, mo Gopmytots npoiiec MAO Ta BUXIHY SIKICTh ITOBEPXHI1

PosrasineMo OuUTbII A€TANBHO OJIHI 13 KIOYOBUX (PAKTOPIB, 110 BU3ZHAYAIOTH

MPOIIeC MAarHiTHO-a0pa3uBHOTO OOPOOICHHS
1. CtpykTypa Ta MOPHUCTICTh MarHITHOTO CEPEIOBUINA MAIOTh 3HAYHWU BIUIMB Ha

e(eKTUBHICTh MarHiTHO-aOpa3uBHOTro o0poOseHHs. Lle cTocyeThes sk (13MYHHUX,

TaK 1 MarHiTHUX XapaKTePUCTUK MaTepiaiiB, MO0 BUKOPUCTOBYIOTHCS ISl TAKUX

IPOLIECIB.

CtpyKTypa MarHiTHOTO CepeJ0BHIIA (HAPUKIIA, TUIl MaTepially, pO3Mip YacToOK,
iX opieHTaIlisl) BU3HAYAE, SKUM YHHOM €JIEMEHTH I1HCTPYMEHTAJIbHOTO CEpEeIOBHINA
B3a€EMOJIIIOTh Y MAar”iTHOMY IMOJl SK MDK c000I0, Tak 1 3 IMOBEPXHEI JeTail, 110

00poOroeThest. BoHa MOXke BKITIOYATH:
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1) Posmip Ta ¢dopma dyacTok: MarHiTHi 4YacTKH, SK MPaBWIO, B3a€EMOJIIOTH 3
MarfHiTHUMH TOJISIMH, 1 IX pO3Mip MOK€ 3MIHIOBATH CIOCIO, SIKUM T0JIe TPOHUKAE
B Marepiaji. Y marepianax 3 ApiOHUMH YaCTKaMH T0JIe MOXKE MPOHUKATU IIHOIIIE,
110 MOKpaItye e(heKTUBHICTh 0OPOOKH.

2) Bwict nedexTiB, (ha30BUX IEPEXO/IIB Ta IHITUX MIKPOCKOIIYHIX HEOTHOPITHOCTEN
MO€E CYTTEBO BIUIMBAIOTh HAa B3a€MO/IIF0 MaTepialiiB y MarHiTHOMY ITOJII.

2. TlopucTicTh MarHiTHOTO CEpEJIOBHINA BIUIMBAE HA HOTO 3MAaTHICTH 10 B3a€EMOJIi
MDK ckiagoBuMu MAI ta oOpoOimtoBaHUMH TTOBEpXHSAMHU. [lopHUCTICTh, B CBOIO
4epry, 3MIHIOE TaKl aCleKTH:

a. IIpoHukHICTH MaTepialy AJii MArHiTHOro mnousisi: Matepiaiii 3 BHUCOKOIO
HOPUCTICTIO 3a3BUYail MalOTh HM)KYY MAarHiTHy MPOHUKHICTh, IO MOXE
3MEeHIIUTH e(peKTuBHICTh MAQ, OCKUIbKH T0JIe OyJ€ MEHIIE MPOHUKATH
yepe3 nopu. Lle Moxke mpu3BeCTH 10 TOTO, IO AESKI YACTUHU CepeoBUIIA
He OyayTh IOCTaTHbO aKTUBOBAHI MarHiTHUM IOJIEM.

b. MaruiTHi BnactuBocTi mnop: Ilopm MOXyTh OyTH 3alOBHEH1 I1HIIMMHU
MaTepianamu (Harpukiaj, piaiuHaMy ado ra3zaMu), M0 3MIHIOE B3a€EMO/IIIO
MarHiTHOTO MoJsl 3 MarepiaioM. B 3ajie)XHOCTI BiAg IbOTrO, MarHiTHa
IHAYKI1s B MaTepiaji MOKe 3MIHIOBaTHUCS.

c. Konrakt Mixk uacTtkamu: Y MarepiajgaX 3 BHCOKOIO MOPUCTICTIO MIXK
YacTKaMHu MOe OyTHU MEHIIIE KOHTAaKTHUX B3a€MOJI1H, 110 MOKE MOTIPIIUTH
nepenayy MarHiTHOro BIUiMBY MK MAI Ta 06po06I1roBaHOIO JETaTIO.

[Ipu MAO, ne wmarHiTHe ToJie BHUKOPUCTOBYIOTH [isi ¢dopmyBanHs MAI Ta
00poOJIEHHS TOBEPXOHb 3arO0TOBKHU, BIUIMB CTPYKTYpPH Ta MOPUCTOCTI HA MaTepiaia MOKe
3BOJIUTUCA JI0 TaKUX (PaKTOpIB:

1) 3miHHA YyTIMBICTH 10 MarHITHUX MOJIIB: Y 3aJIEKHOCTI BiJ] CTPYKTYpH MaTepiaty

HOro Yy TIMBICTH IO 30BHIIIHIX MarHiTHUX MOJIIB MOKe 3MiHIOBaTucs. Lle o3Hauae,
[0 MaTepiayl 3 BUCOKOIO MOPHUCTICTIO a00 CTPYKTYpHUMHU JePEeKTaMu MOXKe OyTH

MEHII e(PeKTUBHO 0OPOOIICHUI.
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TenoBi edexTu: K0 MarHiTHE MoJie BUKJIMKAE TEIJIOBI 3MIHM B MaTepiali, TO
CTPYKTypa MO’K€ BIUIMBAaTH Ha TETUIONMPOBIAHICTh, IO, Y CBOIO HYEPry, MOXKE
3MIHUTH Pe3yJIbTaTH 0OpOOJICHHS.

Brnus ¢hopmu abpa3uBHHUX 4acTOK

®opma abpa3uBHUX YaCTOK MOKE€ 3HAYHO 3MIHIOBATH MEXaHi3M 1 €()eKTHUBHICTH iX

B3a€MO/II1 3 00pPOOIIOBaHOIO MTOBEpXHEo [25-31].

)

2)

3)

4,

MAII 3 roctpumu KyTamu a0 3aroCTpeHHUMH KpasMu 37aTHi e(EeKTHUBHIIIES
Bp13aTUCS B IIOBEPXHIO, 110 M1JIBUIILY€ 3HOCOCTIHKICTD 1 IBUJIKICTh 00p0oOKH. BoHu
MOXXYTh CTBOPIOBATH TJIMOIII MOAPSANUHUA 1 €PEKTUBHIIIE 3HIMATH Marepiai 3
00poOJII0BaHOI MOBEPXHI.

OKpyTJIl YaCTUHKH 3 OUIBII OKPYTJIMMH KpasMH 4u 0e3 YITKUX IpaHel, HaBIaKH,
MEHII €(EeKTUMBHI B 3HATTI MaTepiany. BoHM MOXyTh HiTH OUIBII M'SKO, IIO
3abe3neuye (GopMyBaHHS OUIBII TJIAJKOI OOpOOJICHOI MOBEPXHI, aje 3HIXKYE
e(eKTUBHICTD IPOIIECY.

Heopnopigni wactku: AOpa3uBUM 3 HENpPaBUIBHUMU (OpMaMH, IO MAarOTh
KOMOIHAI[I}0 TOCTPUX 1 OKPYTIIUX YACTHUH, MOXKYTh BUKIMKATH HerepeadauyBaHy
MOBEIIHKY, 3HIXKYIOUU CTAOUIbHICTh MPOLECY, OJHAK MOXKYTh OyTH KOPHUCHUMHU
JUISl JOCSITHEHHST 0a)KaHUX BJIACTUBOCTEH Ha MOBEPXHI.

Bruus po3mipy abpa3suBHUX YaCTOK

Po3Mip 4acTok TakoXX € BaXXJTMBUM UMHHHUKOM, SIKMI BIUIMBA€E HA XapakTep MpoIecy

MAO.

1)

2)

Mamni yacTku 3a6€3meuyroTh OUIBII PIBHOMIPHE Ta M’SIKE€ 3HATTSA Marepiaiy, 10
MPU3BOAUTH 10 OTPUMAHHS TJIaJIKO1 1 BACOKOTOUHO1 00p00JIeHOT moBepXxHi. YacTku
3/1aTHI CTBOPIOBATH MEHIII MEXaHIYH1 HABaHTAKEHHS Ha 00POOIIOBaHY IMOBEPXHIO,
TOMY 1IeH po3Mmip abpa3uBy MOKe OyTHM KOPHUCHUM JJisl TOHKMX a00 JeNiKaTHUX
MmatepiamiB. OIHAK MaJMid PO3Mip YACTOK MOXKE 3HFDKYBATH MIBUIKICTH 3HATTS
Marepiaity, OCKIJTbKH KO’KHA YacTKa B3a€EMO/II€ 3 IOBEPXHEIO MEHII IHTEHCUBHO.

Benuki yactku abpa3uBy MOXKYTh 3HIMATH OlIbllEe MaTepialy 3a OAUMHUILIO Yacy,
[0 TPUCKOPIOE OOpOOJICHHS, aje U 30LIbIIye MEXaHIYHE HABAHTAKEHHS Ha

noBepxHio. Ile Moxke mpuszBecTH A0 OUIBII TPyOUX MOJPSANUH Ta HEPIBHOCTEH.



34

Bonu MOXyTh OyTH KOPUCHUMH JiJIs1 0OpOOKH OUIBIIT TBEPAUX MaTepiaiiB ado JJis
IIBUKOTO 3HATTS BENMUKOI KUIbKOCTI Marepiany. [IpoTe Bemuki 4acTKU MOXYTb
MPU3BECTH JO OUIBIIOI BIPOTIAHOCTI TOIIKOMKCHHS ITOBEPXHI ab00 MEHIO1
TOYHOCTI 0OpOOKH.

5. Bzaemogist MK po3MipOM 4acTOK 1 OpMOIO

Komb6inarist ¢opmu Ta po3Mipy YacTOK € BaXIJIMBOIO JJIA JIOCATHEHHS OakaHUX
pesynbTaTiB y mporeci MAO. Jlpioauii roctpuit MAII moxke 3a0e3mednTH BHCOKY
TOYHICTb Ta AKICTh IMOBEPXHI, ajie 3 HU3bKOIO MBUAKICTIO 00poOku. MAII chopmoBanmit
13 BEJIMKUX TOCTPUX YAaCTOK MOXKYTh IMPUCKOPUTH MPOLEC 3HATTA MaTepiaily, aie
MPU3BECTH 10 OUIbII IpyOMX pe3ynbrariB. JpiOHI OKpyIJll YaCTUHKA MOXYTb OyTH
KOPHUCH1 JUisi OUTBII M'SIKOi 0OpOOKHM, IO JO3BOJISE JOCATTH TIAIKUX TOBEPXOHBL 0€3
3HAYHOI'O 3HOLIYBAHHS IHCTPYMEHTY. Bennki oKpyril 4acTku MeHII €()EeKTHBHI B 3HATTI
Marepiaiay, ajie BOHM MOXYTb OyTHM KOPUCHUMH IJii OOpOOKM Ha OUIbII M’ SIKUX
Marepiaiax.

6. BruB Ha TemmepaTypy Ta €po3iro

AOGpazuBHi yactku mig yac MAQO MOXYyTh TakoX BIUIMBAaTH HAa TEMIIEpATypHI
XapaKTEPUCTUKU OOPOOKH - Majll YaCTKH ]l Yac yJapiB Ta TEPTS MOXKYTh CTBOPIOBATH
BHUILI TEMIIEPATYpU Ha 0OpOOJIOBaHIN MOBEPXHI, 1110 MOXE MPU3BECTH JI0 MEPErPIBYy Ta
epo3ii maTepiany. Benuki 4acTKu 3HWKYIOTh IHTEHCUBHICTh JIOKAJIbHUX TEMIIEPATYPHUX
3MiH, ajJi¢ MOXXYTh BUKJIMKATH MEXaHI4YH1 MOIIKOXKEHHS Yepe3 BEJIUKI CUJU yaapy.

Iliocymoxk:

dopma aOpa3WBHHX YaCTOK BIUIMBAE Ha €(EKTHBHICTH 3HSATTS Marepiajay Ta THII
00po0eH01 MoBepxHi (TIaaKa YK 3 BEIUKUMH MOAPSIHUHAMM).

Po3mip abGpa3uBHHX YacTOK Oe€3mocepeqHhO KOPENIOE€ 3 IMIBHIKICTIO TMPOIECY Ta
TOYHICTIO OOPOOKHM: MEHII YaCTKH CTBOPIOIOTH MEHII MOILIKOKEHHS, ajle 3HUXKYIOTh
MIBUJKICTh, 8 BEIUKI YaCTKU TMPUCKOPIOIOTH MPOIIEC, ajle MOXKYTh MPU3BECTU A0 OLTBII
rpy0o0i moBepxHi. 3aJeKHO BiJ KOHKPETHUX 3aBJaHb, BUOIp po3Mmipy 1 popmu abpasuBy
MO€E CYTTEBO 3MIHUTH €PEeKTUBHICTH 1 pe3ysbrati MAQO. BpaxyBanusa uux (aktopis

7103BOJIsIE oNTUMI3yBaTH nporiecu MAO a1 1ocsiTHeHHS 0a)KaHUX Pe3yJIbTaTIB.
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1.4 Oruasig 3acTocyBaHHS MarHiTHO-a0pa3MBHOI0 00POOJIEHHA Ta 0CO0JIMBOCTI
(popmyBanna MAI

HocnimkenHs HaBeneHl aBTopamu [32] memoHcTpyroTh mporec MAO neraneit
BUIbHOI (OpPMH 13 3aCTOCYBaHHAM METOJy MojemntoBaHHs Tarydi mpu MOCTaHOBIII
EKCIIEpUMEHTY. ABTOpaMH TPOBEIACHO CEPII0 EKCIEePUMEHTATBHUX TOCITIDKEHb 13
3aCTOCYBaHHAM OO0JIaJHAaHHS Ha 0a3l €JIeKTPOMATHITHOI OJHOMOJIIOCHOI YCTAaHOBKH Ta
BUKopucTaHHaM cymimi MAII 13 ¢epoMarHiTHOT CKJIaIOBOT Ta OKCHIY AaTIOMIHIIO.
Pesynbraramu 0Opo0eHHS, HaBeeHUX Ha puC. 1.5 JOBEACHO, IO UMM MEHIIIHN poOOUnid
3a30p MK MAarHiTHUM TIOJIOCHUM HAKOHEYHUKOM 1 OOpOOJIOBAaHOI MOBEPXHEIO
3aroTOBKH, THM BHUIIE 3HAYCHHS HAIMPY>KEHOCTI MarHiTHOTO TOJIS. 3 OMHCY pe3yJIbTaTiB
00poOJIeHHsT BUSIBIICHO, 110 pOOOUNiA 3a30p Ma€e HAHOUIBIINN BIUIUB Ha SKICTH 0OPOOKH.
BianosinHo, paiioHansHO 00paHuii poOouHii 3a30p (B JaHOMY BHUIIAJKY 2,5 MM) MOXeE

3MEHIIUTH MOPCTKICTh Ta IMiABUIIUTH SIKICHI TapaMeTPH MOBEPXHEBOTO IIIapPYy.

Ra 0.164um F.profile —t 01 Ra 0.,008un F.prﬂfil! —— 0.1
Ry  1.305us
Rmax 2.670us [ Ry 0,05%m
RmaxD 2.515um 2 Fmax 0. 102un
» RmaxD 0.067um

2 U.nag.10060(1) H.nag.108(1)
a) U.mag.10008(1) H.mag.108(1) : 6)

Puc. 1.5 a) — mopcTkicTh moBepxHi A0 00pobsenHs, Ra = 2,670 mxwM;
0) — wopcTtkicTh noepxHi mciast MAO, Ra = 0,102 Mxkm
OkpiM omuCy BIUIMBY BEIWYUHU  POOOYOro 3a30py JAOCHITHUKAMU TPUBEACHI
apryMEeHTH T0 Bapiallii poOouoi mogadi iHCTPYMEHTY, a caMe, 3MEHIIIEHHS IBHJIKICTh

Mmoja4yi MAarHiTHOTO TOJIFOCA, MPU3BOJIUTH A0 3OUIBIICHHS KUIBKOCTI MAar”iTHO-
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a0bpa3MBHUX YaCTOK MOPOILIKY, 0 OyAe MPOXOJUTH Yepe3 pobouy 30HY OJHOYACHO,
TaKUM YMHOM TMOKpailyodn oOpoOKy moBepxHi. [Ipu 30uIbIIeHHS 3HAYEHHS MOAaYl
edexT Oyne MPOTUIICKHUM, TaK 5K, IIBUJKICTh 3HIMAHHSA Marepiaily Oyae BiHOCHO
3MEHIIeHa. ToMy sl JOCSATHEHHS ONTHUMAJbHOI SKOCTI TOBEPXHI PEKOMEHIOBAHO
oOupaTu HIXKYY MIBUAKICTh MOJ1adi, SKa BapiloeTbes B Mexkax 10 Mmm/xB. Takox HalaHO
peKoMeHaIlli 11010 MarHiTHO-a0pa3uBHUX YaCTOYOK, a came — Te, 110 JJI1sI abpa3uBiB HE
Ma€ XapaKTEPUCTUKU «OTbIINNA-KpPAIIHii», OCKUTBKA JOJATKOBUN 00’€M TMOPOIIKY HE
3MOK€ MO3UTHBHO BIUIMHYTH Ha MPOLIEC BIIJIOMY, MOMIMOIUATA LupKysidiio MAII B
po0oUiil 30H1 Ta MPU3BOIUTH J0 3MEHIIIEHHS €(PEKTUBHOCTI IPOIIECY, X0Ua B MEBHIM Mipi
11€ MOXKJIMBO 3aCTOCYBAaTH IIPU YOPHOBOMY OOpPOOIICHHI.

B [33] mpoBenieHO eKcTiepUMEHTANIBHE TOCIIIKEHHSI 110 MOJIMIIEHHIO HIOPCTKOCTI
MOBEpXHI HeprkaBitoyoi ctaii 420 3 BUKOPUCTAHHSIM MarHiTHO-aOpa3MBHOTO METONY B
aKkocTl (iHIMHOI omnepamii. Byau BUBYEHI YOTUPH HE3&JIEkKHI poOOUYl THapameTpu
(pobouwii 3a30p, CTPYM KOTYIIKH, MIBUAKICT MTOAAY1 Ta X1JI CTOIY) Ta MPEACTABICHO iX
BB Ha mporec MAQ. Po3poOieHo 1 peani3oBaHO YCTAHOBKY Jii OOpOOJICHHS

TJIOIIMH, CXeMaTHYHE 300paKeHHS YCTaHOBKH MPEJICTaBICHO HA puc. 1.6.

h Ob6epmaneHul pyx

@42 mm KoHmakmmHi Kinbys |
@82 Mm .'
@26 Mm \ B J "~

\ A\ T i

S W Lxepeno -

3anizHe ocepds |\ | mocmitiHozo
) —
cmpym
Komywka i
Komywka

4 _ -

, ASPRAHEHLE HonORoR /\ Pobo4uil 3a30p Obpobriosata demars
/ 5 ; . : / ‘1/ Hanpsimok nodaui

LlenmpaneHul nomoc [ Bencmamuuil cmin

(nigHiYHULT)
Puc. 1.6 MarnaiTHo-a0pa3uBHA yCTaHOBKA. | — €JIEKTPOMArHITHUN 1IHIYKTOD; 2 —
3aroToBKa; 3 — BEpTUKAJIBHO (pe3epHull BepcTaT; 4 — pyXOMHUid CTUT; 5 — IpKepesio

KUBJICHHS; 6 — OJIOK KepyBaHHsI IIBUKICTIO CTOJIA.
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B sxocti MAII 6yno 3acTocoBaHo cymiil yTBopeHy 13 33% 3auniza ta 67% kBapiry
(po3mip 3epHa 250 mxMm). Mactuiio turry SAE 20W BHKOPHCTOBYBAJIOCH SIK IIACTUYHA
3B’si3ka — CIIOJy4YHAa PEYOBUHA [IJIS JIOAATKOBOTO YTPUMaHHS Ta MEpeMillyBaHHS
noporiky. JIJIT TOCTaHOBKM EKCIIEPUMEHTIB Ta MPHUUHATTS ONTHUMAJIbHUX 3HAYCHB
BXITHUX mTapaMmeTpiB Oylo BHKOpPHCTaHO MeToa Tarydi. B sKocTi 3aroToBKu
BUKOPHCTOBYBAJIM TOHKI IUIACTHHM 13 HEP)KaBil0uOi MapTEeHCUTHOI ctajii 420, mo Mae
(dbepomarniTHi BaacTUBOCTI. [louarkoBe 3HadeHHs MOPCTKOCTI — Ra = 0,316 MkwM,
kiHese — 0,124 mxM BinnoBigHi 300pa)keHHs BUXIAHOI Ta 0OpOOJIEHOI MOBEPXHI

MpEeACTaBIICHO Ha puc. 1.7.

(6)
Puc. 1.7 Ontrune ckanyBaHHS MikpockoroM (x1250): (a) — no MAO, (6) — micis

MAO

JlocmimKeHO Ta HABEACHO EMITIPUYHE PIBHSHHS, IO TPEACTABISAE 3B'SI30K MiXK
MIOPCTKICTIO TIOBEPXHI Ta pOOOYMMH TapamMeTpaMH, HaBEIEHO YHCENbHI JaHi 00
napameTpiB 0OpoOKH, ajne BiICYTHI JOCIIKEHHs 1O oO0poOIll mapa- Ta JiaMarHiTHUX
MarepiaiB.

B [34] mpeacTaBieHo pe3ynbTaTH TOCTIIKEHb 3 cepii 13 10 iTeparriit 13 3SMIHHUMUA
napaMeTpamH - TaKUMH, K JKOPCTKICTb MarHiTHOTroO noJist (poGounii cTpym), podouunit
3a30p Ta CKJaJ MarHiTHO-a0pasuBHOI cyMimii. [IpoaHanizyBaBIM BHIll€3a3HAUCHY
poOoTy, MOXHA 3pOOUTH BHUCHOBKH, 0 BIUIMBATH Ha pealli3alliio Mpoiecy (QiHIIMHOT
00poOKM MarHiTHUM aOpa3sMBOM MOXXHaA 3a IIUISIXOM BapilOBaHHSIM 3MIHHUMH

rapaMeTpaMu TPoIeCy, SKUMU € CTPYM (IIUIBHICTh MAarHiTHOTO TMOTOKY), 3a30p JIs
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00poOJIeHHST Ta po3Mip abpa3uBHOTO 3epHA. BapTo TakoX BiA3HAYMTH, IO SK 1 B
nornepeaHix podoTax ONTHUMalbHA BETUYMHA TapaMeTpy poOOUYOro 3a30py KOJTUBAETHCS
B Mexkax Bif 2,0 1o 3,0 MM, B 3aJI€KHOCTI BiJl pO3MIpY YacTOK.

ExcriepuMenTanbHi JOCTIIKEHHS 13 BUKOPUCTaHHSIM oOnanHaHHs st MAO Ha
OCHOBI enekTpoMarHiTy (puc. 1.8) HaBexeni B [35] moBoasaTh, mo mpouec MAO moxe
BUKOPHCTOBYBATUCH HE TUIHKH SIK MPOIIEC JJI BUATICHHS TEBHUX 00’ €MiB MaTepiaty abo
JUTS TABUILIEHHS TapaMeTpPiB MIOPCTKOCTI 00POOIIOBaHUX MTOBEPXOHD, a TAKOX SIK METO/T

O MOJIMIIEHHIO SKICHUX XapaKTEPUCTUK MMOBEPXHEBOTO MIAPY JeTalei.

Puc. 1.8 300paxkenns ycranoBku aiist MAO: 1- iHAyKTOp; 2 — OJIOK )KUBJIEHHS; 3
— KUTbLIA €TIEKTPOMArHiTy; 4 — 3aroToOBKa; 5 — poOOYMiA CTiN
HagepeHi ekcriepuMeHTaNIbH1 AOCIIIKEHHSI 1at0Th 3MOTY 3pOOUTH HACTYITHI BUCHOBKHU:
1) IIponec MAO Mae BIUIMB HE TUIBKU Ha HIOPCTKICTh MOBEPXHI, @ i HA BIACTUBOCTI
MOBEPXHI 1 TOBEPXHEBHI 11ap BUPOOIB, TaKl SIK, HAPUKIIA]I, TBEPAiCTh. [lokazaHo,
110 3MiHA TBEPAOCTI MOXKE MaTH SIK JI0JIaTHI 3HAYEHHS TaK 1 BiJ’ €MHI, 110 MTOKa3aHO
13 pe3yJIbTaTiB eKCTIIEpUMEHTY. UncenbHI 3HaYeHHS 3MIHUA TBEPIOCTI CTAHOBUIIH JI0
20 omuuHuub TBepAocTi mo Bikepcy y mopiBHSHHI 13 moyaTkoBumHu 150 nmms
HepxkaBitouoi ctaii 321;
2) BxoTpe poO3riasHyTO MO3UTUBHMUN BIUIMB 30UIbIIEHHS 4acy koHTakty MAI 13

00po0JIIOBaHOIO TMOBEpXHEI, 10 30uIbiye 00°’em MAII, mo Oepe ydacth y
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nporieci 00pooOsieHHs. JloBeeHO pallloHAIBHICTh BUOOPY BEIUYUMHU POOOYOTO
3a30py B MeXkax 710 3-X MM - B yMOBax 0OpOOJIEHHSI y MalTUX MarHiTHUX 3a30pPax;

3) Orasnyto BmiuB 00’emy MAII y poGouomMy 3a30pi Ha 3MiHY MOapaMeTpy
TBEPJOCTI, 3 PE3YNHTATIB MOKHA 3pOOUTH BHCHOBOK, IO 30UIBIIEHHS KiJTBKOCTI
MarHiTHO-a0Opa3uBHUX YACTOK BeJe 10 301IBIICHHS TOBEPXHEBOI TBEPIOCTI, ajie
Ma€ HeraTUBHUI BIUIMB Ha SIKICTb 0OpOOJICHHS;

4) Tlokazano BIIWMB (OPMU TOPIIEBHX IMMOBEPXOHb MATHITHOTO IOJIFOCHOTO
HAaKOHEYHUKA, 300pakeHux Ha puc. 1.9, Ha nporiec MAO. ABTopamMu BiIMIY€HO
MIJBUILEHHSA €(EeKTUBHOCTI MPOTIKAHHS MPOIECY NMPU BUKOHAHHI HAa MOBEPXHI

1HAYKTOpa 3arau0JieHb a00 BUCTYIIIB, B JAHOMY BUIIAAKY 6 KaHaBOK.

Puc. 1.9 300paskeHHst KOHYCHOTO (3711Ba) Ta (pIrypHOTO (MpaBOpyU) MOJOCHUX
HaKOHEYHUKIB

Hocnigaukamu B [36] npencrasneno npoiec MAQO 13 BUKOPUCTaHHSM yCTaHOBKU
B OCHOBI $IKOi €JIE€KTPOMArHiTHI KOTYIIKH 3MOHTOBaHI Ha €JIEKTPOJABUIYHI, a B SIKOCTI
po0O0YOTO Ccepe/loBHINA BUKOPUCTOBYETHCS KOHTCHHEP B SKHI MOMIIIAIOTHCS AT 13
napamMarHiTHUX MaTepiaiiB Takux sk, amomiHieBuid AA-6061 Ta 6ponzosuit C8 5800
CIJIaBU, @ B SIKOCTI MarHiTHO-aOpa3MBHOI'O TMOPOIIKY BHUCTYMAalOTh JPiOHO3EpHHUCTA
cyminr i3 rosiok po3mipom 0,1 mm B miametpi Ta 1,5 MM B IOBXKHHY, MaTe€piajoM SIKHX €
Hepxkanitoua ctaiab AISI 420 (C: 0.15%, Si: 1.00%, Mn: 1.00%, P: 0.04%, S: 0.03%, and
Cr: 14.00%).
Bapro BigMiTHTH, 10 yCTAaHOBKY, HaBeJeHY Ha puc. 1.9, MOKHA MPEJICTAaBUTH y BUTIISAI

OararonostocHoro MAI 13 MOCTIfHMX MArHiTiB, IO TpH OOEpPTaHHI KOHTEHHEpPY 13



40

poOOUYNM cepeloBUIIEM Oy1e CIPUATH OFHIN 13 KIOYOBUX CKiIagoBux npoiuecy MAO —

piBHOMIpHOMY Ta HocTiiiHOMY nepeMinryBanai MAIL.

(5

O} &

Puc. 1.9 300paxkeHHs eIeKTPOMAarHiTHOI yCTaHOBKH: 1 - MarHiTHHi TMCKOBHI KOPITYC;
2 —ocepas KOTYLIKH; 3 — KOTYLIKY; 4 — MapaMardiTHa IUIACTUHA; 5 — KOHTEWHED 13
poOOUYMM cepesloBUILIEM; 6 — KOPITYC

VY nocnimpkeHHl pO3MISIHYTO BIUIMB 3MIHM IIBUAKOCTI oOepranHs MAI, mo B
JAaHOMY BHUIAJKY HampsMy 3aJIeXKHUTh BiJ YaCTOTU CTPyMYy Ta BUOKPEMWIM I'pPaHUYHI
YMOBH IIpH SIKUX B1AOYBaeThcs npouec o0podieHHs — 1e yactoTa Bi 5 a0 54 'u, micns
NEPEBUILEHHSI SKOTO TPOIEC TMPUIMHAETHCS 3a PaXyHOK HAIMIPHOTO BIUIUBY
BianeHTpoBux cwi Ha MAIIL. JloBeneHo, 1110 13 30UIbIIEHHS pO3Mipy a0pa3uBHUX YaCTOK
BEJIC /10 MOTIPUIEHHS MapaMeTpiB MOBEpPXHi. PO3IIIAHYTO BILUIUB poOOYOro 3a30py Mixk
KOHTEITHEpOM Ta eJIEKTPOMAarHiToM, y JaHOMY BUIaJIKy CAMUM ONTUMAaJIbHUM 3HaYCHHSIM
€ 1,6 MM, Tak K 3MEHIIEHHS 3a30py Bele 0 3akiauHioBaHHS MAII, a 3011blIeHHs Befe
710 TTocIabIeHHs BIUTMBY MarHiTHOTO TOJIsl Ha aOpa3uB.

B [37] posrmsnyTo miporiec MAQO 3aCHOBAaHOTO Ha BUKOPHUCTAHHI 3MIHHOTO
MarHiTHOTO MOJs, K€ BUKJIMKAae KonuBaHHS kiactepiB MAII Ha BICTpi IHCTPYMEHTY,
JaHUN BIUIMB CHPHSE TEPETIKAaHHIO aOpa3sMBHUX YACTOK M0 YCIX TMOBEPXHSIX,
LIUPKYJIIOIOYM Ta OHOBIIIOIOYKMCH JJisi 3a0e3MeUeHHs CTaOLIbHOCTI 1UTi(hyBaTbHOTO
IHCTPYMEHTY Ta TIOCTIHHE OHOBJICHHS pI3AJIbHUX KPOMOK. B SKOCTI 3aroToBOK
BuctynatTh miactuau (80x90x1) i3 SUS304, (80x90x1) POM (momidopmansierin),

natyni C2680. IlpunuunoBy cxemy OOpOOKH, EKCIEPUMEHTAJIbHY YCTAaHOBKY 13
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BUKOPHUCTAHHSAM HU3bKOYACTOTHOTO 3MIHHOTO MAarHiTHOTO IMOJisi, BUX1HI Ta 00poOJieHi

noBepxHi npezcTasieHo Ha puc. 10 ta 11 BiamosigHO.

Cutting fluid |
Magnetic particle |
Abrasive particle -
F

Rotation 4

T

:ﬁ._. AC power supply
=

“>~._Y Direction

X Direction

Puc. 1.10 IIpunnunosa cxema 06poOku
Ha ocHoOBI aHani3zy MexaHi3My, MOKHA BIJJI3HAUUTH 30UIbIICHHS BUITYYCHHSI MaTepiaiy
npu BukopuctanHi MAO Ha OCHOBI 3MIHHOTO Mar"iTHOTO MOJIsl, MPUOIN3HO B 2,05

pasu, HK Y MarHiTHOTO TI0JISI, 1110 CTBOPIOETHCS MOCTIMHUMH MarHiTaMH.

R FCCCO I-Dimensional Ineractive DBpry \/%e(ﬂ() 3-Dimensional Interactive Display

Puc. 1.11 3D 300pakeHHsI TOBEPXOHb JI0 Ta MICJIS MOJTIPYBaHHS

ExcrieprMeHTanbHi  pe3ybTaTH TOKa3aid, M0 HU3bKOYACTOTHE TIEpPeMiHHE
MarHiTHe T0Jie MO>KE€ BUKJIUKATH KOJUBAJIbHY OOpPOOHY CHIIa, sika O1bIIa, IHTEHCU(IKYE
nporiec MAO Ta mae kpami pe3yibTaTH OOpOOJEHHS, HIK aHAJIOTIYHHUNA TPOIeC 13
BUKOPHCTAHHSM CTAJIOT0 MarHiTHOTO TOJIS. 3MOCIBOBAHO MIEPEMiIHHY MarHiTHY CHITY SIK
MepioIUYHy CUMETPUYHY XBHWIIO TPUKYTHHKA 1 BUKOHAHO TMepeTBOpeHHs Dyp'e.
Po3risiHyTO Ta AOCIIIPKEHO MEeXaHi3M 30UIbIICHHS TJIMOMHY TOJIIPYBaHHS Ta BUIAJICHHS
Marepiany B rpoieci MAO 3 BUKOPUCTaHHAM MOMEPEMIHHOTO MarHiTHOTO MOJISI.

[umu x mocnigHuKaMu BUKOHaH1 poootu [38] mo mokpamienHto MAO 13 3acTocyBaHHSIM

00 MiABUIIMTH €()EeKTUBHICTh OOPOOKH TPaAMIIITHOrO MPOLECY MUIOCKOi MarHiTHO-



42

abpasuBHoi 00poOku (MAF), Oyno 3anpomonoBaHo MAF y mnoennanni 3
enektponitnyauM nporecom (EMAF). ExkciepuMenTanbHi pe3yiabTaTi MOKa3yloTh, 110
ICHYIOTh palliOHaJIbH1 eKCIIEPUMEHTAIIbHI YMOBH, 1 HalKpallll pe3yJIbTaTu OyJIu OTpUMaH1
IpY BUKOPUCTAHHI €JIEKTPOJITUYHOTO TMOPOIIKY 3ajli3a y MOEJAHAHHI 13 OPUTTHAIBHOIO

KOHCTPYKITI€IO 1HIYKTOpa HaBeeHOTo Ha puc. 1.12 (cepemniit miametp yacTok 330 MKM).

MarHziTHO-a6pa3sHBHHH EzlexTpona

MarsxitHO-a6pa3HBHHH
IHCTpYMEHT

Enexrpon

Puc. 1.12 MAI tuny «uritka» copmoBanuii Ha Topiii: (a) — JlosyBauus MAII 1,0 r; (b)
— Ho3yBanus MAII 0,6 r.

Byno 3’sicoBano, 1110 hakTOpH, SIK1 BILTUBAIOTH HA CTA01ILHICTH OOPOOKH Ta SKICTh
MOBEPXHI, MMOB’A3aH1 HE JIMIIE 3 PO3MIPOM YACTMHOK MAarHiTHUX YaCTUHOK, aje TaKOX
MAaroTh BEJIUKUH 3B’ A30K 13 KUIBKICTIO MAardHiTHUX YaCTHHOK. SIKIIIO KUIBKICTh MarHITHUX
YaCTHMHOK 3aHA/TO BEJMKA, 116 COPUYMHUTH HECTAOUTbHUN CTpyM 0OpOOJIEHHS Ta HABITh
KOPOTKE 3aMHUKaHHA i yac nepediry npouecy EMAF. V Toli ke dac, mpoTikaHHS TaKOTO
npolecy Oyne CynpoBOJKYBaTHCh HECTAOUIBHUMHU €JIEKTPOIITUUHUMHU PEAKIIISIMH, 1110
Oyle MaTH BIUIMB HAa €()EKTUBHICTh Ta SIKICTb 0OpOOJIeHHS. SIKIIO pO3Mip MarHiITHUX
YaCTUHOK OyJIe 3aHa/ITO ManM, abpa3uBHUMN BIIUB TUCK Oyjie HEIOCTATHIM, KPIM TOTO,
nig yac EMAF Takox BiOyBalOThCS €JIEKTPOJITUYHI peaKIii MK MarHITHUMU
YaCTMHKAMH Ta €JIEKTPOJOM, B pe3yjbTaTi YOro MarHiTHI YaCTUHKH PYWHYIOTHCS B
MpoIIeci, a po3Mip YaCTUHOK cTae MeHImuM. Bigmiueno nenomik nporecy EMAF, mpu

BUKOPHCTaHHI BEJIMKUX CTPYMIB CHOCTEpIraeThcsl renepanis Tera. Lle npu3BoauTs 10
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NEPEeBUTPATH MATHITHUX YaCTUHOK, a TEIUIO, IO MOTJIMHAETHCS AETAIIIIO Ta €IEKTPOIOM
MO’KE 3a3HaBaTH TEPMIYHOTO BIUIUBY. Y IIbOMY IOCIIIKEHHI, KOJW KUTHKICTh 3aT13HOTO
nopomky 330 mxm ctaHoButh 0,6 T, ctpym 00pooku EMAF € Haitbunbin cTabinbHUM,
e(eKTUBHICTh 0OPOOKH € HABHUIIOIO, a IOPCTKICTh MOBEPXHI 3arOTOBKH MOKPAIUIACS
3 Ra 329 mxMm 10 Ra 14 mxwM.

VY excnepumeHTaNbHIN poOoTi [39] Oyna po3pobieHa Ta yCHIITHO BUKOPUCTaHA
yctanoBka MAO 1 uncToBoi 00pOOKH MIIOCKUX MOBEPXOHbB JeTalle, MaTEpialioM STKUX
€ cranb 17-4PH. TlpoBoamnuch AOCHIPKEHHS BIUIMBY PI3HUX BXIJHUX MapameTpiB
IpOLECY, a CaMe HaIPyTH, CTPYMY >KMBJIEHHS, pOOOYOT0 3a30py, IIBUJIKOCTI 00epTaHHS
Ta KUIBKOCTI a0pa3sWBHHUX YacTUHOK y ckiaal MAI Ha po0Ooul XapaKTEpHCTHKU Ta
Mopoorito noBepxHi. BUCHOBKH 3a pe3ybTaTaMy €KCIIEPUMEHTAIBHOTO aHaI3y TaKi:

1) IliApHICTP MAarHITHOIO MOTOKY 3MEHIIYETHCS 31 30UIBIIEHHSM pPoOOYOTO
3a30py, 1€ 3MeHilye >KOpcTkicTh MAI Ta Mae mnpsiMuil BIUIMB Ha
IPOJAYKTUBHICTh BUAAJNICHHS Martepiany. OIHaK MIIIBHICTh MarHiTHOTO TOJIs
CIOYATKY 3pOCTAa€ 3 PAaIaAJIbHOIO BIJICTAHHIO /10 OKPY’KHOCTI CepJeYHHUKa, a
HOTIM [TOYMHAE 3MEHIITYBaTHUCS.

2) MakcuManbpHa BIJICOTKOBAa 3MiHA IIOPCTKOCTI mMoBepxHI Ha piBHI 90,37%
cnoctepiraiacs npu pododomy 3a3opi B 1,5 MM Ta mBuakocTi odepranus 600
00/xB. Po3mip abpa3uBHUX 4aCTOK MpH 11bOMY cTaHOBUB 600 MKM.

3) LIBuaxicTh BUAANIEHHS MaTepiaidy 3pocTaa 31 301IbIIEHHSM HAPYTH, CTPyMY
Ta IMBUJKOCTI 00EpPTaHHS, ajie CrocTepiragocs ii 3MEHIIEHHS 31 30UIbIICHHIM
po0oYoro 3a30py Ta 30LIBIICHHSIM PO3MIPY aOpa3uBy.

4) TlopiBHIOOUM MOPQOJIOTII0 MOBEPXHI 3aroToBKU A0 Ta micii MAQO, Oyio
BUsiBJIeHO, 110 MAQO ycyBae HEpPIBHOCTI TOBEPXHI, TakKi K TPINIUHU, SIMKH,
clmigu  (Qpe3epyBaHHS Ta TMOAPANUHUA IO TPU3BOAWTH 10 3MEHIICHHS
IIOPCTKOCTI TMOBEPXHI, 110 MPHU3BOJAUTH A0 OUIBII TJIaJAKOI Ta OJHOPITHOI
TEKCTYpHU TOBEPXHI.

Po3rnsHyTi BUIllE AOCIHIPKEHHS BUKOHAHI 13 BHUKOPUCTAHHSM YCTAHOBOK ISt

npoBeneHHs mporiecy MAQO Ha ocHOBiI enekrpomarHiTiB. IIporiec MaraiTHO-

abpa3uBHOi 00poOku (MAQO) 13 BUKOPUCTAHHSIM €JIEKTPOMArHITIB Ma€ KUIbKa
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HEeJI0MIKIB MopiBHAHO 3 MAO Ha MOCTIMHUX MarHiTax, Kl MOXYTh BIJTUBATH Ha
e(eKTUBHICTb 1 IKICTb 0OPOOKH:

1. EneprocnoxuBanHsa: EnekTpomMartiTd BHUMaraloTh IOCTIHHOTO >KUBJICHHS
SIEKTPUIHUM CTPYMOM JIJIS T ATPUMKH MarHiTHOTO mmosis. L{e Beae 10 nogaTkoBux
BUTpAT €Heprii B mpoieci 00poOKH, B TOM Yac sIK MOCTIMHI MarHiTH 3a0€3MeuyoTh
MarHiTHe 1oJje 0e3 MoTpedu B 30BHINTHBOMY KUBJICHHI.

2. KoHTponp MarHiTHOro mousisg: Y BHUNAAKY 3 €JIEKTPOMarHiTaMd KOHTPOJIb 3a
IHTEHCUBHICTIO Ta TEOMETPIEI0 MATHITHOTO TOJII MOXKe OYyTH CKIIHILIUM,
0COOJIMBO MPHU 3MIHHUX poOOUMX yMoBax. Ha MOCTITHMX MarHiTax MarHiTHE MoJje
cTabiiapHe, 1 HOTO XapaKTEPUCTUKU HE 3MIHIOIOTHCA B 3aJI€KHOCTI Bl 3MIHHUX
napameTpiB KUBJICHHs a00 TeMIepaTypHu.

3. TemnepatypHi epektn: ENeKTpoMarHiTu MOXyTh HarpiBaTucs B Mpoueci poootu
yepe3 BUTPATU €HEprii, 110 MOXKE€ BIUIMHYTH Ha iXHI MAarHiTHI BJIACTHUBOCTI.
[TocTifiHi Mar”iTH MawTh OUIBII CTAaOUIbHI XapakTEPUCTHKA B YMOBax
TEMITepaTypHUX KOJWBaHb, X04a BOHU TaKOX MOXXYTh BTpadaTH YaCTHHY CBOIX
Mar”iTHUX BJIACTUBOCTEHN MPH JIyKE BUCOKUX TeMIepaTypax.

4. KoMruiekcHiCTh oOnagHaHHs: BuUKOpUCTaHHS  €JEKTPOMAarHiTiB mnotpedye
HAsBHOCTI  JIOJATKOBHUX  €JEMEHTIB, TaKuX K JDKepena  KUBJICHHS,
TpaHChHOPMATOPH, PETYISATOPU CTPYMy, IO 30UIBIIYE BAapTICTh 1 CKIAIHICTH
oOnagHaHHs. [OCTIMiHI MarHiTH, 3 IHWOTO OOKY, € OUIBII MPOCTUMU 1 HAAIHHUMHU
B €KCIUTyaTalli, OCKIJIbKUA HE OTPEeOYyIOTh TAKUX JOJaTKOBUX KOMITOHEHTIB.

5. To4HICTB 1 CTIMKICTH /10 30BHINIHIX (pakTopiB: EnexTpoMarHiTHe mosie Moxe OyTu
Yy TIMBHUM JIO KOJIMBaHb HAIIPYTH B MEPEKi a00 IHITUX ICKTPUIHUX KOJUBAHbD, 10
MOYKE€ TIPU3BECTH JI0 HE3HAYHUX 3MIH B IHTCHCUBHOCTI MarHiTHOTO TIOJIS, @ OTXKeE, B
edexTuBHOCTI 00poOKH. [ToCTIiHI MarHiTH MEHIIIE M1aI0ThCS TAKUM BIUIMBAM 1
3a0€e31euyoTh OUIbII CTa0UIBHUM MpOoLIEC.

B pesynbTaTi, X04a BUKOPWUCTAaHHS E€JIEKTPOMATHITIB MOXE OyTH KOPHCHHM B

MEBHUX BUIAJKAX, 0COOJMBO KOJU MOTPIOHA MOXKIIUBICTh PETYIIOBAaHHS MarHiTHOTO

MoJIs, JUIs O1IBIIOCTI THUMOBUX 3aBJaHb OOPOOKM HA MOCTIMHUX MAarHiTax € OiIbII

€(EeKTUBHUM 1 EKOHOMIYHUM PIILICHHSM.
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PosrnsHemo poOOTH 13 BUKOPUCTAHHSIM TMOCTIHHMX MarHiTiB. B poGoti [40] y
JAOCTIKEHHSX MAarHiTHO-aOpa3suBHOTO OOpPOOJIEHHS BHYTPILIHIX OTBOPIB JETaleh 13
TBEPJIOTO CIUIaBY 13 BUKOPUCTAaHHSIM BepcTaTHoro obnagHaHHs (puc. 1.13) Oyno
OTPUMAHO EKCIEPUMEHTabHI JaHi, 110 JO03BOJMIM BU3HAYUTH ONTUMAJIbHI 3HAUYEHHS
3a30py MDK IHCTPYMEHTOM 1 3aTOTOBKOIO, a TaKOXK HIBUAKOCTEH PyXy IHCTpyMEHTa Ta
3aroTOBKH 111 4aCc 0OpOOKU. ABTOPOM PO3TJISTHYTO 3MIHY MTapaMeTpiB 3a30py, 3a 1HILIUX
HE3MIHHUX YMOB 00pOOKH, Ta JOBEEHO, 110 3MEHIIICHHSIM 3HAYeHHS BeIMYuHU Ra, 110
BCTaHOBWJIACSA Micisi 00pobseHHs 10 MAO, Moxe OyTH 3MiHEHa BILUIMBOM KOPCTKOCTI

«MarHITHOI IIITKW» B MICIII ii BIUIUBY Ha 00poOJIIOBaHUMN MaTepiall.

Puc. 1.13 Bup 3BepXy Ha eKCIEpUMEHTANIbHY YCTaHOBKY JUisi MAO BHYTpILIHIX
MOBEPXOHb Ha 0a31 TOKapHO-peBOJIbBEpHOTO BepcTaTa 1341: 1- 3aroToBka; 2 - onpaBka
3 MarHiTHAUMHU KUTBISIMU; 3 — TIPUBI

Bapto BigmiTuTH 3actocyBaHHsS B skocTi MAII cywimn 3aii3H0-a0pa3uBHOTO
MOPOIIKY 13 CHHTETHYHUM aJIMa30M Y BHTJISA1 aOpa3sMBHUX BKIIIOYEHD, 110 TTO3UTHUBHO
BILJIMBA€ HA BUJAJICHHS MaTeplaly Ta 3HHKEHHS P1BHS MOPCTKOCTI. Takox J0BEIEHO, 1110
CYyTTEBUU BIUIMB Ha SIKICTb MOBEPXHI MICIs OOpOOJEHHS Ma€ MoYaTKOBa IIOPCTKICTh

00poOIoBaHOl MOBEPXHI, JaHWUW BIUIUB MOXXHA OMHUCATH JIHEWHOIO 3aJICKHICTIO, TIPU
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SIK1 MEHIIIOMY 3HAYEHHIO BX1JTHO1 IMIOPCTKOCTI Oy/1€ BIJIMIOBIIATH MEHIIIEC 3HAUYCHHSI MiCIIS
MAO.

B mocnimkenHi [41] po3misiHyTO 11e TIpoIieC 0OpOOKH MOBEPXOHB 3 IMOETHAHHSIM
XIMIYHHX 1 MexaH19yHuX cuil. L{e ribpua XiMIYHOTO TpaBJIEHHS Ta BUILHOTO a0pa3UBHOTO
MOJIIPYBAHHA 13 BHUKOPUCTAaHHSIM MAarHiTHOTO MOJiA. Y JIaHOTO MeTony abpasuBHA Ta
KOpO3iiiHa XiIMIYHA CYCII€H31s BUKOPHUCTOBYETHCS B IIOE€JHAHHI 3 TMOJIPYBaJIbHUM
1HAYKTOpOM 300paskeHuM Ha puc. 1.14. CycneHsis HaHOCUTHCS Ha MOBEPXHIO JETali,
00 Ha MOBEPXHI YTBOPHUBCS OUIBIN M’SKUH OKCHAHHUHN Iap. byayun m'skmmm, 1en
OKCHUJIHUH I111ap Habararto JieTiie BUAAIUTH MOPIBHSHO 3 OCHOBHUM MaTepialioM, SIKUW He

M1JITaBaBCS XIMIYHOMY BILIHBY.

Puc. 1.14 ®epomarniTHa abpa3uBHa IIITKa

B sixocTi 3pa3kiB 0yso oOpaHo miIacTUHKH 13 Bojiabhpamy (10 mm x 10 mm x 1 MMm)
tBepaicTio 440 Hv Ta urinshicTiO 17,5 1/cm3. [Jlanuit Martepian mae ¢epoMarHiTHI
BJIACTUBOCTI, 3aBJISIKK YOMY OYJIO CTBOPEHO BHCOKY (puKIliiHy B3aemozito MAII ta
00p00IFOBaHOT MOBEPXHI 32 PaXyYHOK B3aEMHOTO MPUTATYBAaHHS aOpa3uBYy 10 3pa3Ka, 10
cupusic  e€dEKTHBHIINIOMY TPOXOKEHHIO 00poOsieHHA. Y  sKOCTI  abpa3uBy

BUKOPHCTOBYBAJIM MOPOLIOK OKCHUJLy altoMiHito po3mipoM 1200 mxm. [Tapamerpu, mio
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OyJM BUKOPUCTAHI JIJIi OTPMMAaHHS TOBEPXOHb HaBeJCHUX Ha puc. 1.15 HaBeneHi B

tabmumi 1.1
Tabmuusg 1.1 — [MapameTpu npoBeACHOr0 EKCIEPUMEHTY
No O6epriB 3a PobOounii Konnenrparrist Konnenrparris % ARa
PUCHYHKA | XBWJIMHY, 00/XB | 3a30p, MM H202, (%) abpazusy, (%)
1.15 (b) 100 1 5 30 49,64
1.15 (¢) 150 3 5 20 58,44
1.15 (d) 150 1 7 20 79,52

Puc. 1.15 300pakeHHs MOBEpXOHB: (a) — 3aroToBKH; (b,c,d) 3pa3ka micist Horo
00p0oOJIeHHS 3a PI3HUX YMOB 00OpOOIEHHS
JloBeieHo, 110 BUKOPUCTAHHS MMOETHAHHS XIMIYHOTO OKUCIICHHS Ta MarHITHUX CHJI
CIpHsie YTBOPEHHIO Kpamioi $KOCTI TOBEPXHI 3 MIHIMaJIbHUMU TTOBEPXHEBUMHU
nedpexramu. [Tomideno, 1o mijg yac oOpoOJIeHHS Ha BIICOTKOBY 3MiHY SIKOCTI TIOBEpPXHI
HaiOIbIIe BruMBae MWBUIKICTH oOepranHs MAI (37,71%), moTiM BiJICOTOK Macu
abpasuBy (27,74%), pobountii 3a30p (16,12%) Ta kormnenTpaiis pozunny H,O, (13,75%).
3a OonTUMaJbHUX YMOB IIpoliec OOpOOJIEHHS MOBEPXHI MOKpauryerbess Ha 79,52%.

Mopdororist moBepxHi MOKa3ye, 10 MaKCHMaJIbHa BIUCOTA BiJl BUCTYTIB J0 BIIAIUHU IS
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00po0JIeHOr0 3pa3ka CTAaHOBUTH MpUOIU3HO 1/5 Big TOro camoro Jyisi HEOOPOOJIEHOTO
3pa3Ka.

VY [42] onrcaHo mipoliec TOCHIIKEHHS Ta CUHTE3Y ycTaHoBKU Juist MAO mpodinto
KUTBIIEBOT KaHABKHU JJIS 3aKJIaJaHHs TYMOBOIO YIIUTBHIOIOUOTO KUTbI. Tpamuiiiiai
MeTou (PiHIIHOT 00pOOKH BaXKKO 3aCTOCYBAaTH Ha HIDKHINA Ta O14HINM MOBEPXHAX Yepes3
0COOJIMBY CTPYKTYpPY KaHABKH YIIIJIbHIOBAILHOIO KUIBIL, a €PEKTUBHICTh 0OpOOICHHS
13 3aCTOCYBaHHIM TaKUX METOAIB 0OpOOIeHHS - HHU3bKa. [|Ji1 BUpIMICHHS IIUX MPOoOIeM
OyJI0 CTBOPEHO MpOIleC MarHiTHo-aOpa3uBHOiI 00poOku (MAO). Ax HerpaguIiiiHuN
TouHUM mpouec 00podku, MAO Mae Gararo nepeBar. BUkopucToByrouM MarHiTHE MOJe
3reHepoBaHEe MOCTIMHMM MAarHiTOM, MarHiTHi aOpa3WBHI YaCTUHKU 3B A3YIOThCA Ta
BUOYZOBYIOThCSl Yy BUIJIAJI THYYKOI MAarHiTHO-aOpa3uBHOI WHITKU [JIsi 0OpoOJeHHs
3aroTOBKH. 3OBHIIIHS MOBEPXHS KaHABKH YIIUIbHIOBAIBHOTO KIJBIT MOXKE CHHXPOHHO
nonipyBatucsa B mexaHidsmMi MAO. Otxe, Tpu Tunu notokiB MAII 3 marHiTHUMU
MOJIFOCaMHU, 10 po3TamoBadi Tmig kytoM 45 ©, 90 ° ta 180 ° Oynu 3MozeNbOBaHI Ta
MOPIBHSIHI 3a I0MIOMOT010 nporpamMHoro 3ade3nedeHHs ANSY'S. Po3rairyBaHHs OJTIOCIB
MarHiTy Ta HIUIbHICTh MAar"iTHOTO MOTOKY JIOJAaTKOBOTO ampoOOBaHO 3a JIOTIOMOTOIO
BUMIpPIOBaJIbHOTO 00sagHaHHsA. Cxema 00poOku (puc. 1.16) Ta CMHXpPOHHMI TPUCTPIN

MAO (puc. 1.17) 6yso po3po0iaeHO Ha OCHOBI PE3yJIbTaTIB MOJICIFOBAHHS.

Permanent Yoke
magnets
b 3
Bottom
~
- surface
- -
Comb 2.
magnet poles
Sides
surface™
Workpiece

Puc. 1.16 IlpunnunoBa cxema 00poOKHU KiJIbLIEBOI KAHABKU



Comb magnet

Z slider

X slider

Drive motor Threejaw Workpiece Y slider
chuck

Puc. 1.17 30BHinIHI# BUTTSA YCTAHOBKH JIJIs1 00OpOOIEHHS KIJbIIEBOI KAHABKU
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B sxocTi 00°€KTYy AOCIIKEHHS BHUCTYIAIOTh B'S3KICTh MacTHiIa (BIACOTOK MIXK

MacCTHJIOM 1 BOJIOIO), IIBUIKICTh OOEpTaHHS IIMHH/IEN, 3a30p MIXK MMOJIOCAMH MAarHiTy i

JTHOM KIJTBIIEBOI KaHABKH (3a30p 1), a TaKOX 3a30p MIX MOJIFOCAMHU MarHiTy i CTOpOHAMHA

KUIbIIEeBOI KaHaBKU (3a30p 2). KpiM Toro, ekcrnepuMeHTallbHI JaHi Oynu 310paHi 3

BUKOPHUCTAHHAM OPTOTOHAIBHOI €KCIIEPUMEHTAIbHOT KOHCTPYKIIii, @ eKCIIEpUMEHTAIbHI

JlaH1 1I0JI0 TapaMeTpiB mpoliecy OyJiv MmpoaHali30BaHl JjIsi BUSHAYEHHS ONTHUMAJIbHUX

yMOB. by10 ipoaHaizoBaHo MOBEPXHIO KiJIbIIEBOI KaHABKH 1 0yJI0 BUSBJICHO ONTUMAJIBHI

YMOBM Ta BCTaHOBJICHO, IO MIOPCTKICTh MOBEPXHI Bia modatkoBoro Ra 4,3 Mxm

smeHmmiacsa 10 Ra 0,6 mxM, a TpuBumipHa tomorpadis nmoepxHi (puc. 1.18) crana

O1IbIII PIBHOMIPHOIO Ta 3TJ1aKEHOI0
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Puc. 1.18 3D 300pakenHs Ta npodigorpama MOBEpXHEBOTO Mapy: a) — 10 00poOku; b)

— Ticisa 00poOIeHHS
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PesynbraTn nmokazanu, mo MAO Moxe 3a0e3neunTr BUCOKOS(HEKTUBHUM CITOCIO
OTPUMaHHs BUCOKOI KOCTI MMOBEPXOHB IIOCKOI, CKJIaHOT (POPM, a TAKOXK SIK 30BHIIITHIX
TaK 1 BHYTPIIIHIX TOBEPXOHb.

MeTtor0 AOCHKEHHSX TpoBeAeHUX B [43] € JOCHiKEHHS BIUTUBY aOpa3uBiB
KapOixy Oopy Ha OOpOOJICHHS TOBEPXHI Ta IIBUAKICTh 3HATTS MaTepiany IUIOCKO1
JATyHHOI IUIACTMHU 3a JIONIOMOTOI MAarHiTHO-aOpa3suBHOIrO Tporecy (iHIIHOT
00poOsieHHsA. VY 1ii JOCTIAHUIBKINA pOOOTI pO3MISIAI0TECA YOTUPH BXIJTHI MapaMeTpu:
IIBUJIKICTh 00epTaHHs, KiIbKicTh MAII, po3Mip abpa3uBHUX YaCTOK Ta 4ac 00OpOOICHHS.
Jlnst nocnijpkeHHs BIUTUBY BXIJHUX (DaKTOPIB HA MIOPCTKICTh MOBEPXHI Ta MIBUIKICTD
BUJIAJIEHHS MaTepiairy 0yJI0 BAKOPUCTAHO MOBHO(DAKTOPHUN €KCITIEPUMEHTATIBHUN METO/]
mianyBaHHs. Jucnepciitnuii  anamiz  (ANOVA) pocnipkyBaid 3a  JIOOMOTOIO
CTaTUCTUYHOIO MPOrpPaMHOTO 3a0e3NeueHHs, 00 3HAWTU ONTUMAaJbHI yMOBU JIJIsi
Kpaloi HOPCTKOCTI MOBEPXHI Ta MIBUAKOCTI BUAAICHHS MaTepiany. Perpeciiini moneni
Oyau po3poOJsieHI 3a JIONOMOIOK CTaTUCTUYHOTO IPOrPaMHOTO 3a0e3NedeHHs
MINITAB-17 sik 1y1s1 LIOPCTKOCTI HOBEPXHI, TAK 1 U1l LIBUAKOCTI BUAAICHHS MaTepiaiy.
ExcniepuMeHTanbH1 pe3ybTaTy OKA3alu, 110 MBUJIKICTh 00epTaHHS € HAaWBaKIIUBIIITUM
rapaMeTpoM 3MiHU HIOPCTKOCTI MOBEPXHI Ta 4acy OOpOOJEHHS JJIsi 3MIHU BEJIIMYMHU
BUJIaJIEeHHs1 MaTepiany. MiHiManbHa IOpCTKICTh noBepxHi (Ra) ctanosuna 0,061 MM, a
MaKCHMaJlbHa MIBUIAKICTh BUJAJIEHHS MaTepiany — 3 MI/XB.

Jlesiki Tayty31 MpOMMCIIOBOCTI, TaKl 5K JIa3epHa, aepOKOCMIYHA, CTOMATOJIOTIYHA Ta
METaJOONTHKA TOIIO, IIUPOKO BUKOPHCTOBYIOTh BHCOKOSIKICHI MIJIHI J3€pKaa.
OCKUIBKH MIJb € M’SIKUM 1 XIMIYHO PEaKTUBHUM MartepiajoMm, oOpoOKa ii moBepxHi Ha
HaHOPIBHI € CKJIaJHUM 3aBAaHHsIM. [1{06 3a10BOJBHUTH 1110 TOTPEOyY, Oyi10 po3po0IeHO
[44] HOBHWII MAarHiTOPEOJOTIYHUI METOJ [JIi TOYHOTO OOpOOJICHHS TOBEPXOHB
JlaMarHiTHUX  MatepiamiB. JlBa UWIIHAPWUYHI TIOCTIWHI MarHiTM  pa3oMm 13
MarHiTOpEOJIOTIYHOI TMOJIPYBAJIBHOI PIIWHOI0 Oy BHKOPUCTaHI st O0OpOOKH
3arOoTOBKA 3 JI1aMar”HiTHOTO MITHOTO CIUIaBy. [HCTpyMEHT 13 IWIHAPUIHUMU
MOCTIMHUMHU Mar”iTaMm 3 MarHiTOPEOJIOTIYHOIO MOJIIPYBAIbHOIO PIIUHOIO Ha MOBEPXHI
BUKOHY€ OOEpTaJIbHI PYXHU HAJl TTOBEPXHEI0 3arOTOBKU 3 MIJHOTO CIIaBY Ta BUKOHYE

¢dinimHEe 0O0pOOJEHHS KOPCTKOI MAarHITOPEOJIOTTYHOK MOJIIPYBaJbHOKW PIAUHOIO.
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I[nctpyment s ¢iHimHOI  0O0pOoOKM 3 TOCTIMHMMH MAarHiTamMud  pa3oM 13
MarHiTOPEOJIOTIYHOI0 TOJIPYBATBHOIO PIMHOI0 HAa WOTO TMOBEPXHI HAKOHEYHHKA Ta
3aroTOBKOIO 3 JlaMar”iTHOi MiAi OyJu 3MOJeNbOBaHi, B MporpaMHOMY 3a0e3eyeHH1
Maxwell Ansoft V13. OtpuMano Ta mpoaHai30BaHO PO3IMOALT MarHiTHOT 1HAYKIIT B
poGodyomy 3a3opi. ExcnepuMeHTH MpOBOAWIMCH HA 3aroTOBINl 3 MIJHOTO CIUIaBY, 1
HaiimeHmie 3HadyeHHs Ra 0,028 MM jgocsraerbcss 3a vac oOpoOJjieHHS 7,5 XB 3
MoyaTKoBOro 3HaueHHd Ra y 0,273 mxMm. XapaKTepuUCTHKU MOBEPXHI SIK MOJIPOBAHOT,
TaK 1 HETOJIIPOBAHOI 3arOTOBKU aHAJI3YIOThCS 3a JOMOMOTOI0 CKaHYI4Oi €JIeKTPOHHOI
Mmikpockomii (CEM) 1 artomHo-cuioBoi Mikpockomii (ACM). 30BHIIIHINA BUTIIA
MoBepXoHb oTpuMaHux B pe3yibTaTi CEM Ta ACM MeTofiB €IeKTPOHHOT MIKPOCKOTIT

npejactasieHo Ha puc. 1.19 ta 1.20 BiamoBigHO.

(b)
Puc. 1.19 Ckanytoua enexkrponna mikpockortiist (CEM) 3arotoBku 3 MiIHOTO CIUIaBy ()

1o ta (b) micns nukiry MAO

sEBEHEEEE

(a) (b)
Puc. 1.20 PesynpTaTun atomHO-cuinoBoi Mikpockorii (ACM) (a) mo 1 (b) micns

00po0OIeHHS
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PesynbpTatn, oTpuMaHi eKCIIEpUMEHTAIBHO, MMOKA3ali, M0 IIsI HOBAa TeXHiKa MpHIaTHA
st HaHO(IHIITHOTO OOpOOJCHHS JiaMarHiTHUX MatepiaidiB Uil BUTOTOBJICHHS
METaJICBUX JI3€pKaJl Ta €JIECKTPOIIB JIJIsl €JIEKTPOEPO31MHOr0 0OpOOICHHS.

VY [45, 46] cunte3oBaHo yctaHoBKY MAO (puc. 1.21), sika mpu3HaueHa st

00pOoOKH TUIOIIMH 3aroTOBOK 13 cynepcruiaBy Inconel 718.

Puc. 1.21 300pakeHHs1 €KCIEPUMEHTAIBHOI YCTAHOBKHY 13 IEPEB’ THUM 33KUMOM
AOpa3uBHY CyMIIll TOTYIOTh J0 €KCIIEPUMEHTIB IIJISIXOM OJHOPITHOIO 3MIITyBaHHS
(depoMarHiTHUX YacTUHOK (TIOpPOIIOK 3ajiza po3MmipoM 350 MKM) Ta aOpa3sUBHUX
YaCTUHOK (MOPOIIOK KapOixy KpeMHito po3Mmipom 600 mxm). s 3a0e3neueHHs
MarHiTHOTO TOJISl i1l IPOBEJICHHSI €KCIIEPUMEHTY BHKOPUCTOBYIOThCSI MarHiT Nd-Fe-B
(HeogumoBuid 3anmi3HO-00pHuUiA) 13 0,52 Tin. JlochigpkeHO BIUIUB poOOYOro 3a3opy,
IIBUJKOCTI 0OEpTaHHS Ta CHIBBIIHOIIEHHS Y CyMIII CKJIQJ0BUX Yy BHIJISI 3aji3a Ta
aOpa3MBHOTO TOPOIIKY Ha MPOIEHTHY 3MiHy mopctkocTi noBepxHi (% ARa). Cepis
eKCIIEPUMEHTIB OyJla MpOBEJeHA 3 BUKOPUCTAHHSIM MOJICIIOBAHHS CKCIEPUMEHTY 3a
JI0TIOMOTO10 opToroHansHOTO MacuBy Taguchi L9. Tabmuito ANOVA Oyio BUKopucTan
JUTsl BU3HAUYEHHS HaO1JIb1I BILIMBOBOIO MapaMeTpa mpoiiecy. ABTOpaMu BiJIMIUYEHO, 1110
po0OoUMii 33a30p 1 MIBUJKICTh € BAXKJIMBUMU MapaMeTPaMH MPOLIECY.

VY craTTi aHami3yIOThCS PE3yJIbTaTU EKCIEPUMEHTIB B XOA1 MPOBEICHHS OOPOOJICHHS

3aroTOBKH 13 iIHKOHENO 718, Oys10 3p006sieHO HACTYITHI BUCHOBKH, 110 HAWOUTBIIINNA BILJIUB
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Ha TIPOTIKAHHS TPoIleCy Mae poOOUYMi 3a30p, a APYTUM IO BEJIWYMHI € IIBUJKICTH

oOepTtanHs iHAYKTOpa (puc. 1.22).

M ITIBHOKICTE

W PoGouuii 3a30p

% CyMim HOpOIKY

M ®axkTOop NOXHOKH

Puc. 1.22 BHecok mapaMeTpiB mpoIiecy y MPOLEHTHY 3MiHY MIOPCTKOCTI MOBEPXHi
B npocnmimkeHHsx HaBeAeHUX B cTarTi [47] pO3MISIHYTO B3a€EMOJII0 MIK
KIIOYOBUMH TMapaMeTpaMu TPOIEeCy MarHiTHO-abpasuBHOi 00poOku (MAO) s
MOKpPAIICHHS SKOCTI 0OpPOOIIOBAHUX MOBEPXOHb. Y Cl1 €KCIIEPUMEHTAIIBbHI JTOCIIIKEHHS
MIPOBOJIMIIUCH HA MOIU(PIKOBAHOMY BepCTaTHOMY 00JIaJHAHH1, CXEMY SKOTO ITOKa3aHO Ha
puc. 1.23 PosrmsiHyTO TATH TapaMeTpiB mporecy: poOodHii 3a30p, MIBUIKICTH
oOepTaHHs, NIBUIKICTh 10J1a4l, KUIBKICTh Ta po3Mip abpasuBy, ko MAQO BUKOHYBau

He3aJeXHO 1BoMa abpaszuBHuMHU dacTuHkamu — SiC Ta A1203.

XBOCTOBHK 1HIYKTOpa

IlocTiitamit Marait CyMiIn 3ai3HOTO Ta

abpazHBHOTO IMMOPOMIKIB

Fobosrh sa30p 3aroroBka

Poboumit crin

Puc. 1.23 Cxema MaruiTHO-aOpa3uBHOT 00pOOKHU (JI1BOPYY) Ta EKCIIEPUMEHTAJIbHA

yCTaHOBKa (IIpaBopyY)
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Byno mpoBeneHO cepit0 €KCIEPUMEHTIB 3a JOMOMOTOI 3MOJIEThOBAHOTO BJIACHOTO
iHCTpyMeHTy. Ha oOcCHOBiI pe3ynbTaTiB Oyino po3po0JeHO MOJENh MPOTHO3YBAHHS
3MEHIIEHHS IOPCTKOCTI. Pe3ynbTaTH MOKa3yloTh, 0 MOKPAIICHHS SKOCTI MOBEPXHI Ta
OCHOBHOI JIOMIHAaHTH ITApaMeTPiB MPOLIECY € YHIKAIbHUMU JIsl BAKOPUCTOBYBAHOTO TUITY
abpasuBy. Komu mpoBomate MAO i3 BukopucTaHHsSIM aOpa3suBHUX dYacTHMHOK SiC,
KUIbKICTh a0pa3uBy Ta MIBHJAKICTh OOEpTaHHA MalOTh HAWOUIBIIUN BIUIMB. 3 1HIIOTO
00Ky, Ko BUKOHY€eThCSI MAQO 13 BUKOPUCTaHHSIM B sIKOCTi abpa3uBHOI (pakuii Al,Os,
TeHJeHIIs Biapi3HaeTbes Bill SiC, ToOTO po3mip (pakiiii abpa3uBy Ta poOouunii 3a30p €
JOMIHYIOYMMH TapamMeTpaMu. Mogens nporHody Oyna goOpe miaTBepIKeHa
HE3aJIC)KHUMHU E€KCTIEPUMEHTAaMH, 1[0 CBIIYUTH IPO ii TOUHICTH B OILIHII Ta OMTUMI3AIi
pe3yJIbTaTy MpoLECY.

ABtopamu B [48] mpoBegenHo MAO 13 BUKOpPUCTaHHSIM BEpCTaTiB 3
KOMIT t0Tepr30BaHuM 4uciaoBuM kepyBaHHAM (UIIK) Oe3nocepennro micis mporecy
¢bpe3epyBaHHs. Y LbOMY AOCIIKEHHI NpeacTaBieHo HoBulk MAI, 300paxeHo Ha puc.
1.24, 3 01HUM BEJMKHUM MNOCTIMHUM MarHiTOM 1 HOBOK KOHCTPYKIIIEIO BEPXHBOI KPHUILIKU
UIst 00poOKM MpOCTUX (HEepOMArHITHUX 3aroTOBOK. KOHCTPYKIliSi TOPIEBOI MOBEPXHI
IHCTPYMEHTY y TMO€JHAHHI 3 ONTHUMI30BaHUM POOOYMM 3a30poM 3abe3neuye eexT
MEXaHIYHOTO YIIUIPHEHHS TMOPOMIKY, [0 TMPU3BOAUTH [0 3HAYHOTO ITiJBUIICHHS

MPOTyKTUBHOCTI MPOIIECY Ta 3MEHIIIEHHS MOPCTKOCTI MOBEPXHI.

' B B 3 aTHCKHHI TAaTpOH

apaMeTpH30BaHHIT afanTep

Puc. 1.24 ExcnepumenTanbHa yctaHoBka yist MAO nHa Bepctati 3 UITK
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JlocmiPKeHO BIUIMB MapaMeTpiB MPOIeCy, TaKUX SK IIBUAKICTh IMOJayi, €KBIBaJEHTHA
HIBUJKICT pi3aHHA, poO0UHii 3a30p (Y TOMY 4YMCHi JUIsl TphOX po3MipiB 3epen MAII) i
3a30p A0 MarHiTy. KpiM TOro, mIOCHIIKEHO BIUIMB ITOYATKOBOi ITOBEPXHI IICIs
(bpe3epyBaHHS KiHIIEBOIO (Ppe30r0, TopiieBoro ppesepyBanHs, hpe3epyBaHHS pajiyCHOIO
KiHIIeBOIO (pe30to Ta nurihyBaHHA Ha sKicTh moBepxHi miciast MAO. Kpim toro, tpu
THUIIOBI MOBEpXHi micis ¢pesepyBanHs Ta MAO Oynu mpoaHanizoBaHi. 3a JOMOMOTOIO
MarHiTHO-aOpa3uBHOI OOpPOOKM MOXKHA JOCATTH 3HAYHOTO TOKPAIICHHS SKOCTI
MOYaTKOBUX (pe3epoBaHUX MOBEPXOHB 0 3HaYeHb mopcTkocTi A0 Ra = 0,02 Mkm 1 Rz
= 0,12 MKM 3a OJIUH eTan 0OpPOOKH.

Humu x gocmigHukamu B [49] Oyno mpoBeAeHO BUNpoOyBaHHS n'sath Tumnis MAI,
MIPUHITMIIOBA CXE€Ma SKMX HaBelleHa Ha puc. 1.25, 13 pi3HUMHU po3MipamH, KUIbKICTIO Ta
pO3TallyBaHHSIM TMOCTIMHUX MAarHiTiB Juisi oOpoOJeHHS (epOMarHiTHUX MaTepialiB 3
PI3HOIO IIBHIKICTIO TI0/a4di Ta EKBIBAJICHTHOI IMBHUAKICTIO pi3aHHA. [I[imbHICTH
MarHiTHOTO MOTOKY Oyia BuMipsiHa Jyisi BCiX TUMiB MAI 13 BUKOpPHUCTaHHSIM J1aT4yuKa
Xomna, po3noAin mpeactaBieHo rpadiuno. [IpencraBieno nmepeBaru HOBOI CTPYKTYpPH
TOPIIEBOI MOBEPXHI IHAYKTOpa Ta MpoTecToBaHo 20 TUIB CTPYKTyp. OnTuMaibHi popMu
TOPIIEBOi TMOBEPXHI TMPHU3BOAATH [0 3HAYHOTO IIIJIBUIICHHS TEXHOJOTIYHOCTI Ta
3MEHIIEHHS. HIOPCTKOCTI MoBepxHi mpu MAQO IUIOCKMX MOBEPXOHb (hepOMarHiTHUX

3aroToBOK.

' Xeocmosutl adanmep
nid onpasky HSK 63

lMepexiOHUK
g 74301

Kopnyc
IHCmpymeHmy

— @ Mocmiirud mazHim
Fe,/Nd,B

Hacadka
PLA

Puc. 1.25 KoncTpykiis MaraiTHO-aOpa3uBHOTO 1HCTPYMEHTA
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PCBYJIBTaTI/I Ob0TI0 ,ZIOCJ'IiI[}KeHHH MOJKHa HiI[CYMYBaTI/I TaKHUM YMHOM:

1) TopueBa noBepxus MAI mae mpsiMuii BIJIMB Ha MPOAYKTHMBHICTh Ta BHUXITHI
napameTpu npoiecy MAOQO, a cami koHbIryparlii MO)KHa PO3IUIUTH Ha TPU TPYIH
3aJIC)KHO BiJ] KOHCTPYKIII O6ap’epy y HampsMKy pyXy HOpOIIKY: 6e3 Oap'epy —
00poOka BupakeHa cllabKo, IepepuBYaACTHIA Oap'ep, 10 Ja€ BUCOKY IHTCHCUBHICTh
NpOTIKaHHS Tpoliecy Ta Oe3nepepBHHI Oap'ep, 1o 3abe3redyye TyKe BHCOKY
inTeHcuBHICTH MAO.

2) Oxpim matepiary MAII, dopmu MAI Benukuil BIUIMB Ma€ 1 Matepiajg KpUILKH
iHayKTOpa. JlochiKkyBaHi Marepiaal CTPYKTYpOBaHI 3aJIEKHO BiJ JTOCSTHYTOT
IHTEHCHUBHOCTI TIPOIIECY: BEPXHS KPHUIIKA BUTOTOBJICHA aJUTUBHUMH METOJAMH 3
IUIACTUKY (Jy’K€ BHCOKA), BEPXHsS KpHILIKa 3 (Ppe3epoBaHOrO IUIACTUKY (Bif
CepeaHbO1 JO BUCOKOI), BEpXHS KpHIIKa 3 (Ppe3epoBaHOro MeTally (HU3bKA).

3) OOrpyHTOBaHO [JOLUIBHICTh BUKOPUCTAHHS OJWHAPHHUX, BEIMKHUX Ta BHUCOKO-

EHePriiHUX IUIIHAPUIHUX MOCTIMHUX MarHiTIB.
ABtopamu y [50] gocnipkyeTbes nepcnekTuBHa TexHonoriss MAO noBepxoHsb,
3aCTOCYBaHHS KO JIa€ 3MOTY MOJIMIIUTH SAKICTh TOBEPXHI KOMIIOHEHTIB CKJIaIHOT

(hopMU, BUTOTOBJIEHUX 32 IOMTOMOTOI0 aJIMTUBHOIO BUPOOHUIITBA. ByJio gociikeHo

BIUTUB pi3HUX KoMOiHauiii MAF i eramiB TepMiuHOi 0OpOOKHM Ha CIIBBIIHOIIEHHS M1k

MIKPOCTPYKTYPOIO Ta BIACTUBOCTSIMU cymnepciasiB Inconel 718, BUurororieHnx
METOJIOM JiazepHoro riaByieHHs mapy nopoiuky (LPBF). Byno BcranoBieHo, 110
3actocyBanHd MAQO 3HaYHO 3MEHIITy€ MOPCTKICTh MOBEPXHI Ta MPU3BOIUTH JI0
oApiOHEHHS pO3Mipy 3epHa 3icTapeHnx ciiaBiB. Kpim Toro, MAO mo3uTHBHO
BIJIMBA€E HA TJIACTUYHICTH CIUIABY, 110 MOKHA MOSICHUTH BILUTUBOM TOCIIIOBHOTO
3actocyBanHg MAO Ta TepmigyHOro o0po6ieHHs. L pobora Bkaszye Ha Te, 110
e(eKTUBHE NOE€THAHHS 00POOKM MOBEPXHI Ta TEPMIYHOI 0OPOOKHU Mae BUpIIIATIbHE
3HAYEHHS JJIs1 TOKPAIEHHS XapaKTEePUCTUK ciuiaBy. KpiM Toro, pobota 1eMOHCTpy€e
OararooOilsroue pimeHHs Jyist mokpaiieHHs npoaykrusHocti LPBF Inconel 718
nusixoM iHTerpauii MAO 1 TepMidyHOT 0OpOOKH, IO HAJJa€ HOBI MEPCIIEKTUBU

onTuMi3allii mocT-oOpoOKH CIUIaBiB, BUTOTOBIEHUX 32 JIOMTOMOTOI0 T0OABOK.
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BucnoBku. Meta Ta 3a1a4i 10CJIiKeHHS.

AHai3 HayKOBO-TEXHIYHOI 1H(OpMaIli mokaszaB, IO 3aCTOCYBaHHS MAarHiTHUX
TOJIOBOK TOPIIEBOTO THUITY JO3BOJISIE B OKPEMHX BHUMaAKax 3a0e3rnedyBaT (PiHILIHE
00po0IieHHs pi3HOMaHITHUX MaTepiamiB. [Ipote, HaBeneH1 pe3ynbTaTi 0OMEKEH1 YITKOIO
1H(pOpMAIII€I0 TTPO TEXHOJIOTIYHI YMOBU 00OPOOJICHHS, BIICYTHI MPAKTUYHI pEKOMEH AL
110 JI0 3aCTOCYBaHHS i1 BUPOOIB BUTOTOBJICHUX 3 JlaMarHITHUX MaTepialiB 3HAYHUX
raGaputiB. [IpakThyHO BiACYTHS iH(OpMAIS TPO peanbHl KOHCTPYKIIi TOJOBOK
TopiieBoro tumny. € HampaioBaHHsi B 001acTi 3actocyBaHHd MAOQO 13 BUKOPUCTaHHSIM
CyMilllel TOPOIIKIB [JIsi TMPOBEJAEHHs OOpoOJeHHs, ajie HaBeaeHOol 1H(opMalii
HEJIOCTaTHbO. HasBHI AOCHIPKEHHS MO MIKPOCTPYKTYpl TOBEPXHEBOrO IIapy
00poOneHux mMatepiaiiB, aje BIUUMB Ha HUX MAQO po3IiiHyTO HE1I0CTaTHRO.

1. [Tporec MAO xapakTepusyeTbcsi OaratbMa (pakTopaMu, OCHOBHUMH CKJIaIOBUMHU
npolecy pu UpoMy €: (opma Ta HOTYKHICTh MArHITHOTO MOJIsl, KIHEMATUKA MPOLECY,
b13uko-reomerpuuni  napametpu MAII, nomgaTkoBUM BIUIMB 1HTEHCU(PIKYIOUUX
IPOLIECIB.

2. [Tin gac mposenennss MAQO, oO6poOieHHs CYMPOBOIKYIOTh MPOIIECH Ta SBUIIA
pI3HOI TPUPOAM, SIKI HEOOXIJTHO BPaxOBYBaTW NIPU JIOCHIIKEHHI XapakTepy
dbopmyBanns MAI ta 00po06sIeHUX TOBEPXOHb.

3. B nonepennix gocnipkeHHSIX BUSHAYCHO, SIK1 (DakTOpH 0OpOOJICHHS BIUTMBAIOTH HA
dbopmyBanns MAIL. 3okpema BuszHaueHo BmiMB Ha MAO ¢dopMu Ta TOTYKHOCTI
Mar”iTHOTO TIOJs, PO3MIPH Ta KOMIO3UIliS MAarHiTHO-aOpa3WBHOIO TMOPOIIKY,
oco0mBoCTI 00poOroBanoi aetani, HasiBHICTIO 30TC, popMU KOHTAKTHUX TOBEPXOHB
MAI ta 06po06roBaHoO1 AeTaMI.

4. HasBna indopmartiist mpo BB (akTOpiB, siKi OE3MOCEPEHbO BIUIMBAIOTH Ha
npouec MAO Ta Taxi, 1110 BAHUKAIOTh Mixk 00po0stoBaHoto getamio Ta MAI npu MAO
€ HEJOCTAaTHbOIO [UJIi TOBHOTO pPO3yMiHHS mporecy. [lpoBeaeHi mnonepenHi
JOCITIJKEHHSI MarOTh a00 CyTO TEOPETHYHHM XapakTep, abo OOMeXeHl OKpeMUMHU
BUIAJIKaMU OOpOOJIEHHS Ta pO3IJIsily NEBHUX MapaMmeTpiB (Harpukiag oOpoOIeHHsS B
PI3HHMX MAarHITHUX 3a30pax) TOMY HEOOX1THO 3HAYHO PO3IIUPIOBATH €KCIIEPUMEHTAIBHY

0a3y 3 BpaxyBaHHSM MHOXXHHH TEXHOJOTTYHUX (HaKTOpIiB OOpOOJIEHHS, TaKUX SIK,
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MartepiajiiB 00poOIFOBaHOI AeTali Ta TUX, mo (popmyoTs MAI, po3mipy Ta Gopmu
neTanei, posmipy Ta Ty 4dacTUHOK MAII, iX KOMITOHEHTHWW CKJaJ, BEIHMYWHU
MarHiTHO1 1HAYKIli, KIHEMaTUYHUX TTapaMeTpiB 0OpOOJICHHS Ta 1H.

Mera poGotu: DopMyBaHHS IHCTPYMEHTAJIBHOTO CEPENOBHUINA TPH MAarHITHO-
abpa3uBHOMY OOpOOJIGHHI IUIONIMH IHAYKTOpaMH TOPLEBOr0 TUIy Ha 0asi
BUCOKOCHEPIeTUUYHUX MArHIiTIB Ta JOCTIIPKEHHS SBUIL, 1[0 BUHHUKAIOTh Y IMpPOIIeCi
oOpoOJieHHsT 3  ypaxyBaHHSIM  BIUIMBY  TEXHOJOTIYHUX  YMOB  MpOIIECY,
MarHiTOpPEOoJIOTIYHUX XapakTepucTuk, Gopmu Ta ckiaaxy MAI posmipiB MAII Ta
Matepiaixy oOpoOroBaHUX JIeTaleH.

3amaut:

1. Bukonatu anamniz HasBHOI iH(opmarii npo BukopuctanHsi MAO, ocoOIuBOCTI
dbopMyBaHHS MIKpOreoMeTpii 1 (pi3MKO-MEXaHIUHMX BIACTUBOCTEH 0OOpPOOIIOBAaHUX
MOBEPXOHB Ta SIBMIIL, 1110 CYITPOBOIKYIOTh OCOOJIMBOCTI TPUOO-MEXaHIYHOT B3a€EMO/I1,
BILTUB BiiactuBocTeid MAI Ta TexHosoriunux akropis nporecy MAO Ha pe3ynbratu
00pOOICHHS.

2. Po3poOutu MeToauKy BUMIPIOBaHHS (PI3UKO-MEXaHIYHUX Ta SKICHUX MapaMeTpiB
00poOIIOBaHMX TTOBEPXOHb, K1 MAIOTh MICIIE TPU B3a€EMO/I1i MarHiTHO-a0pa3uBHOTO
IHCTpYMEHTY 3 OOpOONIOBaHMUMH JAETalsIMH Ta CHHTE3yBaTH KOHCTPYKINI IS
dbopmyBannss MAI. BuzHauntu HEOOXITHI JJI AOCIIIKEHHST MaTepiaid Ta GopMu
IHCTPYMEHTY, abpa3uBHI MaTepianu Ta ix THM 1 ckaan 1y popmyBanHs MAL

3. TlpoBecT KOMIUIEKCHI MOCTIIKEHHSI 3MIHU (PI3MKO-MEXaHIYHUX Ta SKICHUX
napameTpiB 00poOIroBaHOI JeTani Ta BIUIMB ckiaaaoBux MAI. Busnauutu BruiuB
(bakTOp1B TEXHOJOTIYHOTO XapaKTepy Ha 0OpOOICHHS.

4. JlocniauTu XapakTep 3MiHM TapaMmeTpiB 0OpOOIIOBAaHUX MOBEPXOHB, IO MAIOTh
Miclie mpu B3aeMo/Iii 06pobroBanoi getani Ta MAI B ymoBax mporiecy MAO.

5. BcTaHOBUTH BIUIMB BIACTUBOCTEH Marepiaidy, po3Mipy Ta (QOpMH YacCTHHOK
MarHiTHO-a0Opa3uBHOTO TIOPOIIKY Ha XapakTep B3aeMojli MK 0OpOOIIOBaHOIO
netamo Ta MAI 3 ypaxyBaHHSIM 3MIHM TEXHOJIOTIYHUX (PAKTOpPIB MPOIECY
o0pobnenns. Po3pobutu pexomenaamii mo ehekTuBHOMY (iHIITHOMY OOpPOOJIEHHIO

neraineit merogoM MAO.
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PO3/11 2

METO/UKA NPOBEJEHHSA EKCIIEPUMEHTAJIBHUX JOCJ/II’KEHDb
IIPU ®OPMYBAHHI IOBEPXOHbB ITPU MATHITHO-ABPASUBHOMY
OBPOBJIEHHI

VY nocniJiKeHHI MPOBEACHO PsJl €KCIIEPUMEHTIB, METOIO SIKUX OYyJI0 BU3HAUCHHS
0co0MBOCTEM opMyBaHHS MarHiTHO-a0pa3uBHOTO IHCTPYMEHTY i yac MAO nuisxom
BUMIPIOBAHHSA TMapaMeTpPiB SKOCTI IMOBEPXHI OTPUMAaHUX BHACHTIIOK OOpOOJEHHS 3
ypaxyBaHHSM pI3HUX BIUIMBOBUX (akTopiB. EkcnepumeHtanbHa yacThHa poOOTH
BKJIIOUYaia cepii JOCTIIKEHb, CIIPSIMOBAHUX HA BUBYECHHS BIUIMBY KOKHOTO OKPEMOTO
dakTopa Ha mapamerpu, MmO BUHUKaOTH Mg yac MAO. Ili gocmimxeHHs Oynu
3rpyINoBaHi Ha JIB1 OCHOBHI KaTeTropii:

1. Jdocaixxenns ymoB (GopMyBaHHS MATrHITHO-a0Opa3MBHOIO0 iHCTPYMEHTY —
IPOBOJMIINCH €KCIIEPUMEHTH 13 Pi3HOI0 poOouoio (popmoro, KOH(Irypaliew Ta
cTpykTyporo MAI, BKIIOYHO 13 Bapiali€l0 CKJIaay MarHiTHO-aOpa3sMBHUX
MaTepiaiiB, M0 JaJi0 3MOTYy CHHTE3YBAaTH paIlllOHATIbHY  KOHCTPYKIIIO JJisi
00pOOICHHS.

2. JlocaigkeHHs SIBHI, 10 BUHUKAKTH IiJ 4ac 00p00JIeHHSI — IMPOBOAUINCH
BUMIPIOBaHHS P13HOTO POJY, IO JAIOTh 3MOTY 3pOOHTH BUCHOBKH, 1010 MPOIIECIB,
10 MPOTIKAIOTh Y MPUIOBEPXHEBOMY I11api 00poOIIOBAaHOTO MaTepiany.

3. docaigxeHHs AKICHUX MapaMeTpiB — BUKOHAHO BUMIPIOBAHHS IMIOPCTKOCTI Ta
XapakTep 3MIHM BEIWYMHU OMOPHOI TMOBEPXHI, MOBEPXHEBHX 3AJMIIKOBHX
HarpyXeHb Ta MIKPOTBEPAOCTI, 10 JalOTh 3MOTY 3pOOUTH BUCHOBKH, II[0]10 SIKOCTI
OTPUMAaHUX ApaMETPUYHUX JIAHUX TICIIsl BUKOHaHHS niporiecy MAOQO.

Bci excriepuMeHTH BUKOHYBAJIUCH 13 BUKOPUCTAHHSAM CTICIU(IIHOTO 00I1aTHaHHS
Ta THCTPYMEHTIB, skl Oynu miaiOpani s 3a0€3MEUEeHHS TOYHOCTI Ta JOCTOBIPHOCTI
pe3yibTaTiB BUMIPIOBaHb. JJIsi KOPEKTHOTO MPOBEJCHHS €KCIIEPUMEHTIB BIJOMOCTI TIPO
00poOITOBaHUI MaTepiajl € He MEHII BKJIMBUMHU HIDK BIACTUBOCTI MaTepiaiiB, IO
OepyTh ydYacTh y TMpolleCci MarHiTHO-aOpa3suBHOI OOpOOKH, a TaKoXX IapaMeTpu

oOnagHaHHS, Ha SKOMY BHUKOHYBAIUCH JOCHiKeHHS. KpiM Toro, mns amekBaTHOI
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IHTepIpeTallii YUCIOBUX JaHUX, OTPUMAHUX B pe3yJIbTaTi €KCIIEPUMEHTIB, HEOOX1HO
PO3YMITH 3aJISKHOCTI Ta B3a€EMO3B'SI3KH, sIKI POPMYIOThC M1 yac mpoBeaeHHs MAQ.
2.1 Marepiana gocjixxeHb

MarsnitHo-a0pa3uBHy 00pOOKY BUKOHYBAJIM Ha 3pa3kax, MaTepiajJaMu SKUX OyJu
obpano Crainb 45 ta 40X, Tak K JaH1 cTall € yHIBepCAIbHUMHU MaTepialaMy 3 BACOKUMU
(h13UKO-MEXaHIYHUMHU TapaMeTpaMH Ta BJIACTUBOCTIMH JUIsI MEXaHIYHOI OOpOOKH, a
TaKOXX BOJIOAIIOTH (EPOMATrHITHUMH BJIACTUBOCTIMHU (puc. 2.1), ¢i3uKo-XiMidHi

BJIACTHUBOCTI SIKO1 HaBeaeHO B Ta0muirsix 2.1 ta 2.2.
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Puc. 2.1 Ecki3ne 300pa>keHHs TOCIITHOTO 3pa3Ka

Tabmuug 2.1 - Ximiunuii ckian y % marepianis Ctanb 45 ta 40X

BincorkoBa yacrka y marepiaJi, %
Jleryoui eijeMeHTH
Craas 45 Craab 40X
C (Byruenp) 0,42 -0,5 0,37-0,45
Si (KpemHiit) 0,17 -0,37 <0,35
Mn (Mapraseiip) 0,5-0,8 0,6 -0,9
Ni (Hikenp) <0,25 <0,3
S (Cipxka) <0,04 <0,035
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ITponorxenns Tadnuii 2.1 - Ximiunuii cknan y % matepianis Ctans 45 ta 40X

P (®ocdop) <0,035 <0,035
Cr (Xpom) <0,25 0,3-0,6
Cu (Minp) <0,25 <0,3
As (Apcen) <0,08 -

Tabnuns 2.2 - Mexaniuni BiactuBocTi ripu T = 20°C marepianiB Ctanb 45 ta 40X

CoprameHt Gs oT Os v KCU TepmooOpodka
- MIla |MIla | % % Knc/m? -
Craab 45
Cwmyra 600 - 16 40 - Cran mocTaBKHU
rapsiuekaTaHa (6e3 0OpoOKmM)
Craasb 40X
[IpyTok 655 - 15 45 59 Cran mnocTaBku
(6e3 00poOKM)

2.2 Bu3HayeHHs1 THIY 1 MarTepiajgy MOCTIHHOr0O MAarHity IJs WHOro
3aCTOCYBAHHS NIPU CTBOPEHHI TOPLEBOI I0JIOBKH

[TocTiinuii MarHiT — 1€ 00'€KT, BUTOTOBJICHUN 3 MaTtepiany, SKUid Ma€ BUCOKY
3QJIMIIKOBY MAarHiTHY 1HIYKIIIO 1 30epirae CBO0 HaMarHI4eHICTh MPOTATOM TPUBAJIOTO
gacy. [locTiiiHi MarHiTM MawTh PI3HI TEOMETPUYHI TapaMeTpd Ta MAarHITHI

XapaKTEPUCTUKHU 1 BUKOPUCTOBYIOTHCS SIK aBTOHOMHI JKEpeJia MarHiTHOTO TOJIS.
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XapakTepuUCTUKU MarHiTy BH3HAYalOThCS JAUISHKOI PO3MAarHi4eHHs MeTi
Mar”iTHOTO TICTEPE3NCy MarTepiaiy, 3 SKOTO BiH BUTOTOBJICHUNA. UMM BHUIIa 3aJUIIKOBA
iHayKiis B, 1 koepuutrBHa cuta He, TUM O1TbIlla HaMarHi4eHiCTh 1 CTabUIBHICTh MarHiTy.

[aaykmis mocTiitHOoro MarHiTy By He Moxe mepeBuntyBati B,. PiBHicTh By = B;
MOJKJIMBA JIMIIIE B YMOBAaX 3aMKHYTOTO MAarHITONPOBOJY O€3 MOBITPSHUX MPOMIXKKIB.
OpHak MOCTIMHI MarHiTH 3a3BUYail BUKOPUCTOBYIOTHCS JIJIsi CTBOPEHHSI MArHITHOTO MOJIS
B TOBITp1 ab0 iHIOMY cepenoBwii, A¢ By Oyne menme 3a B,. Pizaums mix By 1 B,
3aJIeKUTH BiJl (GOPMH MarHiTy Ta BJACTUBOCTEH HABKOJIMIIIHBOIO CEPEAOBHIIIA.

Buan Ta BI1acTUBOCTI TOCTIHHHUX MarHiTIB:

1) ®epuToBi MarHiTu (KepaMiyHi MarHiTH) BUTOTOBJICHI 3 OKCHUJIIB 3aJ113a Ta THIITUX
MetaniB. BoHu jemieBi, MaloTh rapHy CTIMKICTh J0 KOpPO3ii, ajie MOPIBHSIHO HU3bKUUN
pIBEHb MAarHiTHOI 1HAYKIiI. 3acTOCOBYIOTBCA B XOJOAWJIbHUKAX, JUHAMIKAX,
KOMYHIKAI[IHHUX OPUCTPOsiX. XIMIYHMM CKJaJ TaKWX MAarHiTiB JI03BOJISIE MaTepiairy
30epiraTy MarHiTHI BJIACTUBOCTI B Jiiana3oHi Temmneparyp - Bija -30 ° C go + 270 ° C.

MarHiTu nocTaBistOThCs y PopMi1 PEpUTOBUX KIIEIb, OPYCKIB, LIMIIIHIPIB, TUCKIB,
MJIACTUH, TOPOIMIB Ta IHIIUX (OPM, 10 MIHUPOKO BUKOPUCTOBYIOTHCS B MPOMUCIIOBOCTI,
noOyTl, EJNEeKTPOHILl Ta TexHimi. J{aHi MarHiTH BHKOPUCTOBYIOTHCS B AKyCTHYHHX
CUCTEeMaXxX, TeHepaTopax, CJICKTPOJABUTYHAX TMOCTIHHOrOo cTpymMy. B aBTOMOO1IBHIM
MIPOMHMCIIOBOCTI (hePUTOB1 MarHiTH BUKOPUCTOBYIOTHCA Yy CTapTEpax, CKIOMI IHOMHUKAX,
CUCTEMAaX OXOJIOJIPKEHHS Ta BEeHTHIISITOpax. [IoCTIiiHI MardiTH LIMPOKO 3aCTOCOBYETHCS B
PI3HHX ray3sX 3aBJISIKH CBOiM 3JaTHOCTI MATPUMYBATH MarHiTHE MoJie 0€3 30BHIITHEOTO
JoKepena eHeprii. Ix pPI3HOMAaHITHI BJIACTHUBOCTI JIO3BOJISIOTH aJanTyBaTH iX s
KOHKPETHUX MOTped B TexHili, mOpoMucioBocti Ta noOyti [51-55]. Takox
CIIOCTEPITAEThCS TEHJEHIISA TO0 BUKOPUCTAHHIO MPOIECIB aAUTUBHOTO BUPOOHHUIITBA
takux sk FDM, SLA, SLM, EBM ra iHmux ajis BUPpOOHUIITBA MOCTIMHUX MAarHiTiB
CKJIQJIHOT T€OMETPUYHOT (POPMH.

Jyist pepuTOBUX MAarHiTiB XapaKTEPHOIO € KOepIUTHBHA cuia 61m3bko 200 KA/M i
3aJIMIIKOBAa MarHiTHa 1HAYKIisS Onu3bko 0,4 Tecna. TepmiH 30€peKeHHS] MArHITHUX
BlactuBocTel (heputoBux MarHiTiB Big 10 1o 30 pokis.

2) AnHIKO MarHiTu (aJroMiHIA-HiKenb-K00anbT, Al-Ni-Co)
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CmutaBu, 110 MICTSITh adIOMIHIN, HIKeNb 1 KoOaiabT. TakMM MarHitTam xapakTepHi
BHCOKAa TEMIIepaTypHa CTIMKICTh 1 CTaOUIBHICTH: BOHHM 30€piraroTh CBOi MarHiTHI
BJIACTUBOCTI Mpu Temmnepatypi A0 +550 °C, xo4ya KOepIUTUBHA CUJIa, JUIsl MAarHiTIB 1€l
rpynu - MOpiBHSAHO Mana [56]. BUKOpUCTOBYIOTbCA B CHEIIaIbHUX BY3JaX, TaKUX SIK
MAarHiTHi JaT4ukd 1 B Mar"iToonax. Hemomikom BBa)ka€ThCsl BTpaTa BUXiAHI MarHiTHi
BJIACTUBOCTEH M1 JI1€I0 MAJIOTIOTYKHOTO MarHiTHOTO TOJIS

XapaktepHa KoepIuTHBHA cuiia 01u3pko 50 KA/M, a 3aMIIKOBa HaMarHI4eHICTh
6auspko 0,7 To.

BMicT KOMIIOHEHTIB B CIJIaBaX aJIbHIKO 3MIHIOEThCS BApIIOETHCS Y Mexax: Al - Bij
7 1o 10%, N1 - Big 12 no 15%, Co - Bix 18 mo 40%, Bix 3 10 4% - Cu.

YumM Oiniblire y crutaBi KoOanbTy, TUM BHUIIE 1HIYKITS HACHUSHHS 1 CUJIa MarHITHOTO
nosist. [Ipucanku y Burisaai tutany - 2 10 8% ta 1% - H100110 - MIABUILYIOTh KOEPUUTUBHY
cuny - a0 145 kA/m. Jonasanns Big 0,5 no 1% kpemHito 3abe3neyye piBHOMIPHICTb
Mar"iTHUX BJIACTUBOCTEN 10 BChOMY 00’ €My MaTepiaiy.

3) Camapiii-ko0anbTOB1 MarHiTH

MarniTd pgaHoi Trpynd MarTh BHCOKY MArHITHY I1HAYKIIIO 1 XOpOIIy
TEPMOCTINKICTb. BUKOPHCTOBYIOTHCSI B >KOPCTKUX YMOBaX, TakWX SK aBlaliidHI Ta
KOCMIYHI CUCTEMHU. BIJIPI3HSAIOTHCSA CTIMKICTIO JI0 KOPO3ii, OKUCIEHHS 1 TeMIepatyp 10
+350 °C [57]. Xoua 3a BapTICTIO caMapieBi MarHiTH JOPOXK4i 32 HEOJIIMOBI 32 PaXyHOK
nediruTHOrO MeTanmy - kobanbry. Ilpore, iX AOLIBHO 3aCTOCOBYBAaTH TOA1 KOJIH,
HE0OX1TH1 MIHIMAJIbHI pO3MipH, TETUIOCTIHKICTh Ta Bara BUpOOiB.

HaiiGinbiioro 3acTocyBaHHs MarHiTH JaHO1 rpyIyd HAOyIM B KOCMIYHUX anaparax,
aBlalllifHiil Ta KOMI'IOTEPHIA TEXHIIl, €JIEKTPOJBUTYHAX 1 MarHiTHUX My(QTax Majoro
pPO3Mipy, TaKOK BOHU 3aCTOCOBYIOTHCS B HOCHMHX MpUJIafax 1 MPUCTPOSIX — HAPYyUHI
IOJIMHHUKY, HABYILIHUKH, CMapT(OHU 1 T.1.)

3aBAsSKA  BUHATKOBIM  KOpO3iMHIA  CTIMKOCTI, came camMmapieBi MarHiTh
BUKOPHCTOBYIOTh B CTpATEriyHMX Ta BIACHKOBUX po3poOkax. Camapiif-ko0aabTOBI
Mar"iTH 3aCTOCOBYIOTHCSl y €JIEKTPOJBHTYHAX, Te€HepaTopax, MiTHOMHHMKAaX, aBTO- Ta

(GOTOTEXHIIll, MarHiTM MAaHOI TPYNH 1AeadbHO MIAXOAUTH JJIsl CKIIAJHUX YMOB
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eKcIUTyaTallii Ta arpecuBHUX cepenoBull. KoepuutuBHa cuia cTaHOBUTH 0sn3bKo 700
KA/M, a 3anuImKoBa MarHiTHa iHAyKis ~ 1 Tecna.

4) MarsiToruiacTu

MarniTHUl TOPOIIOK Y TMO’€IHAaHHI 13 CHOJIYYHHUM KOMIIOHEHTOM CTBOPIOE
THYYKHM, M'SKUH Ta JJeTKUi MarHiT [58]. B SKOCTi Croly4YHIX KOMITIOHEHTIB BUCTYIAIOTh
Takl Marepiald sK: KaydyK, BiHUI, akpwi a0o IUIacCTHK, IO Ja€ 3MOry (opMyBatu
pi3HOMaHITHI POPMH 1 pO3MIpH.

MarniTHa cuia, 3HAYHO 3HIDKYETHCS TaK SIK OCEpPEAKaMU MAarHiTHOTO TOJs €
OKpeM1 YacTOYKH, JO TOTO * MarHiTHIN CHJII MEPENIKOKa€e CIIONyYHUN MaTepial, aje
Takl pIIIEHHS HEOOXIJHI y BHUPOOHMITBI PEKIAMHOI MPOAYKIii, MBHUIKO3HOMHHX
CTIKEpIB Ta HAKJICWOK Ha aBTO, a TAKOXK Y KaHLIETSPIi Ta CYBEHIPHUX BUPOOaX.

5) Heonum-depym-6opatu (Nd2Fe 4B)

Marsitu rpynu HeoiuM + 3aizo + 6op [59]. XapakTepus3yroThbCsi BACOKUM PIBHEM
Mar”iTHO1 1HAYKIi, CHJIM HaMarHidyBaHHsS 1 CTIHKICTIO 1O po3MarHiuyBaHHs. JlaHi
MAarHiTH 3acTOCOBYIOThCA 3 1980-X pokiB. Y OLIBIIOCTI BUMA/IKIB BOHU BUTOTOBIISIOTHCS
METOJIOM TOPOILIKOBOI MeETalyprii — 1€ IpoLec MNONepeAHbOro (GopMyBaHHS Ta
MpPECYBaHHS 3 MOAAJIBLIMM CIIKaHHSAM B aTMocdepl, sika CKIAJAEThCS 13 1HEPTHOTO
aproHy. 3a3BU4yail HEOJWMOBI MAarHITH JIOJaTKOBO TOKPUBAIOTh  3aXHCHUM
METaJII30BaHUM TIOKPHUTTSM 13 HIKEJIIO, MiJll, IMHKY Ta 30J10Ta.

[{i Mar”iTH 4acTo Ha3MBaIOTh CyNEpPMarHiTaMH 1 BUKOPUCTOBYIOTh B >KOPCTKUX
JUCKaxX, MAar”HiTHUX TeHepaTopax, MarHiTHO-PE30HAHCHUX amaparax (mpouenypu
MarHiTHO-PE30HaHCHOI ToMorpadii), MeTalio AeTeKTopax, MacisHuX OQIUIbTpax Ta B
IHIIUX TpWIaJlax Ta YCTaHOBKAX, A€ HEOOXITHE BUKOPUCTAHHSI CHJIBHOTO MarHiTHOTO
noJisi. Jlo mepeBar Takoro MarHiTHOTO Martepialy BIAHOCSATH BUCOKY CHIIy MarHiTy MpH
MaJiuX po3Mipax Ta cTabiIbHICTh MArHITHUX BJIACTUBOCTEH MPU HOPMAJIbHUX YMOBax. J{o
HEJIOIKIB BITHOCATh KPHUXKICTh, UYTJIMBICTH JIO BHUCOKHX TeMIlepaTyp Ta BTpara
MarHiTHUX BJIACTUBOCTEH BHACIIIOK TEPMIYHOI B3a€EMOJII, a TaKOX CXWIBHICTH 10

KOpO3ii 0€3 3aXUCHOTO OKPUTTS.
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BiactuBocTi HeoIMM-3a1130-00pHUX MarHiTiB HaBeJACHO B Tabyui 2.3.

Taomuig 2.3 BiactuBoCTI MarHiTiB

BaacrusBicTh

3HaYeHHA

Cknan

Nd,Fe;4B (Heoaum-3ainizo-bop)

MakcuMalibHa Mar"iTHa eHepris

30-55 MTI'ayc*cm?® (MG/Oe)

MakcumanbHa TeMreparypa eKcruryaTanii

~80-200°C
(714 cTaHAAPTHUX BapiaHTIB
BUTOTOBJICHHS )

MarniTtHa 3anunikoBa iHAyKIs (Br)

1.0-1.4 Tecna (T)

KoedirmienT remneparypu MaruitTHO1 1HAYKITT

-0.1%/°C

Kputnuna remmeparypa

~310-400°C
(B 3a7I€KHOCTI B1JI IKOCTI)

Maxkcumanbae martitae mosje (Hel)

750-1500 kA/M (kA/m)

MiLHICTh Ha PO3PUB

BapitoeTbcs B 3aJI€KHOCTI BiJT
po3mipy, opMHU Ta CIlYCHHS

KoposiitHa cTiliKicTh

Husbka (6€3 mOKpUTTS)

[impHICTE

7.5-8.4 r/em3

OCKUIbKY MPOBEACHHS €KCIEPUMEHTANBHUX JOCIIKEHb HE nepeadavae yaapHi

peXUMHU pOOOTH Ta OUTTS, a pOOOUl TeMIIepaTypy MAarHITHOT CUCTEMHU HE TIEPEBUIITYIOTh

MaKCUMaJlbHy TeMIIepaTypy eKCIulyaTalllii MaTepiaiiB, TO IOIIIbHO BUKOPHUCTOBYBATH

MIPHU JOCJIIPKEHHSIX caMe HEOAUMOBI MarHiTH.

2.2 BepcraTHe 00J1aJHAHHS /1JI51 IPOBEICHHA €KCIIEPUMEHTAJIbHUX

AOCJIII’KEHb TAa MapaMeTPU MeXaHivHOoI 00poOKH

[linroroBKa MoBepxHi 3arOTOBKH JIsl POBEACHHS Cepli eKCIEPUMEHTIB MarHiTHO-

abpa3uBHOTO 0OPOOIICHHS ITPOBOIMIIACH B 3 €TaIu:

1) ®pesepyBaHHd Ha YHIBEpPCAIbHOMY BEpPTHKaJIbHO-PpE3EpHOMY BepCTaTi, IO

MpU3HaYeHUH 111 00poOKu neraneit dhpes3epyBaHHSIM, CBEPIIHHAM, HApi3aHHIM

pi3p0JIeHHs 1 6araTbox iHIMUX mporieciB moaeni 6M12I1b (puc. 2.1). Jlanuii Bun

00pOoOKM TPOBOAUBCS JJII JOCSTHEHHS IUIOCKOIMApaleIbHOCTI 3aroTOBKH,
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IJIOMMHHOCTI Ta TMOBTOPIOBAHOCTI BUXIAHUX 3HAY€Hb IIOPCTKOCTI  JUIS
MOPIBHSIHHA, PEXKUMHU pi3aHHS Tpu (pe3epyBaHHi: yacToTa obepranHs — 100
00/xB., mogaua — 80 MM/XB.

Koportka xapaktepuctrka BepcTaTy HaBeJeHa B Ta0iuii 2.4.

Tabmun 2. 4 - OcHOBHI XapakTepucTHkH Bepcraty 6M 12115

IMapamerp 3HaveHHs
Tun Bepcraty VYHiBepcalbHUI TOPU30HTAIILHO-(DPE3EPHUN CTAHOK
Po3mipu poboyoro cromy - Homxuna - 1400 mm;
- lupuna 320 mm;
XiJ 1o ocaM - X-koopaunata - 800 mM;

- Y-xoopauHara - 315 mm;
- Z-koopauHara - 400 mm.

MaxkcumanbHa BUCOTa 00pOOICHHS 400 mm
[IBuAKiCTE 0OEpTaHHS IITTHHICIIS 80-1120 06/x8B.
[ToTyXHICTh FOJIOBHOTO €JIEKTPOABUTYHA 2,2-4 xBT ( B 3anexHOCTI Bia KoHpiryparii Ta

Mo udikalii BepcTary)

MaxkcuManbHUi 1iaMeTp CBEpATIHHS Jo 32 mMm

Puc. 2.1 Bepcratr moa. 6M1211b
B sxoCTI 1HCTpYyMEHTY BUKOPHCTOBYBAJIU TOPLEBY (Ppe3y 13 3SMIHHUMU BCTaBKaMU

(puc. 2.2). Ile no3Bomsie 30epiraTi OCHOBHY YaCTHHY IHCTPYMEHTA 1 MIHSATH TIJIbKU
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3HOIIEH1 YaCTUHU. Takuil BUJ IHCTPYMEHTY 3aCTOCOBYETHCS ISl 0OpOOKH IMOBEPXOHb

aeTajel nusixoM gpesepyBanHs. BoHa oTpuMaa CBOIO Ha3By 4epe3 Te, 0 OCHOBHA

yacTHHA 11 poO0Y0i MOBEPXH1 pO3TAlIOBaHA MEPIIEHANKYJISIPHO J10 OC1 0OEpTaHHS

¢dpesu, o J03BOISIE BAKOHYBATH OOpPOOKY B IIJIOIINHI, TTapaIeNbHIA MMOBEPXHI IEeTali.

Puc. 2.2 Topuera dpe3a i3 3SMIHHUMH TBEPAOCIUIABHUMH 11’ ITUTPAHHUMH

BCTaBKaMH

2) HInigpyBanHa Ha miockonundysanbHoMy Bepcrati 3I'71M  (puc. 2.4). lle

yHIBEpCAIbHUI BepcTat i NUTiyBaHHS TUIOCKUX MOBEpXOHb. Llei Tum BepcraTta

IIMPOKO BUKOPUCTOBYIOTH JUIsl TOYHOTO OOPOOJIEHHS METANIEBUX, IJACTUKOBUX 1

JEpeB'THUX JeTalled y MPOMHUCIOBUX yMoBaxX. OCHOBHI XapaKTEPUCTUKH 1

ocobnuBocTi Bepctata 31'71M HaBeneHi B Tadbmuit 2.5:

Tabmuug 2.5 - OcHOBHI XapakTepucTuku Bepctaty 31'71M

ITapamerp

3HaYeHHA

Tun Bepcrary

[TnockonutiyBanbHUI BepcTaT 3 pydHUMHU
OpraHaMH KepyBaHHS

Po3mipu pobouoro cromy

- Homxuna - 800 mm;
- Ilupuna - 250 mm;

Xizx mo ocsaMm

- X-xoopauHata - 450 MM;
- Y-xoopauHara - 250 mMm;

MakcumasnbHa BUCOTA IUTI(YyBaHHS

250 MM

[IBuaKicTs 0OepTaHHs HUTI(QYBaIBHOTO KpyTra

1500-3000 06/xB. (3aJ1€XKHO BiJ TUILY Kpyra)

[ToTyXHICTh TOJIOBHOTO €JIEKTPOABUTYHA

1,5-2 kBt

MoxuBicTh 00pOOKH MiJT KyTOM

IIpucyrns
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Puc. 2.4 YuiBepcanpuuit miockonutidyBaibHuil Bepctat mo. 3171M
Januit Bug 00poOku OyB 0OpaHuii 11 TOTO, MO0 TMO30YTHCH CITAIKOBOCTI TICTISA
00poOneHHs hpe3epHUMU METOaMH Ta OTPUMATH PIBHOMIPHY BUXIJTHY MIOBEPXHIO JUIS
criBctaBiieHHs micist MAO.

3) MaruitHo-a0pa3uBHe o0poOsenHsa. [licna mumidyBampHOI 00pOOKHM 3arOTOBKY
PO3MIIIYyBaIM Ha MIMPOKO-YHIBEPCAIBHOMY 1HCTPYMEHTAJILHOMY BEpCTaTi MOl
6b75B®1 (Puc. 2.5) Ha sskoMy POBOUIH MTPOIIEC MATHITHO-a0pa3uBHOI OOPOOKHU.
Ile#i BepcTaT HaNEXUTh 10 KJIacy BEPTUKAIbHO-(PPE3EPHUX BEpPCTATIB A
BUCOKOTOYHHMX pPOOIT. OCHOBHI XapaKTepUCTUKH 1 OCOOJMBOCTI BepcTaTa
6b75B®1 naseneni B tabnuii 2.6:

Tabnuis 2.6 - OcHOBHI XapakTepucTUKU BepcTaTy 6b75BD1

IMapamerp 3HaueHHs

Tum Bepcraty [Iupoko-yHiBepCcaTbHUN IHCTPYMEHTAIbHUMA
BEpCTaT

Po3mipu poGodoro croiy - Josxwuna - 1600 mm;

- Iwupwuna - 320 mm;

X1 110 ocaM - X-xoopauHara - 1000 mMm;
- Y-xoopauHara - 350 mm;
- Z-xoopauHata - 400 MmM;
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[IponoxkenHs Tabnuili 2.6 - OCHOBHI XapakTepUCTUKU BepcTaTy 6b75BD1

MakcumanbHa mBHIAKICTE o0epTanHs | 2000 06/xB.
IITTUHICTIS

ITomaua Py4na ta aBTOMaTnuHa
MoxHuBICTh 0OOpOOKH MiJ PIZHUMU [Ipucytas

KyTaMu

HaBaHTa)kxeHHS Ha CTII 1o 800 kr

[ToTy>XHICTh TOJIOBHOTO 1,5 kBt
€IICKTPOIBUTYHA

Puc. 2.5 YHiBepcansuuii BepTukanbHo-hpesepHuit Bepctat moa. 6b75BD1
B xon1 mpoBeneHHs 10CTIKEHb CTATMMU OyJIM HACTYIHI TapaMeTpu:
1) wacroTta o6epTanHs TOPIEBOI TOI0BKH — n = 900 00/xB;
2) nmomava - 10 Mm/xB.
3) TUI TOJIOBKH.
Jlo mapamMeTpiB eKCIIEPUMEHTY, SIKi BapiFOBAJUCH BITHOCSATHCS:
1) PobGouwnii 3a30p - h, B Mexkax Big 2 10 4 MM;
2) MaruiTHO-abpa3uBHa CyMIlll (SIK B CKJIaJll MOHO-TIOPOIIKY, TaK 1 B CKJIaJll CyMiIIIi

MOPOILKIB Pi3HOI (hpakKiii, BUAY Ta 3 1OAABAHHIM aJIMa3HUX I1ACT).



70

Badobx
o Bumip npobeder B30o6x
) o /7 o o Bumpl npobeder bronepex

N
& N gd.}
° s} [m] Et:):
5

Hanparok gpezenybarrs, 1140

Puc. 2.6 Cxema BUMIpIOBaHHS IIOPCTKOCTI;

[lepen mnpoBeaeHHsm mnporecy MAQO BHUKOHYBAJIMCh TMIATOTOBYI omneparii
00po0ieHHS — Pppe3epyBaHHs Ta HUTIPyBaHHs, II00 3a0€3MEUNUTH TIIOCKOIAPaIEIbHICTh
JOCJIITHOTO 3pa3Ka, YCYHYTH CIAJIKOBY XBUJISICTICTh (HAJIMIIIKOBY HIOPCTKICTD, 1110 MA€
CUCTEMaTUYHUI XapaKTep) MICs TOPLEBOi (pe3u Ta OTPUMATH MOYATKOBI 3HAUCHHS
IIOPCTKOCTI B MEBHUX MekaxX. HacTynmuuMm etanom Oysa 00poOka TOPIIEBUM 1HTyKTOPOM.
Yepe3 kOMIakTHUI po3MiIp TOpLEBOi rojioBku st ¢hopmyBanHs MAI (@ 50 mm) Ha
OJIHOMY 3pa3Ky MOKHA OJpa3y MPOBECTH CEPII0 13 7 EKCIIEPUMEHTIB 3 Bapialll€r0 BX1THUX
napametpiB. [licas MAQO 3pa3ok ouumaiu Bij 3aJUIIKIB MacTUiIbHUX piguH, MAII Ta
11aMy, BUMIPIOBaJIM HIOPCTKICTh MOBEPXH1 Ra 1 BIATHOCHY OMOPHY TOBXUHY MPOPLIIO tp.

[HopcTkicTh Ra BUMiproBajiu B HANMPSAMKY B3/I0BXK 1 BIONEPEK, SIK TOKa3aHO Ha PUC.
2.6. BuMiproBaHHS TPOBOAWIMCH 13 BUKOPUCTaHHSM TMpodinorpada-npodisomeTpa
«mof. 252y. Takox 10AaTKOBO, JJIs MIATBEPKEHHS Ta TIEPEBIPKU PE3yIbTaTIB BUMIPIB
OyJ10 BUMIPSIHO MapaMeTpy LIOPCTKOCTI Ha MOPTaTUBHOMY podinomerpt Mahr Marsurf
PS1 ta npunany nis BuMiproBaHHs moBepxHeBoro npodinto Taylor-Hobson Surtronic 2.
3o00pakeHHsT MIKpONpoUII0 OTPUMYBAIH 32 JOMOMOTH CUCTEMU JIJIsi BUMIPIOBaHHS Ta
aHaii3y TOBEPXHEBOI MIKPOTr€OMETpii, [0 BHUKOPUCTOBYE TEXHOJIOTIIO ONTUYHOT
npodiioMeTpii 7T BUCOKOTOYHHUX BHUMIPIB MIOPCTKOCTI, MNpOII0 Ta IHIIMX
XapaKTEpUCTUK MOBEpXHI MaTepianiB Ha HaHoMeTpoBomy piBHI Usurf Nanofocus. Lls
TEXHOJIOT1sI JO3BOJISIE OTPUMATH JIETaIbHI 300pakeHHsI MIKpOpeIbe(y MOBEPXHIi 3 TyxKe
BHCOKOIO PO3JIIBHOIO 3JaTHICTIO (IO HAHOMETPIB), IO POOUTH i KOPHUCHOI ISt
HayKOBHUX JOCHIPKEHb 1 IPOMHUCIOBUX 3aCTOCYBaHb, /1€ BaXXJIMBI TOUYHI BUMIPIOBAHHSI

MOBEPXHI Ha Jy’K€ MAJIUX MaclITadax.
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r)
Puc. 2.10 — 3o00paxxeHHs] BUMIprOBaJibHOTO 00aaHanH: a) [Ipodinorpad-
npodinomerp «mo. 252»; 6) [lopratuBuuii mpodinomerp Mahr Marsurf PS1; B)
[Mpunan mist BUMiptoBanHs nosepxHeBoro npodinto Taylor-Hobson Surtronic 2; 1)
Usurf Nanofocus
J1J1st KO’KHOTO J0CTiAy Opanu 7 BUMIPIOBAaHb B3JI0OBXK Ta TaKy K KIJIbKICTh MTOMIEPEK
70 HanpsAMKy nutigyBaabHOT 0OOPOOKH, IMICHS YOTO PO3PAXOBYBAIM CEPEIHE 3HAYCHHS
IOPCTKOCTI Racp. 7151 BUBHAUEHHS BITHOCHOI OMOPHOT JOBXUHM MPOG1ITIO tp 3a3BUYait
JIOCTaTHbO 5 BHUMIPIOBaHb, aj€ y HAIIOMYy BUNAAKY Oyio oOpaHO 7 BUMIPIOBaHb IS
MIJBUILEHHS TOYHOCTI OOpPOOKH JaHUX 1 pe3yibTaTiB. Ilicas KOKHOTO €KCHepUMEHTY
MALII, sikuii BUKOPUCTOBYBAJIM AJIsI OOPOOKH, OUHUIIAIM 3 TIOBEPXHI TOPIIEBOT TOJIOBKH,
BHKOHYBAJIM OTJISI] HACAKK HA CTaH TOPIICBOI MMOBEPXHI IHIYKTOPA Ta BUKOPUCTOBYBAIIH
HOBUM MOMEPEIHKO OYUIIEHUN Bij JOMIIIOK Ta MPOCISTHUX Yepe3 Hallp CUT MOPOIIOK,
AKUW 1Ie He MpuiMaB ydacTi y mporeci. JlochimKkyBaHy MOBEPXHIO MOTEPEIHbO
00pOoOITIOBAIIM BUIIIE 3a3HAYCHUMU CIIOCO0aMHU, 1100 JTOCSATTH MOYATKOBOT IIOPCTKOCTI Ha

piBai Ra = 0,4-0,65 MKMm.
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3riIHO 3 METOAMKOIO BUMIPIOBAHHS, MICIs KOXKHOI orepailii o0poOKu Ha JIIISHII
3MIMCHIOBAJIUCH 3aMipH MOKA3HUKIB IMIOPCTKOCTI 3a JOTOMOTor mpodigomerpa. s
IILOT'O TIPOBOIMIIMCH CIM BUMIPIB, K Y3J0BX, TaK 1 ITonepek 00po0IeHO01 MOBEPXHI, MICIs
YOr0 BUKOHYBAJIMCH BIMOBIIHI PO3PaXyHKH.

[lin wac BuUMIpIOBaHb KOHTPOJIOBAIM IIOPCTKICTh Ra Ta OMOpPHY OBKHHY
npodimo B mexax Big 10% no 90%. [pu 3ua1TI ipodisiorpaM 3a JOMOMOTOI0 MPUIIATLY
Kani6p «mox. 252» BukopucTOBYBaJOCS Tropu3zoHTanbHe 30imbmeHHs [3 500,
BepTukainbHe 30u1biieHHss B3 10000, mBuakicts pyxy craHoBuia 120 Mm/XB, JOBXHHA
Tpacu BUMIprOBaHHs — 1,5 MM, a Kpok Biaciuku — 0,8 mm. J[J1s1 qeTanpHIIOro aHaizy
MTOBEPXHEBOI MIKPOTreoMeTpli 00p0o0IeHOT MOBEPXHI TPOBOAMIIN OIIIHKY 3MIHU BEJTMYUHU
Ra Ta BU3Hauanu 3aexXHiCTh 3MIHU OTMIOPHOT MOBEPXHI MPOQLIIO B BIIHOCHOI BUCOTH
MIKpOHEPIBHOCTEN Ipoditto 1,=1(p).

Takox ciij 3a3Ha4YUTH, 1110 MaiKe BeCh MIKpopesbed MOBEPXHI 3aroTOBKU Oepe
ydacTb y Tpolieci BUJaNeHHS Marepiany. [lpu 1bOMy axkTHBHY B3a€EMOII0 3
00poOJoBaHOI0 MMOBEepXHE MaroTh Outbme 70-80% BUCOTH MIKPOHEPIBHOCTEMN
MOBEPXHI PI3aJIbHOTO IHCTPYMEHTA, 10 0e3MoCcepeIHBO 3aTyUeH1 0 MPOIIECy Pi3aHHA.

TakuM 4YHMHOM, BaXIWBOIO XapaKTEPUCTHKOIO pelbe]y 3aroTOBKH € 3MiHa
BEJIMYMHU OMNOPHOI JOBXHHU TPOPUII0 #, B 3aJN€KHOCTI BIJ BIIHOCHOI BHCOTHU
HEpIBHOCTEN p. 3amporoHOBaHA 3aJICKHICTh 3MIHM OMOPHOI AUISTHKKA MPOQLII0 Bif
BEJIMYMHU MIKpONpo1I0 Mae BUNIIAL QyHKUIIL: £,(p)=ap®. LIg QpyHKLIs onucye TIISHKY
KPHBOIT B1J] TOYaTKOBOI YacTUHU JI0 BigHOCHOI BucoTH (,3—0,4, 1110 € SBHO HEIOCTATHIM
U1 IOBHOTO OMHCY.

KpiM TOro, mpu mHOpIBHSHHI 3HAY€Hb, IO XAPAKTEPHU3YIOTh 3MIHY BEIUYMHU
tp=f(p), BUHUKAE HEOOXITHICTh MPOBEJACHHS SIKICHOI OIIIHKH, SIKa BUMAara€ BBEICHHS
IHTErpalbHUX mMapaMeTpiB  a00 (GOpPMYJIIOBaHHS OTPUMAHUX 3aJEKHOCTEH ISt

MOJAJIBIIIOTO aHaATI3Y.
Z‘p(p):a1 pte (2.1)

ne al, a2, a3 — peski Koe(ILUIEHTH aNnpoOKCUMAIlll; f, — 3HAYEHHS BEJIUYHMHU

B1JIHOCHOT OTIOPHOI MMOBEPXHI HA BIAMOBITHOMY PiBHI MIKpOTpodLIIO p.
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3aNexHICTb, MPEACTABICHA Y BUIJISAL piBHSAHHSA (2.1), Ma€ TOUKY MEpErunHy, siKa
BIJINTOBI/Ia€ MaKCHMAJIbBHOMY 3HAY€HHIO 3MIHU IIIJIFHOCTI BIAHOCHOI OTIOPHOT JTOBKWHU
npodimo. lle 3HaueHHs (aKTUUHO BHU3HAYAE PIBEHb MIKPONPODUII0 p, Ha SKOMY
BiJI0YBA€THCS MEpexiy] BiJ BEpIIUH Moo 10 BIaauH. 3HAUEHHS p, SIKI BIAMOBIIAIOTH
[IUM TOYKaM, MOXXHa OTPUMATH, B3SBIIU NOXIAHY Bia GyHKIIT (2.1).
y b

as (2.2)

TaxuMm 4MHOM 3aNEXKHICTD £,=f(p) Ma€ yMOBHE PO3/1JICHHS Ha /1Bl YACTUHHU:

a) 10 BETMYMHHU BiTHOCHOI BEJTMUMHU PiBHS MPOPLIIO py — XapaKTEPU3y€ BUCTYIIN;

0) 1HIIa — XapaKTepu3ye 3anaguHu IPH p>py.

2.3 IlinroroBKa iHAyKTOpA AJs1 MOJIPYBaHHS IVIOLMH
[Ipu 0OpoOIi TUIOMIMH HANOUIBII MOIIMPEHI CXeMH OOPOOJIEHHS TOPLIEBOIO YU
nepudepiiHOI0 TOJOBKOIO, B HAIIOMY BHIIaAKy OYyJO pPO3pOOIEHO 1 BHUTOTOBIEHO

TOPILIEBY TOJIOBKY 3 BUKOPHCTAHHSAM IHIIIHApUYHOTO TocTiiHOTO MarHiTy FeNdB (Puc.

SaknadHa zalika
DIN 934
Mazrim ‘."I QDepomazHimHuLll xeocmosuk
NdFe35 | N-riomoe [ Cmane 45) .
\ | maeHimy \
S-nomoc \ e d L
Topyesa zonoska mMazHimy \ \
Tun: "11 npomenis” N _ & g\

ABS-nnacmuk

L
2\
BN

i \ Msunm M3x8
‘ﬁ - _E DIN 7991

\ lsuHm M4x10

\\DIN 7991

Puc. 2.7 CxematnuHe 300pa’keHHS] MarHiTHO-aOpa3uBHOT TOJOBKH B 300pi
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Puc. 2.8 300pakeHHs1 MarHiTHO-a0pa3uBHOI I'OJIOBKM 3MOHTOBAHOI HA BEPCTaTHOMY
yCTaTKyBaHHI
TopiieBa TOJIOBKA, 3TiJTHO CXEMAaTUYHOTrO 300pa)keHHs (puc. 2.8) Mae ckiaf
HACTYITHOTO BHUJY:

- IlnactukoBuii kopmyc 13 ABS-mmactmMacu. B cuiy BIACYTHOCTI MarHiTHUX
BJIACTMBOCTEH BUCTYMA€ 130JSTOPOM MIK MarHiTHO-aOpa3WBHUM IOPOIIKOM Ta
MarHiToM;

- Bucoxoeneprernunoro minpHOr0 HeoauMOBOTo MarHiTy (Nd,Fe4B);

-  @epOoMar”iTHOrO CTaJE€BOI0 XBOCTOBHMKA-KPHUILKH T I[AHTOBUM 3aTUCKHUN
MEXaH13M BEpCTaTy; CKJIAAA€ThCS 3 IIACTUKOBOTO KOPITYCY, HEOIUMOBOI'O MarHiTy
Kopryc Ta XBOCTOBUK 1HIYKTOpa 3’€qHAHI M) CO00I0 METHU3HOIO MPOIYKIIIEO 13

BUKOPUCTAHHAM METPUYHOTO Pi3bOJICHHS.
Kopnyc wmarniTHo-abpa3uBHoro iHctpymeHty (MAI) OyB BHUrOTOBJIEHUN 3a
JOTIOMOTOI0 aIuTUBHOI TexHouorii 3D-apyky, 30kpema Metony HamnaieHHs (Fused

Deposition Modeling, FDM) [60]. Lleit MmeTo € 0/1HI€I0 3 HAUTIOMYJISIPHIMINX aTUTUBHUX
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TEXHOJIOT1M, IO J03BOJISE€ CTBOPIOBATH TPUBUMIPHI OO'€KTH IIUISIXOM TMOCIIIOBHOTO
HAHECEHHS] TOHKUX IIIapiB TEPMOIUIACTUYHOTO MaTepialy, sSIKHH TUIaBUTHCS 1 OApasy Xk
KpUCTATI3YEThCA, POPMYIOUH HEOOXiaHY (hOopMy BIAMOBIIHO 70 ITU(PPOBOI TPUBUMIPHOI
MOJIETII.

B mpouieci FDM, matepiain aiis ApyKy MOAAETHCSA B pOOOUY 30HY y BUIJISIIL JPOTIB
a00 MPYTKIB, SIK1 HArpiBalOTHCS JO KPUTUUHOI TEMIIEPATYPH MEPEXOY A0 MIACTUYHOTO
CTaHy 1 eKCTPYIYIOTHCS Yepe3 COILIO, IO PYXAETHCS 32 TPAEKTOPI€I0 CHOPMOBAHOIO TIO
npuHiuny podotu BepctatiB 3 UIIK (YucinoBe mporpamue kepyBaHHs). KoxkeH HOBHIA
[1ap HAHOCSTHh MOBEPX MOMEPEAHBOrO, L0 JT03BOJISIE TIOCTYIIOBO CTBOPIOBATH OO'€KT 3
ypaxyBaHHAM BCIX HOTro TeoMeTpu4HHX ocoOnuBocTei. Ilicims 3aBepiieHHsS ApyKy 1
OXOJIO/KCHHS, YACTUHHU MOKYTh MIJUISTaTH JTOAATKOBIA MOCTOOPOOI s TOCATHEHHS
MOTP10HOT TOYHOCTI Ta AKOCTI IOBEPXHI.

Texnonoris FDM € BiIOMOIO CBO€IO  YHIBEPCAIBHICTIO 1 3JaTHICTIO
BUKOPHCTOBYBATH PI3HOMAHITHI TEPMOIUIACTUYHI MaTepiaiin, Taki sk PLA (mominaktum),
ABS (akpunonitpun-oyranieH-ctupon) Ta PETG (nonietunenrepedranar-riikoiib), 0o
3a0€3IeuyoTh PI3HI BJIIACTUBOCTI, TaKl SK MIIHICTh, THYYKICTh Ta CTIHKICTH 10
teMriepatypu. Lle poOuTh MeToJ iiealIbHUM 171 BUTOTOBJICHHSI KOPITYCIB 1IHCTPYMEHTIB,
MPOTOTUNIB Ta BUPOOIB 3 CKJIAJHOK T€OMETPIED, OCKUIBKH BIH JI03BOJISIE LIBUIKO
aJanTyBaTHCS O 3MiH Y KOHCTPYKIIi 1 MIBUIKO BUTOTOBJISTH JAETANll 3 TOYHICTIO JO
JIEKUTbKOX COTHX MUJIIMETPIB.

@di3uyHI BIACTUBOCTI MaTrepiaiiB, BUKOpUcTaHuX y mpoieci FDM, BkItouaroTh
BHCOKY MIIIHICTh Ha PO3TAT Ta yJap, CTIMKICTh 110 nedopmariiii mpu HarpiBaHHi, a TAKOK
MOJIUBICTh JIETKOI OOpOOKM miciig JIpyKy. BiacTHBOCTI BHKOPUCTAaHOTO MaTepiaiy
HaBeneHI B Tabmuii 2.9 Ile poOuth iX MiAXOASIIMMH JUIsl CTBOPEHHS KOPIYCIB, SKI
MOBMHHI BUTPUMYBAaTH 3HA4YHI HAaBaHTAXEHHS 1 arpecHBHI YMOBM €KCILTyaTallli,

BKJTIOYAIOYM YMOBHM POOOTH B XIMIYHO-aKTUBHUX CEPEIOBUIIAX.
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Taomuus 2.7 - i3uko-mexaniuni BiractuBocti ABS-muractmac

IMapamerp 3HaveHHs
I'yctuna 1,02-1,08 r/cm?
MinHICTh Ha PO3pHUB 35-50 MIla
MinHICTh IPU 3TUHI 35-50 MIla
MIinHICTb NIPH CTUCKAHHI 46-80 MIla
TepmiuHa ycaaka 10-25 %
Bonoronoriuaanzs 0,2-0,4 %

Moaynb IpyKHOCTI PU PO3T31

1700 - 2930 MIIa

VY napna B’sa3kicth 1o [lapai

10-30 x/Ix/m?

TBepaicts o bpinemnto 90-150 MIla
TemnocTiiikicTs o MapTeHcy 86-96 °C
TemMmneparypa po3M'aKIIEHHS 90-105 °C
MakcumarnbHa TemMneparypa 75-80 °C
JOBFOCTPOKOBOT'O BUKOPUCTAHHSI

Jliara3oH TEXHOJOTTYHUX TeMIepaTyp 200-260 °C
Jlienekrpuuna npoHukHicTs npu 10° Ty | 2,4-5,0
TanreHc KyTa JIieIeKTPUIHUX BTPAT (3-7)-10*
[Tutomuii 06'eMHU €NEKTPUYHHI OITip 5-10"° Om/m
EnexTpuuHa NpoHUKHICTh 12-15 MB/m
TeMmneparypa caMmo3aiiMaHHs 395 °C
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CxeMartuyHe 300pa)k€HHSI TIpoOlLieCY CTBOPEHHsS IIapiB Marepiainy IpH

MOJCIIIOBAaHHS ~ METOJOM  HaIUIaBJIEHHS  MmpeAcrtaBieHo Ha  puc.  2.Nel(.

11—

Puc. 2.10 — IIpouec 3D apyky

Ha puc. 2.10 306paxeH0 HACTYIIHI TTO3UIIIl:

l.

W

Jlxepeno dinameHTy;

. HarpiBanpHuit eneMeHT [J1s1 TUTABJICHHS MaTepiaiy;

2
3.
4

3MIHHE COILJIO;

. [Mmardopma nns apyky (3a3BUyail KOMIIEKTYETHCS IPUCTPOEM JJIS MiAITPiBY abo

OXOJIO/IPKEHHS p0o0O0YO0i 30HU IPYKY)

OG’€exT IpyKYy;

. Onopwu (MATPUMKH )

Hpyk iHAYKTOpa O0YyJio BUKOHaHO Ha 3D mpuHTEpl YHIKAJIBHOI KOHCTPYKIIii, 1110

HasBHUM y KadeapanbHiii jabopaTtopii HaBuanbHOro kKopmycy Ne22. 3o0OpakeHHs

npuHTepa HaBeneHi Ha puc. 2.11. IIpu npoextyBanHi MAI Oyiio BpaxoBaHO MOIEpE/IHI

JOCJIIDKEHHST CHpsIMOBaHI Ha BU3HAYEHHS BIUIMBY TOPIIEBOI MOBEPXHI 1HAYKTOpa Ha

npoxo/xeHHs npouecy MAO.
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Puc. 2.11 — 3006paxenns naboparopHoro 3D npuHTepa: a) PpoHTaIbHE 300paKEHHS;

0) 60KOBE 300pa’KEHHH.

2.4 O0rpyHTYBaHHS 3aCTOCYBaHHS KOHCTPYKIiI MAI i3 BUKOPUCTAHHAM

OJHOT0 BUCOKOCHEPriifHOIr0 HEOAMMOBOI'0 MATHITY

3 oIy Ha BUCHOBKHM HaBEJICHI AOoCiAHUKaMu B [49] OyJio mpoBeieHo cepito pooit
M0 KOMIT'IOTEPHOMY MOJICTIOBAHHIO MArHiTHOTO TIOJS 32 BHUKOPUCTaHHS PI3HUX
KOHCTPYKIIIH 1HIyKTOpa. CepenoBuliieM JUisi MOJIETIOBaHHS OyJi0 0OpaHO MporpamHe
3abe3neueHdss ANSYS Maxwell [61, 62], sk oIuH 13 TOTYXHUX IHCTPYMEHTIB HJisi
BUKOHAHHS MOJICTIIOBAHHS E€JEKTPOMArHiTHUX CEPeJOBHIN SK Y TUIONMHHOMY
Mpe/ICTaBJICHHI TakK 1 y 00’eMHOMY. 3aCTOCYBaHHS JaHOT'O IPOrPaMHOTO MPOIYKTY Aa€
3MOTY BHWKOHYBAaTH KOMIUICKCHHUM aHali3 CWIOBHUX, MAarHITHUX, BEKTOPHUX
XapaKTEpUCTUK MarHiTHUX noiiB . JlociimkeHHs BIUIMBY (OPMH Ta KOMIIOHYBaHHS
MAartiTHoi cky1afjoBoi MAI 103BOJIMTE BUKOPUCTATH OTPUMAaHI1 pe3yIbTaTH MOJEITIOBAaHHS

JUISl CHHTE3Y BUCOKOIIPOAYKTHUBHOI Ta MPOrHO30BaHOI KOHCTPYKIIli IHCTPYMEHTY.



80

Jlns  moxentoBaHHS OyJi0 CTBOPEHO TPU KOHCTPYKINI MAar”iTHO-aOpa3uBHOTO

1HAYKTOpa Ha OCHOBI IOCTIHHUX HEOJAUMOBUX MAarHiTiB:

1) KoHctpykiisi 13 BHUKOPUCTAHHSIM MAarHiTy THIy «HAMIBTOp» pO3MipaMu
V40x0D25x20 13 pepoMarHiTHUM OCEPAsIM;

2) KoHcTpykiist 13 BUKOPHUCTAHHAM KOMIIOHYBaHHS 13 MHOXHHOIO IHUIIHIPUYHUX
MarHiTiB po3mipamu: D10x20 Ta ©D5x20, sKi po3TalmIOBaHi MNPOTUICKHUMHU
MOJIFOCAMU OJIMH BITHOCHO 1HIIIOTO. 300pakeHo Ha puc. 2.11;

3) KoHcTpykiiisi 13 BHKOPUCTAHHSIM OJIHOTO HEOJAMMOBOTO MAarHiTy po3MipamMu

?40x20

Puc. 2.11 Konctpyxuist Nel 13 BUKOPUCTaHHAM KOMITOHYBAHHSI 13 MHOKHUHOIO

HWIIHIPUYHUX MarHiTiB



Puc. 2.12 Konctpykitist Ne2 13 BUKOPUCTAHHSIM MarHiTy THUITYy «HAIIBTOP»

Puc. 2.13 Konctpyxkuis Ne2 13 BUKOPUCTaHHSIM MArHITY TUITY «HAIiBTOP»
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Puc. 2.15 Pe3ynbpTatu BUMIipiB Ta MOJEIIOBaHHS MarHiTHOI IHAYKIN1 AJsl IHAYKTOpa
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Puc. 2.16 PesynpTatt BAMIPIB Ta MOJICJIFOBAHHS MarHiTHOI IHIYKII1 AJ1sI 1IHAYKTOpa

«UIITKAY
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[3 pe3ynbTaTiB BUMIpIOBaHb Ta MOJIEIIOBaHHSA B MPOrpaMHOMY 3a0e3NedeHH1
pOOMMO BHCHOBOK, 110 KOHCTPYKIIisi 3 OAHUM BETUKHAM MarHiToM MOXKe OyTH Kpalioro
JUIs MarHiTHO-akTHUBOBaHUX 00po6ok (MAO) mnopiBHSHO 13 KOMIIOHYBAaHHSIM 13
MHO>KHUHOIO IIMTIHAPUYHUX MarHiTiB 3 KUTbKOX MPUYUH:

1. OmHOPIAHICTH MAaTHITHOTO TTOJISI

MoHoOMarHiTHI KOHCTPYKIIii 3a0€31euyoTh O1IbII CTa0lJIbHE Ta OJTHOPIIHE MarHiTHE
nosie. Komm BUKOPHUCTOBYETHCS OJWH BEJIMKUN MarHiT, MOXHa TOYHO KOHTPOJIOBATU
HOro XapakTepUCTUKH, TaKl SIK CHJIa Ta HANPSIMOK IOJIs, 110 3a0e3rnedye piBHOMIpHUN
BIUTMB Ha Matepiai Ta CTIAKICTh hopmyBanHs MALI.

VY noaiMarHiTHUX KOHCTPYKIISIX MAarHITHI OJIS MOKYTh HAaKJIaIaTUCA Ta B3aEMOISITH
OJIMH 3 OJIHUM, L0 MOX€E MPU3BECTH 10 HeoAHOpiAHOCTI. Hanpukiazn, nosue Bi 0qHOTO
MAarHiTy MO€ 4aCTKOBO KOMIIEHCYBAaTH a00 MOCUJTIIOBATH MOJI€ BIJl IHIIOT0, CTBOPIOIOYU
HEOJ/IHAKOB1 YMOBH 711 0OPOOKH B P13HUX TOUYKAX.

2. 3HWKEHHS CKIIAJTHOCTI KOHCTPYKIIii

KoHCcTpyKkIlis 3 OJHMM BEJIMKUM MAar”iToM 3a3BUYail MPOCTIIIl B peamizaiii Ta
HaJaIITyBaHHI, OCKUIbKM HE MOTPIOHO 3a0e3euyBaTH B3aEMO/III0 KUTBKOX MAarHiTiB abo
CKJIaJIHI CXEMH JUIs IXHBOTO TO3MWIliOBaHHS Ta KepyBaHHA. lle mo3Bomsie cmpocTtutu
KOHCTPYKIIIO OONafHaHHS Ta 3HM3UTH BHUTpPAaTH Ha HWOTO BUTOTOBICHHS Ta
ob0cimyroByBanHA. [loiiMarHiTHI KOHCTPYKIlI MOXKYTh BUMAaraTu CKJIaJIHUX MEXaHI3MiB
Ui TOYHOTO PO3TAllyBaHHS MAarHiTiB, iX KOOpJWHYBAaHHS Ta HaJallTyBaHHS, IO
MIJIBUIIY€ CKJIQIHICTh KOHCTPYKIIii Ta BapTICTh.

3. EneproedexTuBHICTS.

OauH BEeNUKHI Mar”iT A03BOJIAE€ 3a0€3MeYuTH OuIbIl €(EeKTHBHE BHKOPHUCTAHHS
MarHiTHOTO moJisl. [lpw BUKOpPUCTaHHI OAHOTO MAarHiTy MOKHa OINTHMI3yBaTH HOTO
po3mip Ta opMy, 11100 MaKCUMaIbLHO 30UIBIIUTH MarHiTHE MoJie B 00poO0ItoBaH1i 30Hi,
3MeHIIytoun BTpaTd eHeprii. IlomiMarHiTHI KOHCTPYKLII 1HAYKTOPIB MOXYTb
CTBOPIOBATH JIOKAJIbHI 30HH 3 CHJIBHUMH Ta CJIA0OKMUMU MarHITHUMU TIOJIIMH, III0 MOXKE
MIPU3BECTH JI0 BTPAT €HEPTii, 3HUKYIOUH 3arajibHy €(DeKTUBHICTb MPOILIECY.

4. TlpocroTa B ynpaBiliHHI
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Y MOHOMAarHiTHUX KOHCTPYKIISX MPOIEC YMPABIIHHS 3a3BUYai € OUIbII 3pYYHUM 1
TOYHUM, OCKUIBKM TOTPIOHO JIMIIE peryatoBaTH ojHE MarHiTHe mose. Lle mo3Bosie
MIBU/IIE Ta €pEeKTUBHIIIC HAIAIITOBYBAaTH MapaMeTpyu O0OpoOJIeHHS. Y MOJiMarHiTHUX
KOHCTPYKIIAX HEOOXITHO CHHXPOHI3YyBaTH pPOOOTY KIUIBKOX MAarHiTiB, IO MOXeE
YCKJIQJIHUTU KOHTPOJIb 1 TOYHICTH MPOIIECY, 30UIbIIYIOYH WMOBIPHICTH MOMHUJIOK a0o0
HECTaOUILHOCTI B pOOOTI.

5. MarsiTHa 1HAYKIIis Ta IHTEHCUBHICTh

OauH BeMKHI MarHiT CTBOPIOE MOTY>KHE 1 CTA0OUTbHE MarHiTHE M0JIe, SIKE PIBHOMIPHO
B3aemozie 13 MAII ta 00po0toBaHUMH TOBEPXHIMH, L0 J03BOJSE JOCATTH BHCOKOT
e(EeKTUBHOCTI TMpOILeCYy 3HATTS Marepiady. Y MOJIMarHiTHUX KOHCTPYKLISIX
e(eKTUBHICTh MOJIsI MOKe OyTH 3HM)KEHa 4epe3 Pi3HI TeoMeTpii MOJIB, 10 MOXYTh
MPU3BECTH JO CTBOPEHHS MICUb 13 MEHIIMM a00 OUIbII HEPIBHOMIPHHM IOJIEM, IO
HEraTUBHO BIUIMBA€E HA €PEKTUBHICTH OOPOOIEHHS.

6. MeHile pu3uKy MEeXaHIYHUX MTPOOJIEM

OauH BENUKHI MarHiT 3MEHIIY€ KUIBKICTh PyXOMHUX YacCTHH, 1[0 O3HAYA€ MEHIIUN
PU3UK MEXaHIYHUX MpOOJIeM, TaKuUX SK BIAXWIEHHS MAarHiTiB, TPIIIMHU, 3HOIIEHHS
KOMIIOHEHTIB, 1 3a0e3neuye OuUIbll cTaOUIbHY poOoTy oOnagHaHHSA. I[losiMarHiTHI
KOHCTPYKIIi MOXYTh BKJIOYAaTH PYXOMI YAaCTHMHM JJisi HaJalTyBaHHS MAarHiTiB, IO
MJBUIILY€ PU3HK 1X MONTKOIKEHHS 200 3001B y poOOTI.

1liocymox

KoHCTpyKIlis 3 0JHUM BEIUKHM Mar”iTom € kpamioro it MAQO 3aBasgku OiIbIIii
OJIHOPITHOCTI MO, €(EeKTUBHOCTI, MPOCTOTI YMPaBIIHHS, MEHIIIN CKIATHOCTI Ta
HU3BKUM pHU3UMKaM MeXaHIYHUX 300iB. BoHa m03Bojisie MOCATTH CTaOUIBHINIMX Ta
MPOTHO30BAHUX PE3YyJIbTATIB, IO € BAKIWBUM IS 3a0€3MEeUeHHs BUCOKOI SKOCTI

00po6IeHHS Ta €(PEKTUBHOCTI TEXHOJIOTTYHOTO MPOIIECY.
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2.5 IlinroroBKa 3pa3kiB Ta BUMIPIOBAHHSA NapaMeTpPiB 00p0o0JIeHOr0 MOBEPXHEBOI0
mapy

2.5.1 BumiproBaHHS BeJIMYMHH JedopMallii 3pa3Ka Ta HANPYKEeHb Y NOBEPXHEBOMY
mapi

byno BurotoBneHo 3pa3kd y BIVIAAI TOHKHX IUIACTUHOK 13 BYTJIELEBOi
IHCTpYMEHTAJIbHOI cTam Y9, siki Oy MeXaHIYHO OYMIICH] B1] TOBEPXHEBUX 3a0PY/IHCHb
Ta Harapy, 10 YTBOPWIKCH BHACIIIOK BUKOHAHHS TEPMIYHOTO 00poOIeHHS (BiANaTy).

Biaman mpoBomuiam i3 MeTor0 3a0e3MedeHHS CTAJIOCTI PE3yJIbTATIB MPOBEICHUX
EKCIIEpUMEHTAIILHUX JIOCTIKEHb 32 PaXYHOK HACTYMHUX ()aKTOPiB BIUIUBY TEPMIYHOTO
00pOOJICHHS HA JJOCIIIHI 3pa3Ku:

3HMKeHHSI BHYTPIllIHLOT 0 HANIPY KeHHs MaTepiaay: Binmnan nonomarae 3HiMae abo
CYTTE€BO 3MEHILYE 3JIMILIKOBI HANpyXEHHS B MaTepiall, [0 BUHUKAKOTH IICISA
MONEPEIHIX COco0iB 0OpOONEeHHS, TaKMX SK 3BapOBAaHHs, MexaHI4Ha 00poOka abo
KyBaHHS.

MikpocTpykTypHi 3minu: IIpouec Bianamy cropuse 3MiHI CTPYKTYypu MaTepiaiy,
HaIPUKJIAJ, TOJIMIIEHHIO Horo 3epHUCTOCTI. lle mo3Bosisge 3poOUTH MaTtepian OibIi
OJTHOPIJTHUM Ta CTaOUTHbHUM.

Tepmiune BupIBHIOBaHHSI CKJaay: Biagmam Moxke 3acTocoByBaTHCS — JUIs
BHUPIBHIOBAHHSI XIMIYHOTO CKJIJly B MaTepiali, 1110 J03BOJIE€ 3MEHIIIUTA HEOAHOPITHICTh
Marepiaiay Ta HOKPaIIUTH HOTrO BIACTUBOCTI.

BunanenHs moBepXHEBOTO MIapy MPOBOAMIOCH METOAOM IUIOCKOTO IITihyBaHHS HA
Bepcrati wmoxa. 3I71M. Ilicns doro 3pa3ku (iKCyBaiducs B  CHEIIAIbHOMY
TEXHOJIOTIYHOMY TMPHUCTPOI, BUTOTOBJICHOMY 3 (EeppOMarHiTHOTO Marepialy, 3a

JOTIOMOTO10 JIBOX TBHUHTIB (puc. 2.17).
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Puc. 2.17 IIpuctocyBanns s dikcallii ToCIiAHUX 3pa3KiB s nposeneHHss MAO [45,
46]

O06pobeHHs 3pa3KiB BUKOHYBAJIOCh Ha HIMPOKO-YHIBEPCAITBHOMY
IHCTpYMEHTalIbHOMY BepcTati Mozeni 6b75B®1. BpaxoByrouun nonepeaHi A0CTIHKEHHS
[63-68] 00pobIeHHS BUKOHYBAJIOCH 31 MBHUAKICTIO 00epTanns 900 06/xB Ta mogayero 10
MM/XB 13 Bapiali€ro BEIMUYUHNA pOOOUYUX 3a30pIB B MeXax B 3-X 10 5-u MM. OOpoOiaeHHs
MPOBOJMIN 1HAYKTOpoM 13 MAI Tumy «imitkay 13 BUKOPUCTaHHSIM ac(oiy y sIKOCTI
30TC. B skocti abpa3uBHUX MarepiaiiB OyJ0 3aCTOCOBAHO HACTYIHI MOPOIIKH:
ockoJIKoBHil piBHOBICHUI Pepoman 630/400 MkMm, okpyrinid HepiBHOBICHUM Llapamam
630/400 mxm Ta okpyrauii piBHoBICHUH S330 1200/900 mxMm. Takuit BuOip mopoiikiB 6yB
00yMOBJIEHUI HEOOX1IHICTIO AOCTIANTH BIUIMB MOPOLIKIB PI3HOI Fr€OMETPUYHOI (PopMu
Ta po3mipy (pakiii Ha mporec ¢GOpMyBaHHS MMapaMeTPiB MOBEPXHEBOTO IIaApy IPHU
nposeneHHi MAO B yMOBax MajiMX MarHiTHUX 3a30DiB.

BumiproBanns Besnunnu Aedopmanii 3pa3kiB BHacaigok siiimBy MAQ

BuwmiproBanns BenmuuuHu nedopmaiiii 3paskiB, M0 BUPAKAETHCS y MPOTHHI
3pa3kiB, MPOBOAWIOCH ONTHYHHM METOJOM 3a JOMOMOIOI I1HCTPYMEHTaIbHOTO
MIKPOCKOIY. 3pa3ku Ticisg 00poOieHHs (PIKCyBaMCh Ha IUIOCKO-TIapaieNbHIM
nutioBaHif TUTACTHHI 32 JTOMIOMOTOI0 CTPYOIMHH, MICIs YOTO 3A1MCHIOBABCS BUMIP
BIJIXWJICHHS B1Jl apajebHOCTI 3pa3ka BIIHOCHO MIACTUHU. J1J1sl KOKHOTO 3pa3Ka MpOruH

BUMIPIOBABCSI YOTUPHU Pa3u: MO JBa BUMIPIOBAHHS Ha KOKHOMY 3 TopiiB. Ile Bukitodae
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MOJKJIMBI CIIOTBOPEHHS PE3yJIbTaTiB 3a PaxyHOK HEPIBHOCTI 3pa3ka B IMOMEPEUYHOMY
HampsMKy. B mopanpimoMy oOuuciioBanu cepenHe apudMeTHUYHE 3HAYCHHS 3 JIBOX
BUMIPiB Ha KOXKHOMY Topiii. [Ticiis yoro BupaxoByBaiiu cepeHe apuMeTHIHE IS TBOX
TOPIIIB, SIK€ BUKOPUCTOBYBAJIM B TIOJATBIITUX po3paxyHKax. CxeMy BUMIpIOBAHHS MOKHA

nob6ayuTu Ha puc. 2.18.

3paaox

Cmpybyura
[ npoauH 3pasKa

.\
\ S0Hu 3amucKanHA_

4 / ﬂnucmnapanenbﬂa nnacmuHa

Puc. 2.18 Cxema BumiproBaHHs aedopmairii 3pazka
JUis 3py4HOCT] B MOAAJBIIOMY PO3paXyHKU BHYTPIIIHIX HAIpy>KEHb BUKOHYBAJIU
13 MIpKyBaHb TOTO, 1110 MM MAa€EMO CIPaBy 31 3pa3KOM y BUTJISI/II KOHCOJIBHOI Oanku [69]
JOBXHHOIO / HABAaHTA)XEHOI PIBHOMIPHO PO3MOAUICHUM HABAaHTAXEHHSM ¢, SIKE IMITY€

JIit0 MarHiTHO—a0pa3uBHOTO IHCTPYMEHTY B mpoiect MAO.

Y

Puc. 2.19 Po3paxyHkoBa MOJi€Jib
B 3amiemienHi BUHMKA€E peakTHBHA cuila R4 = gl i peaktuBHuI MOMenT My = ql/2.
Burunarounii MOMEHT B IOBUTHLHOMY MOINIEPEYHOMY TIepepi3i OaJIKu — HAMPUKIIAl JeSKOi

touku K, 1110 po3raiioBaHa Ha BIJICTaHi X B1J] 3allIEMJICHHS MOXKHA BU3HAYUTHU SIK:

2

2
M(x)=—%+qlx+%; (2.3)
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Jlns toro mio0 3HAWTH (YHKIIOHAJIBHY 3aJ€KHICTh MPOTHHY OalKK MOTPIOHO

po3B’s13aTu AudepeHIianbHe PIBHIHHS, SIKE OMUCYE JIHII0 BUTHHY OaJKU:

M(x)

12 _
y (x) - EL ’ (24)
X
BukoHaBIIu moaBiliHEe iIHTETPYBaHHS 000X YaCTHH PIBHAHHS OTPUMAEMO:
1 (qlx® qx* )
X) =— ——+cx+0c); 2.5
yo) = o (- Lt ex ) (2.5)

Jlns BU3HAUYEHHS CTAJIMX IHTETPYBaHHS C; 1 C; OyJeMO BpaxoBYBaTH, IO JIBUM KiHEIb
OaJIKM KOPCTKO 3aKPIIJIEHO, TOOTO KyT MOBOPOTY 1 MPOTHH B 3aIEMJIEHH] JOPIBHIOIOTh
HYJII0. 3B1JIKM MPOTMH HA BUIBHOMY KiHII Oanku Oy/ie BU3HAYATHUCS SIK:

* 8YmaxElx
y() =gos > a =" (2.6)

3HaIOYM 3HAYEHHS 3rMHAIBHOTO MOMEHTY BHPA3UMO PO3IMOAUICHE HABAaHTAXEHHS Yy

BUTJISIL:

MO =5

2.7)

_ZM-
_l—Z’

2.7)

: . M :
3 3aJIe)KHOCTI HOPMAJIbHUX HaNpyXeHb PU 3TUHI OaJKu 0 = ~,_» BPaxoByioun 2.7)1
X

(2.8) 1 Te, 110 MOMEHT 1HEPIIii Ta MOMEHTY OIOPY MPH 3THHI JJIsl MPSIMOKYTHOTO Tepepizy

bh3 . bh?
BU3HAYAIOTHCS SK: [, = Ty W, = v OCTAaTOYHO JIJI1 BU3HA4YEHHS 3aJIMIIKOBUX

HaIpPY>KEHb 10 BEJIUMYMHI MPOTHHY 3pa3ka OTPUMAEMO HACTYIHY (GOpMYITy:

2YmaxEh
o = l—z (29)

He: o — nanpy>xxenns (Mlla);
Vmax — BEJIMYMHA BUTHUHY 3pa3ka (Mm);
E — monymio FOura (I'Tla);

h — ToBmMHa 3pa3ka (MM);
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| — noBxxK1HA 3arOTOBKH (MM).

2.5.2 BumiproBaHHs TOBEPXHEBOI MiKpPOTBEPAOCTI 00p00/ICEHOr0 APy MaTepiany
3pa3KiB

JIyist BU3HA4YCHHS TIMOWHU PO3TAIlyBaHHS Ta TOBIIMHHM IIapy MaTepiaiy, 10 3MiHHUB
CBO1 BJIACTMBOCTI BHACHIJIOK MAarHiTHO-aOpa3WBHOIO OOPOOJICHHS OyJI0 BUMIPSHO
MIKPOTBEPICTh TOBEPXHI MO TIAMOWHI 3a J0moMoror MikporBepaomipa [IMT-3 puc.
(2.20). - nmpwiamy A BUMIPIOBaHHS — MIKpOTBEPAOCTI  MarepiajiiB, SKUH
BUKOPHUCTOBYETHCS ISl OI[IHKK TBEPJIOCTI MOBEPXHEBUX IIapiB a00 Manux 00'€KTiB, Je
3aCTOCYBAaHHS TPAIUIIITHIX METOAIB TBEPAOMIPIB HEMOXIIMBE Yepe3 Malli po3Mipu abo
TOBIIMHY Matepiany. BumiproBanHs 3acHoBaHe Ha MeToi ipu3Mu Bikkepca abo Kuyma,
IO /I03BOJISIE BUMIPIOBATH TBEPIICTH MaTepiaiiB MUISIXOM 1HACHTYBaHHs MOBEPXHI 3a
JIOTIOMOT'OI0 J11aMaHTOBOI mipaMiau. [Ipunan npuzHaueHuit AJ1 BUMIPIOBaHHS TBEPIOCTI
B MiKpooO'eMax, 30KpeMa JJIsi Jy’Ke€ TOHKMX a00 JOKaJIbHUX MOBEPXHEBUX IIApiB, a
TaKOXX IS BH3HAYCHHS MIKPOTBEPAOCTI B MaTepiamax, /e HEOOXITHO OIIHUTH
BJIACTUBOCTI Ha MIKPOPIBHI (HAMPUKIIAJ, TP MEPEBIPIIl TOBEPXHEBOTO 00poOIeHHS ab0
JOCJIIDKEHHS CKJIay CIjiaBiB). Y mporeci BumiptoBanHs [IMT-3 BUkoHye iHACHTYBaHHS
MOBEPXHI MaTepiaay 3 BUKOPUCTAHHSM CTaHJIAPTHOI J1aMaHTOBOI MipaMiay, HIiCs 40TO

BU3HAYAETHCS PO3MIP BIIOMTKA, IO I0O3BOJISIE OOYMCIIUTH BEIMYUHY TBEPIOCTI.

Puc. 2.20 Mikpotsepaomip [IMT-3
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BumiproBaHHsS MiKpOTBEPIOCTI BUKOHYBAJIM B HACTYITHOMY TOPSIIKY:
1. 3akpinuTu 3pa3ok mapajieabHO poOOUii MIIOUMHI CTONA;
2. [TomicTuTH MigXOAsIIe HABAHTAKCHHS,
3. OGpatu micre a1 yKOIy;
4. [InaBHO MOBEPHYTH pOOOYUI CTLI MPOTU TOAMHHUKOBOI CTPLIKHU A0 YIOPY;
5. [InaBHO MOBEPHYTH PYKOATKY MPOTU TOJWHHUKOBOI CTPITKA OMYCTUTH IITOK
Tak, 100 anaMa3 TOPKHYBCS MOBEPXHI JOCHIKYBAaHOTO 3pa3zka. PyKosATKy moBepTaTu
npuom3Ho Ha 180° Ha mpotsazi 10-15 c. Ilicas HeoOXimHOT BUTPUMKH (5 C) Tija
HABAHTAKEHHSM MOBEPHYTH PYKOSTKY B BUXIJIHE TTOJIOKECHHS;
6. BuMipsatu niaronasns BiIOUTKA 3a IONIOMOTOI0 OKYJIsipa MIKpOTBEPIOMIPY.
3HaueHHs TBEPAOCTI, 110 OyJia OTpUMaHa BHACTII0K 00pOOJIEHHS PO3paxOBYBaIH 32

HACTYIHOIO (POPMYJIOIO:

P
H = 1854 —; (2.10)

Jle, H — 3HaueHHs TBEpAOCTI, KI/MM2;

P — naBanTaxkeHHs, T;

C — miaroHanb BiIOUTKA B MKM.

JIsi BU3HA4YEHHS CTYMEHIO 3MIIMHCHHS ITOBEPXHEBOTO IMapy Martepialy 3pa3ka
BHACIIJIOK yAapHO-GPUKIIINHOI B3a€MOJIT MarHiTHO-aOpa3WBHOTO TOPOIIKY OyIii0

BUKOHAHO PO3PaXyHOK KOe(ILIEHTY 3MIIIHEHHS 32 HACTYTHOIO (POPMYJIOI0:

K _ HVOCT_HVHO‘{,
HVpoq ’

2.11)

e, K — koeditieHT 3MIITHEHHS;
HVoct — 3HaueHHs! MIKpOTBEPIOCTI OCTATOYHE;
HVnou - 3HaueHHst MiIKpOTBEPIOCTI MOYATKOBE.

OnTuyHi1 cCXeMH BUMIPIOBaHHS BIJOWTKIB HaBeIeH1 Ha puc. 2.21.
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Puc. 2.21 Cxemu BuMiproBaHHs B1IOUTKIB (BU B OKYJISIP1)

2.5.3 O0rpyHTyBaHHSI BHOOPY TOPIEBOI MOBEPXHI iIHAYKTOpa

[TonepemHi TOCITIHKEHHS TTOKA3aJIH, 0 HaWpaIliOHAIBHIIIOW KOHCTPYKITIE€0 poO0vOoi
MOBEPXHI TOPIIEBOro iHAYKTOpa 13 MAI Tuiy «1iitka» € moBepxHs, Ha sIKii HaHEeCeHO 9—
12 pagiaJibHO OpPiIEHTOBaHHWX BHUCTYIIB y (OpMi TPUKYTHHUKIB. BHKOpHCTaHHS Takux
TOJIOBOK JIO3BOJIAE JAocsiratd e(eKTUBHOTO (OPMYBaHHS IMIOPCTKOCTI OOpOOICHHUX
noBepxoHb 3 Ra < 0,03 MkM mnpu modarkoBiii mopctkocti Ra Ha piBHl 0,8 MKM.
PesynpTat mpoekTyBaHHS Ta BUNPOOYBaHb TOJIOBOK THUIy 3ipouka 12 mpaMux
paaiaibHUX TMPOMEHIB (puc.2.22), pamiaibHO po3TamoBaHi 60 PIBHOCTOPOHHIX MipaMiJl
(puc. 2.23), papiasibHO po3TaiioBaHi 60 pIBHOCTOPOHHIX NPSIMUX Mapajielienineis (puc.
2.24), pagianbHO pO3TaIIOBaHi 6 KPUIOBUIHUX BUCTYIIIB 13 00MEXYBaJIbHUM 0011KOM Ha
nepudepii (puc. 2.25), 3ipouka i3 18 npamux pagiaibHUX TPOMEHIB TPUKYTHOTO IEpepizy
(puc. 2.26), 3ipouka 6 CEepHOBUAHMX paJiaIbHUX MPOMEHIB (puc. 2.27), 3ipouka 6
NpsSMUX pajiadbHUX TpoMeHiB (2.28), 3ipouka 13 12 mpsMux pagialbHUX MTPOMEHIB
TPUKYTHOTO mepepidy (puc. 2.29) ta pamianbHo posTamoBani 60 nuniaapis (puc. 2.30)
HaBeJIeHI Ha pUCyHKax Hmkue. KpuBl Ha pucCyHKax BiI0OpakaroTh 3MIHY 3HAYCHHS
IIOPCTKOCTI B3JIOBXK — CHHS KpHUBa Ta BIIONEPEK — YEPBOHA KPHUBA, BITHOCHO HAIPSIMKY

00po6sIeHHS (hpe3epyBaHHSIM.
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HacaJoK: 31poyka 6 MpsSMUX paaiajibHUX MPOMEHIB, padialibHO po3TamioBaHi 60
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PIBHOCTOPOHHIX TipaMiJl, 31poYka 13 MPSIMUMH paiaIbHUMU TPOMEHSIMH TPUKYTHOTO
nepepizy Ta KOHCTPYKIIIT 13 Bapialli€ro KUTbKOCTI TPOMEHIB.

ChniulbHUM JJ19 3a3HAQYEHHX TOJIOBOK € HHU3bKa BEJIMYMHA BIJHOCHOI TYCTHHHU
3aMOBHEHHS Ha BepmIMHax BUCTymiB. Ciij 3a3HA4YMTH, M0 13 3a3HAYCHOI TEHACHITII
BUIIAJIa€ HACaJKa 13 MIiCThMa paialbHUMU MPOMEHsIMHU. [103UTHBHY pOJIb Ma€ KiIbKICTh
pagianbHO po3ramoBaHux BucCTymiB. [lokazano, mo HasgBHICTE 6-18 pasmianbHO
pO3TaIllOBaHUX BHUCTYIMIB 3abe3medye, HaBiTh 3a IMBHAKOCTI Mmojadi 35 MM/XB,
nocsirHeHHs mapamerpa Ra < 0,15 mxM. Ile nos's3ano 3 ocoGnuBocTsIMU (HOpMyBaHHS
MAI Ha TopI1ieBiii MOBEPXHI I'OJIOBKH, KOJIA PajialibHiI BUCTYIH 3a0€3MeUyI0Th YMOBH, 32
SKUX IIBUAKICTh TMEPEMIIIEHHS YaCTUHOK BIIHOCHO TMOBEPXHi, M0 0OOpoOJseThCs,
MIHIMQJIBHO BIIPI3HSAETHCS BiJ IMIBUAKOCTI OCHOBHOTO POOOYOr0 pPyXy TOJOBKH —
o0epTaHHs HABKOJIO BIIACHOI OCI 1 [TPU LIbOMY HE MOPYIIYEThCS O€3MepEPBHICTh KOHTAKTY
MAL. 3 00po0OmroBaHO0 OBepxHEr. KpiM 11p0r0, nepes KOKHUM BUCTYTIOM (POPMYETHCS
CTiMiKa, KBa3icTablIbHA 30HA 13 YIIIJILHEHOTO MarHiTHO-a0pa3MBHOTO MOPOIIKY — 30HA
3aKJIMHIOBAHHS, 10 CIPUSE MIJBUILIEHHIO €)EKTUBHOCTI OOPOOKH.

[TinTBepmKkeHHsIM (OPMYBaHHS BIJHOCHO CTaOUIBHOI 30HU 3aKJIMHIOBAHHS
MOXYTh OyTH pe3yJbTaTh, OTPUMAaHI Ha Hacajkax 3 pisHUMU (HopMaMu BUCTYIIIB, B TON
yac K TUIbKM BHCTYNM MipaMiiadbHOl (opmMu 3a0e3MeuyroTh BIAHOCHO BHUCOKI
MOKa3HUKUA 1O OOpoOIll MpH Malliii BEJMYWHI HIUIBHOCTI 3allOBHEHHS Ha BEPIIMHAX
BHUCTYIIIB, aji¢ MpH I[bOMY BIHOCHO CTIHKO yTPUMYIOTh Yy KBa3iCTaOUIbHOMY CTaH1
VIIUTBHEH1 CKYIMYEeHHS a0pa3sMBHOTO MOPOIIKY, siIKi (OPMYIOTh 30HHM 3aKJIMHIOBAHHS
HeoOximHo Bim3HAUUTH 1 pe3yNbTaTh 3MIHM MapaMeTpiB MIKpOmpoQuI0 MOBEPXHI
3aroToBok miciii MAO roioBKOIO 3 HaCaJKO — 31poyka 3 6 CEeprOBUIHUX padialIbHUX
npoMeHiB. OTpuMaHi pe3yJIbTaTh CYTTEBO TipIiIi, HIXK TPH 00p0OIIi TOJOBKOIO 3 MPSIMUMHU
MPOMEHSIMHU, 1110 MOB'SI3aHO 3 OCOOJIMBOCTSIMU PyXYy MarHiTHO-aOpa3MBHOTO MOPOILIKY B
30HaX OOpoOKM Ta BHUMAarae JO0JIaTKOBUX JIOCTI/DKEHb, TOB'SI3aHUX 3 PI3HOIO

KOH(iryparriero Ta po3MipaMu pagiaibHO PO3TAIIOBAHUX BUCTYIIIB
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PO3JLT 3

BIIJIMB MAO HA ®I3UKO-MEXAHIYHI BJIACTUBOCTI TA
MIKPOI'EOMETPUYHI XAPAKTEPUCTUKHU OBPOBJIIOBAHUX
IHOBEPXOHDb

®dinimHa 00poOKa IUIONMH (PEpOMarHiTHUX JeTaled Ha CTaHJIapTHOMY
MeTaopi3albHOMY 00JIaJHAHHI BUMarae BUKOPUCTAHHS CHeIiaIbHUX 1HCTPYMEHTIB, SIKi
MOBUHHI 30epiraTd CBOIO reoMeTpuuHy ¢GopMy, aOpa3uBHY Ta MOJipyroudy 37aTHICTbH
OPOTATOM YChOTO ITMKIYy OOpOOKH, a TakoX e(EeKTUBHO BUIAIATH MaTepiai, IIo
BUJIAJISIATHCSA, 3 30HU pi3aHHA. JlJIg IbOrO 3aCTOCOBYIOTHCS a0pa3WBHI IHCTPYMEHTH 3
PYXOMUMU a0pa3suBHUMH YACTKAMH, 110 YTPUMYIOTHCS Y TIJBIIIEHOMY CTaHI MarHITHUM
M0JIEM — TaK 3BAHOIO «BIPTYaJIbHOIO» 3B'13K010. Takuil IHCTPYMEHT, 1110 (OPMY€EThCS 1A
yac oOpoOKM, HA3WBAETbCS MAarHiTHO-aOpa3suBHUM iHCTpyMeHTOM (MAI), 1 BiH Mae
YHIKaJIbHI XapaKTePUCTUKHU, 110 JO3BOJISIIOTH €PEKTUBHO 00pOOIIATH BaXKKOOOPOOIIIOBaH1
Marepiajid 3 BUCOKOK MPOIYKTUBHICTIO Ta 3a0€3MeunTy e(PEeKTUBHE TEIIJIOBIIBEACHHS 13
30HU pi3aHHA. BUKOpHCTaHHS MOCTIHHUX BHCOKOCHEPTIMHUX HEOJMMOBHUX MATHITIB y
KOHCTPYKLIAX TEXHOJIOTTYHUX IPUCTPOIB, 1110 BUKOPUCTOBYIOTHCS JJI CTBOPEHHSI TAKOTO
IHCTPYMEHTY y BUIJISIAI PI3HUX THUITIB TOJIOBOK (KUJIBLIEBUX, TOPIEBUX 1 pajliaJiIbHUX),
703BOJIsIE (POPMYBATH «BIPTYalbHY» 3B'S3Ky 0€3 3HAYHUX 3MIH y KOHCTPYKIIi Ta
TeXHOJIOT1i BepcTariB. OAHAK AJIg MPABUIBHOTO (DYHKI[IOHYBaHHS TaKUX MarHiTHUX
TOJIOBOK HEOOXIJHO PETENbHO MPOAYyMaTH iX KOHCTPYKI[IIO, BKIIIOUAIOYM T€OMETPII0
poOOYHMX TOBEPXOHB, TUM 1 (HOPMY MArHiTiB, X PO3TAllyBaHHS B KOPITYCi TOJOBOK, a
TaKOX HASBHICTh €JIEMEHTIB /I KOHIIEHTpalli MAarHITHOrO TOJiE 1 OCOOJUBOCTI
reoMeTpii poOOUYMX MOBEPXOHb.

[Toni6H1 BUMOTH, 10 MATHITHUX TOJIOBOK, (POPMYIOTHCS TIEPIII 32 BCE HEOOX1HICTIO
JOTPUMAaHHS Ta BUKOHAHHS B TPOIIEC] iX €KCIUTyaTallii BUMOT, 10 € KIIOUYOBUMH IS
MPOBENICHHS €(PEKTUBHOTO MPOIECY MAarHITHO-a0pa3uBHOT 00poOiaeHHs [26, 27, 63].

AHani3 AOCHI)KeHb BUKOHAHMX TMOMNEpeAHUKaMU B cdepi (iHIIIHUX METO/IB
00pOOJICHHS TJIOCKUX MTOBEPXOHB JOBIB JIOIUIbHICTS BUKOPUCTAHHS MarHiTHUX TOJIOBOK

topueBoro tumy [40, 46, 47].
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JlocmPKeHHSAMU TIPOBEACHUMHU PaHiIle PO3MJISIHYTO BIUIUB (DOPMU pOOOUHMX MOBEPXOHD
MarHiTHUX T'OJIOBOK, a TaKOXX MaTepialy MarHiTiB, TEXHOJOTTYHUX YMOB OOpOOJICHHS,
OyJl0 TOBEJEHO, 110 HAWKpallll Pe3yJIbTaTH MAaIOTh MICIE TIPU BUKOPUCTAHHI MOPOIIKIB
tuny depomar 3 ynaMKoBOIO (POPMOIO YACTHHOK, OTPUMAHUX METOJOM PO3IMUJICHHS 3
pO3MJIaBy 3 HACTYMHUM iX JAPOOJCHHSM, PO3MENIOBAHHSIM Ta PO3MOJIJIOM METOJI0M
cenaparlii Ha gpakiii. [lokazano, mo Tun MAI, mo dbopmyeTbes Ha ToplEBii poboyiit
MOBEPXHI MarHiTHOi TOJIOBKM BH3HAYa€ palliOHAIbHI YMOBH OOpOOKH, HEOOXIAHI IS
JOCSITHEHHSI MIHIMalIbHOI MIOPCTKOCTI. ToMy OJIHHMM 13 BIUIMBOBUX (DaKTOpiB Ha
napaMeTpUYHUN CTaH MOBEPXOHb OOpOOIIOBaHUX JAeTaliel, OKpIM BHUIIE 3a3HAUYEHUX
YHHHUKIB, € CTpyKTypHHUH ckiag MAII, mo ¢opMyeTbes Ha poOOUMX MOBEPXHSIX

MarHiTHO-aOpa3uBHOI'O IHCTPYMEHTY.

3.1 BiuiuB BeJIMYMHHU PO00YOro 3a30Ppy HA MapaMeTPH IIOPCTKOCTI Ta

XapPaKTePUCTUKHU ONMOPHOI OBEPXHI JeTaJjiei

[TouaTkoBHUM eTanoM AOCHIIKEHb OyJI0 BU3HAYEHHS BIUIMBY BEJIMYUHU
Mar"iTHOTO 3a30py Ha BuxiaHy micisi MAO mopcTKicTh, BUCOTHI MOKa3HUKH BUCTYIIIB
Ta 3anaguHd. OTpumMani pe3ynbraTi (puc. 3.1) 1eMOHCTPYIOTh, 1110 HaWMEHIII 3HAaYE€HHS

napameTpiB (OPMYIOTHCS TIPH 00pOOIIi 3 BETUIMHOIO pOOOYOTO 3a30py 2 MM.

0 50 100 %
0.00 i

1.33
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0 50 100 %
0.00

1.62

3.04

4.57

6.09

0.00

211

4.23

6.34 1

8.46 I :: 1 I I 1 I I 1 1 I ] 1
um O 5 10 %

Puc. 3.1 TpuBumipae 300pa>keHHs, YaCTOTHUN PO3MOALIT BUCOT MIKPOHEPIBHOCTEH Ta

BEJIMYMHA OMOPHOI moBepxHi 10 MAO

Bigznaunmo, 1110 3a3HaueH1 BUIIE JTaH1 MATBEPIKYIOTh, PE3yJIbTaTH JOCIIKEHb
npoBeneHux B [17, 26]. BapTo 3a3HauuTH, 1110 TP 3HAYCHHSIX BEJIMYUHU POOOYOTO
3a30py B Jiama3oHi 2 ... 3 MM BUKOHYETHCSI aKTHBHA 00poOKa BIaauH MiKpOmpodiIro Ta
3MEHIIICHHS XBWJIACTOCTI TOBEPXHI, M0 (DOPMYETHCS BHACIIIOK BEPCTaTHOT 0OPOOKH
TopueBUM (hpe3epyBaHHAM. 30BHIIIHIN BUTTSA (TPUBUMIPHE 300paKeHHSI ), YaCTOTHHIMA
O30T 3HAYE€Hb BUCOT MIKPOHEPIBHOCTEH 1 3aJI€KHOCTI 3MIHU OMOPHOI OBEPXOHb
npodiiro micist 06pobaeHHs MAO 3 BennuuHO0 podounx 3a30piB Big 1,5 MM 10 5 MM

npejcTaBiieHl Ha puc. 3.2-3.5.
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Puc. 3.2 T'icTorpama 3MiHM BETMYUH MapaMeTpl Mikporpodiiro noBepxHi Sa, Sp, Sv B

3aJIe)KHOCTI BiJ] BEIMYMHHA PoO0UOTO 3a30py mig yac MAO

—

20 %

Puc. 3.3 TpuBumipHe 300pakeHHs, YaCTOTHUN PO3MOJILT BUCOT MIKPOHEPIBHOCTEH T a
BEJIMYMHA OTIOPHOI OBEPXHI Mpodinto oTpuManoro miciss MAO 3 BeTHunHOIO

poboyoro 3a30py — 4 MM

10 15 %

Puc. 3.4 TpuBuMipHe 300pa>keHHS, YaCTOTHHUM PO3MO/ILJT BUCOT MIKPOHEPIBHOCTEH T a
BEJIMUMHA OMOPHOI MOBEPXHI podiato oTpumanoro miciist MAO 3 BeIU4rnHOK0 poOoUTo

3a30py — 4 MM
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135

269

404 4

539 4
; am O 3 10 15 %

Puc. 3.5 — TpuBumipHe 300pakeHHs, YaCTOTHUHN PO3MOIi] BUCOT MIKPOHEPIBHOCTEHN T a
BEJIMYMHA OMOPHOT MOBEPXHI Mpodimto oTpuManoro miciast MAO 3 BeITUYMHOIO poOOUro

3a30py — 4 MM

Ha ocHOB1 oTpuMaHuX JaHMX, a TAKOX BI3yaJIbHUX CIIOCTEPEIKEHD IT1]1 Yac
eKCIIEPUMEHTAJIFHIX 3aX0/1IB BAPTO BIIMITUTH, IO B 3aJICKHOCTI BiJ] BEIMYUHHU (PpaKIIii
00paHOro MarHiTHO-a0pPa3WBHOTO MOPOIIKY ICHYIOTh palioHaIbHI 3HAYEHHS MAarHITHUX
3a30piB, 110 BiJMOBIAAIOTH NMEBHIM BEIMUMHI (PpaKIlii MOPOIIKY, a TAKOK BUKIIIOYAIOTh
map>KyBaHHA — Ae(PEKT MOBEPXHEBOTO TPy, IO BUHUKAE BHACIIOK IPOHUKAHHS Ta
3aKpiTUIeHHs a0pa3uBHUX YACTOK B MOBEPXHEBOMY IIIapi 00po0OIIIOBaHOTO MaTepiary. 3a
BEJIMYMHU 3a30py MEHIIIE HIXK 1,5 MM BiIOYBa€eTHCS IPOIIEC aKTUBHOTO BUIAJICHHS
MaTepialy, aje MpH [bOMY CIIOCTEPIrar0ThCS YacTi BUMIAAKH Iap>KyBaHHs. [Ipu
nposeneHHi MAO 13 MarHiTHUMU 3a30paMu MOHAJ 5 MM 00pOOJIEHHS HE B1I0OYBA€THCS
BHACJIIIOK HEJOCTaTHLO1 aOpa3uBHOI Ta MarHiTHO1 B3aeMoii MAI ta 00po6:roBaHO1
nmoBepxHi. B OUIbIIOCTI BUNIAJKIB pallioHaTbHUM 3HAYEHHSIM POO0YOro 3a30py AJis

BuripoOyBaHux MAII ctaHoBUTE OJU3BKO 3-X MM.

3.2 BnuimB IIBHAKOCTI 00epTaHHS Ta MOAAYi HA MapaMeTPH IOPCTKOCTI

MOBEPXHI aeTasei

AHai3 BIUIMBY IMIBUAKOCTI 0OEpTaHHS IHIYyKTOpa Ha mapametrpu Sa, Sp, Sv OyB
BUKOHAHUM 3a CTAJIO1 BETUYMHU MArHiTHOTO 3a30py — 3 MM Ta nogadi iHaykropa — 10 Mmm
/ xB (puc. 3.6). BcraHOBIE€HO, IO HAWIINIII 3HAYEHHS 3a3HAYEHUX MapaMeTpiB
OTpUMYIOThCs ipu BUKOHaHHI MAOQO 31 mBuakoctsimu obeptanns 500 ... 1000 o6 / xB.

301IbIIeHHS MBUIKOCTI obepTaHHs iHAykTopa moHax 1000 o0 / XB mpU3BOAUTH 10
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MOPYIICHHS MexaHi3My B3aeMmofili eneMeHTiB MAI 13 00po0iroBaHOIO MOBEPXHEI —
BiI0OYBAa€ThCS aKTHBHE NPOCKOB3YBaHHS Ta IMPOBOPOT YACTHHOK (eppoabpazuBHOTO
MOPOIIIKY BITHOCHO 00pO0IF0BaHOT MOBEPXHI, 110 HE 3a0e3MeUy€e CIPUITIUBUX YMOB IS
NPOTIKAHHA TPOIECIB TOJIpyBaHHSA Ta MiKpopizaHHsa. Bim3Haummo, MmO MIBUIKOCTI
oOepTaHHs 1HAYKTOpa, MPH SKUX BHUKOHYETHCS AKTHMBHUUN IMMOBOPOT YACTHUHOK B 30HI
KoHTakTy MAI 13 moBepxHer0 3pa3ka 301ratoThCsl 3 pe3yjbTaTraMu, HaBeJIeHUMHU B [18]
OpU  JTOCIIHPKEHHI MAarHiTHO-peojoriyHux xapakrtepuctuk MAIL Tlpu 3HadeHHsAX
mBuaKocTi ooepTanus rmoHas 1000 06 / xB, MAI He BcTurae BiTHOBIIOBaTH CBOIO (hOpMY

Yy MarHiTHOMY I10Ji, a ¥ BI/IMOBIJTHO 1 HE BUKOHY€E aKTUBHOTO Ta €(heKTUBHOTO BUAAICHHS

Marepiainy.
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Puc. 3.6 — I'icrorpama 3MiHM BEJIMUMHU NTapameTpiB Mikponpodiito Sa, Sp, Sv B

3aJICKHOCTI BIJ] 4aCTOTH OOEpTaHHS 1HAYKTOpa

JlocmimkeHHsT BIUIMBY IMBUJIKOCTI TMOJavi TOJOBKM mpu mnpoBeaeHHI MAO
JEMOHCTPYIOTh, IO TPH 3HAYEHHAX MmBHUAKOCTAX monadl 20, 30 1 50 mm / XB.
BinOyBaeTbcs TmiepeBaXkHE AHUCTIEPTYBaHHS BEPIIMH MIKPOHEPIBHOCTEH MIOPCTKOT
MOBEpXHI 0e3 akTUBHOI 00poOkM 3amamauH. [Ipu mBuakocTsax momayi 5-15 mm / xB

BUKOHY€ETHCA IIOBHE PO3MOJIPOBYBAaHHS MIKPONPOPIIO 13 aKTUBHUM BHJIAJEHHSIM
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€JIEMEHTIB CITaJIKOBOCTI 0OpOOKH, OTPMMAHOI BHACIIIOK 0OpoOJIeHHST (Ppe3epyBaHHSIM.
XapakTep 3MEHIICHHS BHCOTH MIKPOHEPIBHOCTEH 1 OKPEMHUX €JIEMEHTIB XBUJISICTOCTI

HaBeJICHO Ha puc. 3.7

Puc. 3.7 — 3D 300paxkenns noepxHi miciast MAO 13 pi3HOIO MIBUIIKICTIO TTO/1a4l

po6ouoi rosioBku: a) — 15 mm/xB, 0) — 10 MM/XB., B) — 5 MM/XB.— (B).

3mina mapameTtpiB Sa, Sp, Sv Ipu pi3HUX MIBUAKOCTAX M0a4i HaBeAeHI Ha pucC. 3.8

18

s,
1,6

ms
1,4 )
ISV

MKM

S

w12

[

8S.,,

1,0

o

0,8

amemp

® 0,6

% 0,4
X
0,0
5 10 15 20 30 50

Weudkicmb nodaydi 20106KU, MM/X8

d

3HayeH

Puc. 3.8 — I'icrorpama 3MiHU BEJIMUMHHU IMapaMeTpiB Mikponpodiio Sa, Sp, Sv B

3aJIe)KHOCTI BiJ] IIBUKOCTI 1MOAa41 TOPLIEBUX FOJIOBOK

[Ipu cmiBcTaBlieHHI OTPUMAHUX PE3yJIbTATIB 3 JaHUMHU 3MIHU IapaMmeTpiB Sa, Sp,
Sv, orpumanumu npu MAO iHgykTOpamu 13 MAI TUNy «IiTKa», «HAMIBTOp» Ta ix

KOMO1HaIli1 CBITYUTH PO T€, IO AJIS BCIX TPHOX TUIIIB 1HAYKTOPIB PIBEHb IIOPCTKOCTI,
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10 aocsraerbes mcist MAO NMpakTUYHO 1A€HTUYHUN, BIIMIHHICTD MOJISATAE Y TOMY, IO
nporec MAO ronoBkamMu TUITY «IIITKa» BUKOHYETHCS 13 MIJBUIIICHOIO PO yKTUBHICTIO
0COOJIMBO 3 TOYKH 30py 3HMIKEHHS XBWISICTOCTI 1 OKPEMHX EJIEMEHTIB CHaJKOBOCTI
00poOKH, siKa BHU3HAYAETHCS TEXHOJOTIYHUMH MapamMeTpaMu OOpoOJeHHS, TaKuX SIK,
rIMOMHA 1 BeTUYHMHA TI01avl TPH (ppe3epyBaHHI.

PamioHalbHUM 3HA4YeHHSM JUIS TPOBEICHHS TMOAAIBIINX EKCIEPUMEHTAIBHIX
3aXO0JlIB € MIBUAKICTH MOjadi iHAyKTOpa B Mexax 10-15 MM/XB, Tak K MpH TaKux
3HAYCHHSAX 3a0€3MeUyeThCs pPIBHOMIpHE OOpOOJICHHS TOBEpPXHi, 3a0e3MeUyIOThCS
HalMEHIIIl 3HAYEHHS TMapaMeTpiB IIOPCTKOCTI, a MAIIMHHUM dYac MpU [bOMY €

MIHIMAJIbHUM.
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3.3 BiuiuB MardHiTHo-a0pa3uBHOIo 00po0JIeHHs HA (Pi3MKO-MeXaHIYHi
napaMeTpy NOBEPXHEBOI0 HIapy 00po0JIeHOro MaTepiaay

3.3.1 IloBepxHeBa MiKpPOTBEPAICTh TA IVIMOMHA 3MIIHEHOI'0 1IAPY 00P00JIEHOT0
Marepiauxy

s MAO BUKOPHCTOBYBAJIM MarHiTHO-aOpa3uBHI MOPOIIKH BUIY: OCKOJIKOBUI
piBHoBicHMM Depoman 630/400 mxm, okpyrauii pisHoBicHUE S330 1200/900 MKM,
okpyrnuit HepiBHOBIcHUH [lapamam 630/400 mxm. B pesynbrati nmporecy MAO 3pa3kiB
PI3HUMHU MarHiTHO-a0pa3WBHUMU MOPOIIKAMH OYyJI0 OTPUMAaHO MOBEPXHI,
npodiuIorpamMu KX HaBEACHO Ha puc. 3.9. 30BHILIHII BUIJISAA TOBEPXHI 3pa3KiB

HaBejieHO Ha puc. 3.10.

o MAO

MAO nopoiikom
S330 1200/900
MKM

MAO nopoiikom
depomart 630/400
MKM

MAO nopoukom
[Hapamam 630/400
MKM

ol S e

Q)ioal;/tﬁ l'IB-eXHL piB micast 6p06J'IeHH$I pi3HUMU
nopouikamu. '3 200, B3 5000

" Puc. 3.9-TIp
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deiat o
MAO noponikom S330
1200/900 MxMm

MAO nopourkom ®@epoman 630/400 Mxm MAO nopomkom [{apamam
630/400 Mxm
Puc. 3.10 — 3oBHimHIN BUTIAT TOBEPXOHB 3pa3KiB MiciIsg 00pOOICHHS

AHani3 HaBeIeHUX MpodijorpamM MOBEPXOHb 1 iX 30BHIMIHINA BUTJIS] CBITYATH PO
Te, MO MiJ Yac BUKOHaHHS mporiecy MAQO BHKOHYETHCS HE TUIBKH BUTJIAIKyBaHHS
MOBEPXHi, a 1 MacTuyHe AedopMyBaHHS MOBepxHeBoro mapy. [Ipu womy xapakrep
(dbopMyBaHHS BUTIIAKEHOTO MIKpOpenbe(dy MOBEPXHI CYyTTEBO 3AJICKUTH B PO3MIpIB i
(dbopMH YaCTHHOK MarHiTHO-abpazuBHOTro moponiky. [Ipu Bukopucranni nopomky S330
13 (QopMoOI0 3epeH, IO MpakTUYHO € cdeporo GOPMOI pajaiycu 3amajuH Ha
npodimorpamMax HalOIIbII, B TOW Yac sIK AJIs1 MOBEPXOHb 0OPOOJIEHUX HEPIBHOBICHUM
OKpyIrJIMM TiopotkoMm [lapamaM — BOHM HaliMEHII 1 BIAMOBIAAIOTh BEJIMYMHI PajiyCiB
OKPYTJICHHSI pi3aJIbHUX KPOMOK OKpeMHX 3epeH, HaBeaeHux B [31]. 3miHa
MIKpOreoMeTpli moBepxHi 3pa3kiB miciast MAQO Oyiia HE3HAUHOIO, IO MOSICHIOETHCS 3
BUOpaHUMHU pPEXKUMaMH OOpOOJIEHHS, SKI HE € palioHAaJbHUMHU JUIsl 3a0e3MeueHHs
HaMOUIBIIIOT MOJIIPYIOUYOi 34aTHOCTI 1 BHUOpaHI TakKMM 4YHHOM, I100 3a0e3MeuuTH
MaKCUMaJIbHUI y1apHO-(QPUKIIHHUIN BIUTMB HA TOBEPXHEBUM I1ap 3pa3KiB Ta BIAMNOBIIHO
Ha 3MIHY (PI3UKO-MEXaHIYHUX XapaKTEPUCTUK 0OpOOJIEHUX TOBEPXOHbD.

Byno BUKOHaHO BUMIpPIOBAHHS MOBEPXHEBOT TBEPAOCTI 3pa3kiB 10 1 micist MAO.

BumiproBanHs BuUKOHyBasid Ha MikpoTrBepaoMipi [IMT-3 npu HaBaHTaKEHHSX Ha
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ingentop 0,3, 0,5 ta 1 H. PesyapTatu BUMIpIOBaHb 1 pO3paxoBaHa BEJIMYMHA CTYIICHIO

HaKJIEMy MOBEPXHEBOTO MIapy HaBeAeHI B Tabmui 3.1.

Tabmuus 3.1 - [loBepxHeBa TBepaICTh 3pa3kiB miciis MAO

Pobounii Hagantaxenns | HV iy, Crymis Cepeni I'mubuna,
[Topomok |  3a30p h, . HaKJemny, BEJMYMHA
iHpenTopa, H | I'Tla o o MKM
MM Yo Hakueny, %
0,3 1,34 8 3-34
3 0,5 1,49 20 18 3,64
1 1,56 26 49-54
0,3 1,3 14 3-34
3,5 0,5 1,45 27 27 3,6 4,1
q;gg%%“ 1 1,58 39 49-54
KM 0,3 1,35 12 29-3,1
4 0,5 1,41 15 21 2,6-39
1 1,67 36 48-54
0,3 1,33 25 29-35
5 0,5 1,5 41 39 3,6-43
1 1,61 52 49-55
0,3 1,2 20 3,1-3,5
4 0,5 1,34 26 33 3,8-4,9
1 1,52 52 5-5,7
[Hapamam 0,3 1,57 15 2,7-2,8
630/400 4,5 0,5 1,89 10 12 3,2-3,6
MKM 1 1,61 10 4,9
0,3 1,47 25 28-32
5 0,5 1,49 24 25 3,6-4
1 1,52 26 5-54
3 0,3 1,18 16 20 3,1-34
0,5 1,53 21 2,5-39
1 1,58 24 49-5,5
S330 4 0,3 1,33 13 21 29-32
1200/900 0,5 1,44 20 3,64
MKM 1 1,57 30 49-53
5 0,3 1,38 25 29 29-32
0,5 1,47 30 3,6 —4,1
1 1,52 32 5,0-54
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ITokazaHo, 1110 HaKO1IbIIIE 3HAYEHHS 301IbIIICHHS CTYIIEHIO HAKJICITy Ma€ MicIle Ha
rmbuHl 5-5,5 MkM. Bimg3Haummo, 1m0 3pocCTaHHS CTyNeHI0 Hakienmy Oimbine 35%
Bi10yBaeThes miciist MAO 3pa3kiB NOpOIIKaMU 3 HAMMEHIIIMMHU pajilyCcaMu OKPYTJICHHS
pizanbHUX KpoMOK — TakuX Ik depoman — 30-60 mxm 1 {apamam — 10-50 mxm [31]. Ha
3pa3Kax, o MalTh HAHOUIBITY CepeIHIO CTYIIHb Hakjemny, miciast MAQO Oyio BU3HaA4Y€HO
XapakTep 3MIHM TBEPAOCTI MO TVIMOWHI MOBEpXHEBoro mapy. s mporo Oyio
BUTOTOBJIEHO Koci nutidu mig kytom 9° no oOpoOmroBaHOi moBepxHi. BumiproBaHHs
TBEPJIOCTI BUKOHYBAJIM MpU HaBaHTaxkeHH1 Ha iHAeHTop 0,2 H. PesynpTaTn BUMiproBaHb
Ha 3paskax miciast MAO nopomkamu @epoman 630/400 mxMm, [apamam 630/400 Mxm Ta

S330 1200/900 mxMm HaBeaeHo puc. 3.11.

2,8

2,6 -

2,4 4~

2,2 - 2

2 -

1,8

Teepaictsb, I'Tla

1,6

1,4

1,2

1

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
I'mubuna, Mmm

Puc. 3.11 3mina 3Ha4eHHS TBEPAOCTI B 3JICKHOCTI BiJ TTIMOMHU BUMIPIOBAHHS
MMOBEPXHEBOTO MIapy Marepiany 3pa3kiB miciast MAO nopomkamu @epoman 630/400
MkM — kpuBa 1, [{apamam 630/400 mxm — kpuBa 2 1 S330 1200/900 mxm — kpuBa 3

Bcranosneno, mo 3miHa TBEpPAOCTI MO TMOWHI HE € piBHOMIpHOK. OTpuMaHi
pe3yJIbTaTH € MATBEPKEHHSIM PE3yiIbTaTIB A0CIIKeHb HaBeleHuX B [ 19]. PesynbTaTu
IeMOHCTPYI0Th, 1m0 miciast MAQO mopomkom ®epoman BigOyBaeTbCsl 3pOCTaHHS

TBepocTi Ha rubuHi 120 — 320 MxM, B TOM 4ac sk micis npoeneHass MAO nopoikom
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[{apamam 3pocTaHHsI TBEPJOCTI B MOBEPXHEBOMY IIapi BiOyBaeThcst Ha raubuni 100 —
150 Mxm 1 B mrapi Ha mmbuHi 350 — 570 mxMm. HaiiGinpin 3HaYeHHS iABUIICHHS
TBEPJIOCTI B MIOBEPXHEBOMY IlIapi MaTepiainy 3pa3kiB Ha TuOuHi 70 200 MKM Ma€e Miciie
micas BukoHaHHI MAQO okpyrinum mnopoirkoM S330 3 posmipom gactunok 1200/900
MKM, SIKH/ BUKOHY€ TIEPEBAKHE TUIACTUYHE 1eOPMYBaHHS MOBEPXHEBOTO IIIAPY.
OTtpumaHi pe3yJbTaTH MEBHUM YHHOM B3a€MO3aJIC)KHI 13 JaHUMH OTPUMaHUMHU
IpY BU3HAYEHHI 3JIUIIKOBUX HANPY>KEHb — HAHOUIbIIIE 3pOCTaHHS MOKAa3HUKA TBEPAOCTI
B ITIOBEPXHEBOMY IIapi BIAMOBIa€ HAHOIIBIITUM 3aTUIIIKOBUM HAPYKCHHSIM.
[TosicnenHs 3a3HadueHOMYy (DaKTy TOB’SI3aHO 3 CTPYKTYpPHOIO 1 Je(eKTHOIO
nepedyaoBaMu  maTtepialy  3pa3KiB 1 1moTpedye  MOAAIBIIMX  PETEIbHUX

MIKPOCTPYKTYPHHUX JOCTIIKEHbD.

3.3.2 IloBepxHeBi 3AJIMIIKOBI HANPYKEHHH MicJas nposeaenus MAQO

[Ipu BU3HAUEHHI 3aJIMIIKOBUX HAIPY>KEHb, IO BUHUKAIOTH B 3pa3kax miciast MAO
BUKOPHCTOBYBAJIM METOJIMKY, aHAJOTIYHY 3alpoIlOHOBaHIA B poOoTi [69] Ha 3pa3kax
CBIJKaX.

OTpumaHi YuCeNNbHI 3HAUEHHS PO3PAXyHKIB BHYTPIIIHIX HANpPYy>KeHb BUKOHYBAJU
13 MIpKyBaHb TOro, L0 MAa€MO CIpaBy 31 3pa3KOM Y BHIVISIAI KOHCOJBHOI OalKu
JOBXHHOIO | HaBaHTa)XXKEHOi PIBHOMIPHO PO3MOJAUICHUM HABAaHTAXEHHSIM (, SKE IMITY€
J1}0 MarHiTHO—a0pa3uBHOTO IHCTPYMEHTY B nponeci MAO.

[Ticnst BuKoHaHHs 00poOaeHHss MAO mij yac BUBIJILHEHHS OJHOTO Kparo 3pa3ka i3
MIPUCTOCYBAHHSI JIJISl 3aKPIMJICHHS Ta YTPUMAaHHS 3pa3KiB y BUTIISAI TUTACTHHOK, ITiJT €10
3QJIMIIKOBUX HAIPY>KEHb, 110 C(POPMYBaIKNCh y MOBEPXHEBOMY MIapi, CIIOCTEPIraeThCs
ioro nepopMyBaHHS.

3a pesynbTaTaMy HaBEJACHHMMH B TaOnuil 3.2 MOXKHA OI[IHUTH 3aJIeXKHICTh
YUCENbHOTO 3HAYEHHSI BEJIMYMHU CHOPMOBAHMX B Mpolect oO0poOJeHHS BHYTPIIIHIX
HaIpY>KeHb TMMOBEPXHEBOTO Iapy OOpOOJEHUX MOCTIIHMX 3pa3KiB SK B BEIMYMHU

po00YOro MarHiTHOTO 3a30pY, TaK 1 BiJl TUITY BUKOPUCTAHOIO MOPOLIKY.
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Tabmuis 3.2 — 3anumkoBi HanpykeHHs Ta Aedopmartis 3pa3kis micist MAO

AOpa3uBHui ToBumHa JoBxunHa [Iporun Bennna SammKost
i poboyoro Hanpy>KeHHS,
MmaTtepiai 3paska, MM 3pa3ka, MM 3paszka, MM S30py. 331 Ma
0,83 65,4 0,6375 3 51,2
®epoman 0,84 66,9 0,5281 3,5 41,0
630/400 mxm 0,84 68 0,5344 4 40,2
0,84 65,7 0,3688 5 29,7
0,83 67,4 1,1278 3 85,3
[Hapamam 0,85 66,8 0,9167 4 72,3
630/400 MM 0,84 66,8 0,63 4,5 49,1
0,81 67,5 0,72 5 53,0
0,83 66,7 0,97 3 74,9
S330 0,86 66 1,22 4 99,7
1200/900 mxMm 0,82 66,7 1,24 4,5 94,6
0,82 67 0,9 5 68,1

BcranoBineHo, 110 HalO1IBIIN 3HAYSHHS CTUCKAIOUHX 3aJIMIITKOBUX HAIMPYKEHbB (J10

100 MITa) ¢popmyrotees micis MAO maockux NOBEPXOHb MOJIOBKAMU TUITY "HIITKA" Ha

0a31 MOCTIMHUX MAarHiTiB BUCOKOI MOTYKHOCTI 3 BUKOPUCTAHHAM OKPYTIUX MOPOIITKOBUX

MarepiaiiB, AKi 3a0e3MeuyroTh MEePEeBAKHE TUIACTUYHE Ne(OopMyBaHHS MOBEPXHEBOTO

mapy, Horo MikpoHakJieImyBaHHs1 0€3 3HAYHOTO BUJAJIECHHS MaTepiaily, ke pUTaMaHHEe

MAO mnopomikaMu 3 0CKOJIKOBOIO (hOPMOIO YaCTUHOK TUITy Depomar, 110 MiATBEPIKYE

30BHIIIHINA BUTIISA TOBepXOHb miciss MAO (puc. 3.10).
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3.4 BluiuB HA MIOPCTKICTH MOBEPXHI TA XapaKTEPUCTUKU OMOPHOI MOBEPXHI
neraseu po3mipy, Buay ¢ppakuii MAII Ta no4aTKoBOI IOPCTKOCTI

[Tepmmii eTanm eKCHEPUMEHTAIBHHUX JOCIHIKEHbh BUKOHYBAIM TIpH 0OpOOITi
IJIOCKUX TOBEPXOHb Ha 3pa3ky 3 ¢epomarHitTHoi crtami 40X, oTpuUMaHUX Micis
BEPCTATHOTO MEXaHIYHOTO O00poOseHHs TopueBuM (pesepyBaHHAM. OTpuMaHy
MTOBEPXHIO MicIs (hpe3epyBaHHs J0IaTKOBO IT1/I/IaBAJIH TIJIOCKOMY IIT1(pyBaHHIO SISl TOTO
o0 3MEHIIUTH BIUIMB Ha IIOPCTKICTh CIAJKOBOCTI 00poOseHHs. I[lopiBHsSHHS
00pob6iennx metogoM MAOQO moBepXoHb Ta BUXIJHUX MOBEPXOHBb MICHs (ppe3epyBaHHS
BUKOHYBAJIA 32 Pe3yJIbTaTaMH 3MIHU MapaMeTpiB MIOPCTKOCTI, YACTOTHOTO PO3MOJLITY
BHCOT MIKPOHEPIBHOCTEN Ta BEJIMYMHU OMOPHOI MOBEPXHI MPOPiIt0, KOHTPOJIIOBAIU HA
KBaJpaTHUX JUISHKAX 2 X 2 MM, 32 JIONOMOIOK ONTHYHUX Ta KOMIT IOTEPU30BAHUX
BUMIpIOBaJIbHUX mpwiaaiB (puc. 3.12). 3 ypaxyBaHHAM pe3yJIbTATIB JIOCHIIKEHb,
HaBeneHux B [43, 48, 49, 62, 64-67] B SKOCTI MarHiTHO-aOpa3MBHUX MOPOIIKIB
BUKOPHCTOBYBAJIM OCKOJIKOBUH piBHOBICHUN Depoman 3 po3mipom dactuHok 630/400,
400/315, 315/200, 200/100 mxm Ta cdepuuni mopomku S330 1400/1000 ta JIYJI
1800/1400 mxwMm (puc. 3.14). ITpu 0oOpoOseHH1 BapitoBajiu BEIMYUHY POOOYOro 3a30py B
niara3oHi Bix 1 1o 3 MM — s npidHodpakiiiaux MAII Ta Bix 2 10 3 MM U1 KPYITHUX
MOPOIIIKIB, YacToTa oOepTaHHs TopieBoro iHaykrtopa 900 00 / XB., MIBUAKICTH
MOTIEPEYHOT Mo/1a4l 1HAYKTOpa y BCIX BUMaAKax ctaHoBmwia 10 MM / xB.

OTtpumaHni pe3yabTaTu 0OpOOJIeHHS, 3aMipiB MapaMeTpiB MIOPCTKOCTI Ta OMOPHOT

MOBEPXHI HaBe/eHi Ha puc. 3.15 -3.16.
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Puc. 3.14 3oBHimHi#i Burisag yactok MAIL: a) ®epoman 630/400 mxm, 0) Depoman
400/315 mxmM, B) Depoman 315/200 mxwm, ) JJUIT 1800/1400 mxm, 1) S330 1400/1000

MKM.
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Puc. 3.15 3nauenns mapaMeTpiB MIOPCTKOCTI Ta rpadik 3MiHN BETHUYUHU OMIOPHOT
MOBEPXHI MIKpoIpodiIto BiJl HOTo BigHOCHOI BUcoTH micist MAQO: a) @epomarn 200/100

MkM; 0) Depomarnt 315/200 mxm; B) Depoman 400/315 mxm; @epoman 630/400 MmM.
0,6

m200/100 MM ®315/200 MxMm

m400/315 Mxm  ®630/400 MKkM

Jo MAO h=2mm h=3mm h=4mm
a) Besnuuna po6ouoro 3azopy, h

m200/100 Mkm  ®315/200 MkM

m400/315 MM ®630/400 MM

Jo MAO h=1mm h=2mm h=3mm
6) Beauunna po6ouoro 3a3opy, h

Puc. 3.16 3naueHHs napaMeTpiB BUXITHOI IIOPCTKOCTI 3a MOYATKOBOI Ha PIBHI:

a)Ra=04...0,5mkm; 6) Ra=0,19... 0,21 MxMm
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[IpoananizyBaBid OTpUMaHI1 JaHl, MOXHa 3pOOUTH BHCHOBOK, III0 YMM MEHIIA
HIOPCTKICTh MoBepxHiI 10 MAO TtuM Kpamioro Oyne skicTh noepxHi miciast MAO, 1o
CBIIYUTH TIPO BHMCOKY 3JICKHICTh BUXITHUX MapameTpiB MAQO BiJ cHajgKoOBOCTI BiJ
MOTEepeHIX METO/1iB 0OPOOJICHHS Ta MOBEPXHEBOIO CTaHy IIapy, 10 MiAIa€ThCs 00poOIT
B [IJTOMY.

[Ipu boMy mpu movaTkoBiit mopctkocti Ra B Mexax 0,19 ... 0,21 MKkM Brajgoch
OTpUMAaTH BUXIJHY HIOPCTKICTh B Mexkax Ra=0,02 Mkm. Y Bumanxy, KoiM mo4aTKOBa
mopcTKicTh Ra 3Haxomutbest B mexax 0,4 ... 0,5 MKM BAajoch OTpUMaTH 3HAYCHHS
BHUX1JIHOT IOPCTKICTh B Mexkax Ra=0,14 Mxm.

Po3rasiHyBIIM 3MIHM KPHUBHUX 3JIEKHOCTI 3MIHM BEJIMYMHU OMOPHOI MOBEPXHI
MIKpOIpodiIr0 Bij Horo BiIHOCHOI BUCOTH miciis MAO MokHa 3pOOUTH BUCHOBOK, 1110
IIPY BUKOPUCTaHHI OPOIIKIB OCKOJIHYACTOI PIBHOBICHOT (hopMHu 13 po3mipom ppakirii 100
— 630 MKM B1J0YBAETHCS 3MIILICHHS KPUBOI 3aJI€KHOCTI BJIIBO Ta BHU3, 1110 CBIIYUTH MPO
MPOXO/PKEHHS €(EKTUBHOIO TMPOIECY BHUAAIICHHA MAaTepialy BHACIIIOK YJIapHO-
¢bpukuiitHoi B3aemoaii MAII 1 0oOpoOIt0BaHOI MOBEPXHI Ta T€, IO BUCOTHI €IEMEHTH
npouII0 BUIANSIOTHCA, 3MEHIIYIOUM 3arajbHy IMIOPCTKICTh Ta YTBOPIOIOYM HOBI
MIKPOHEPIBHOCTI MPOQ1II0 BHACTIAOK MJIACTUYHOI AeopMaliii Ta BUAAIIEHHS MaTepiaiy.

Takox MPOCHIAKOBYETHCS HACTYITHA TEHJIEHIIs, 1110 TTpu 00poosienHi MAO
MTOBEPXHI 13 HUKYOIO TOBEPXHEBOIO IMIOPCTKICTIO BAAETHCS IOCATTH MEHIIIMX 3HAYEHb
IIOPCTKOCTI HIXK MTPU 0OpOOJICHH1 TaKOi, 1[0 MA€ MTOYATKOBI 3HAYEHHS IIOPCTKOCTI
Buili. [{e MoxkHa mosicHuTH TUM, 1110 TIp MAO BIICYTHI BEJIHMKI 3HAYSHHS CUJT P13aHHS
1 JUTIs1 BUJQJICHHS BEJIMKUX 00’ €MIB MaTepially IIuX CHJI HE JIOCTaTHhO, a B CAMOMY
MPOILIECI MAarHITHO-a0pa3uBHOTO 0OPOOJIEHHS BIIOYBAETHCS MPOLIEC TEPEBAKHOTO
MOJTIpyBaHHS MTOBEPXHI.

TakuM 4YMHOM 3T1JTHO OTPUMAHUX PE3yJIbTATIB MPOBEICHUX JOCITIKEHb Ta
BUMIpPIOBaHb MEXaH13M BUJAJICHHs MaTepiany npu BukoHaHHl MAO 13 3acToCyBaHHSIM
OCKOJIbYACTUX a0pa3uBHUX MaTepianiB Oye MaTH HACTYIHHM BUIJISIL Ta YMOBHO

300paxkeHuii Ha puc. 3.17.



Yactuuka MATI
Bukonye:

- Mikpopi3aHHs MHOKHHO
pi3aibHUX KPOMOK;

- [Inactuuny aedopmaitiro
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[lputuckna cuna

- YjaapHo-(ppuKuiiiHy B3aeMOJ1i10; v Bunanenuit marepian

MOBEPXHEBOTO 1IAPY

Pyx MAII

»

[Ilap maTepiany i3 HOBOYTBOPEHHUMH
~ [OBEPXHEBHMH HANPYKEHHIAMH

. : 7
Y TBOpEHHA MIKPOTPIMHH /-

O0OpobatoBaHa MOBEPXH3

Pucynok 3.17 — MexaHi13M B3aeMO/11 YACTHHOK MarHiTHO-aOpa3suBHUX MaTepialiiB

B pesynbraTti

OCKOJIbYACTO1 hOpMHU

OOpOOJIEHHSI yTBOPIOETHCSI HOBHUM MIKpOnpodiib MOBEPXHI

napamMeTpH IOPCTKOCTI KOO MAaIOTh B3a€MO3B’ 530K 13 po3MipoM (pakiii abpa3uBy B

3araJbHOMY BHUIMAJIKy 3MeHIIeHHs po3mipy MAII Bese 10 miABUIIIEHHS SIKOCTI TOBEPXHI,

[0 BUPAXKAETHCS Y 3MEHIICHHI IIOPCTKOCTI OOpOOJICHOI MOBEPXHI BIAMOBIIHO 0

IPaHUYHUX 3HAa4Y€Hb, 110 MOXYTb OyTH OTpPUMaHl BHUKOPHUCTAHUMH a0pa3vBHUMHU

Marepiaiami.

PosrasineMo pesynbTaTt 00poOnaeHHs chepuIHUMU PIBHOBICHUMHU MOPOIIKAMU,

110 HaBeJleH1 Ha puc. 3.18 — 3.20.
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Puc. 3.18 I'padik 3MiHM BETUYUHU OTIOPHOI MOBEPXHI MIKpOTPODLIIO BT HOTO
BiIHOCHO1 BucotH miciit MAO nopomkom {4 1800/1300 Mkm.
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S$330 1400/1000
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Puc. 3.19 — I'padix 3MiHM BeTHMUMHU OMOPHOT MOBEPXHI MIKpOTIPOQ1LIIO Bif HOTO
BiIHOCHOI BucOTH miciast MAO noporikom Y 1800/1300 MxM.

®m JTU(1800/1300mkM) ™ S330(1400/1000mxm)

Ho MAO h=2mm h=3mm h=4mm
Beaununna pOﬁO‘IOFO 3a3opa, h

Puc. 3.20 I'icrorpama 3MiHU BEJIMYUH MapaMeTPy MOPCTKOCTI 1 mopoukis 1Y
1800/1300 ta S330 1400/1000 Mxm

OpepxaHi pe3yJbTaTH MOKHA TMOSICHUTH ACKiIbKOMa (hakTopamu, TYT, K 1y
BUMNAAKY 13 TopoimikamMu rpynu Depoman 30epiractbCs TEHACHINS 10 3aJ€KHOCTI

BUXIJHOI HIOPCTKOCTI BiA mo4atkoBoi. IIpu 1mpoMy pe3yibTaT MpoaeMOHCTPOBAHHIMA



118

MAII S300 € kpanuM 3a Takuii npyu BUKopucTanHi U, 11e MOsSCHIOETHCS APIOHIITUMHU
YaCTOYKaMHU, 1[0 YTBOPIOIOTH MOPOIIOK.

OxkpiM 1ILOTO BapTO BIJMITUTHU BIJMIHHICTb KPUBUX 3MIHU BEJIMYUMHU OMOPHOI
MMOBEPXHI MIKPOTIPOQLITIO Bil HOTO BITHOCHOI BUCOTH Y TIOPIBHSIHHI 13 BUIIE HABEACHIUMH
pe3yibTaTaMd — TpU BUKOPHUCTAHHI KPYMHOPPAKIINHUX CHEpUYHUX MOPOIIKIB
B1JI0YBa€ThCS TMEPEBAXHO IPOIIEC TJIACTUYHOI Jedopmarlii, Mpu SKOMY BIIOYBaA€THCS
MOJIIPYBAaHHS TIOBEPXHI Ta BUJAJICHHS BEPIIWH, a XapakTep 3MIHU KPUBOiI CBIAYUTH MPO
nporiec rpy0ooro oO6poOeHHs 13 MiABUIIECHOI YIapHO-(PUKIIIHHOI B3aEMOJIEI0 MIX
MAII ta 06po6:roBanoro nmoBepxHero. Takox 11t MAO 13 BUKOPUCTaHHAM CHEPUIHHUX
MOPOUIKIB, XapaKTEPHO BIJIHOCHO HU3bKUU PIBEHb 3HMKEHHS LIOPCTKOCTI, 32 PaXyHOK
dbopmu noBepxHi MAII, sika HEe Mae MHOXUHU PI3AIBHUX KPOMOK, a TIpU 0OpOoOJIeHH1
MOBEPXOHb TAaKUMHU TOPOIIKAMHU CIIOCTEPITAETbCSA  BUCOKHM BIUITMB HAa TOBEPXHEBI
HaIPY>KEHHS BHACJIIOK IHTEHCUBHOI yAapHO-()PUKIIIHOI B3a€MOIII.

VY Bumajaky i3 cepuyHUMHU MOPOIIKOBUMH MaTepiajlaMd MEXaHi3M BUJAJICHHS
Marepiany npu BukoHaHHI MAO 13 3acTocyBaHHSIM OyJie MaTH HACTyIHUMN BUIJIS[ Ta

YMOBHO 300paxeHuit Ha puc. 3.21.

Yactuuku MAITI

BUKOHYIOTB:
- 3aMHHAHHA BUCTYNIB MiKponpodinto;

- Y napHo-puKIiiiHy B3aEMOiI0; ' v v
- [InacTuuny aepopmaliio MOBEPXHEBOTO ‘

mapy

_ITputHckHa cuna

Bunanenuii matepian

1;‘{—4_;:_,.

Pyx MAII

[[Tap marepiany i3 HOBOYTBOPEHUMH
MOBEPXHEBHMHU HAMPYKECHHAMHU Ta
MiZIBUIIEHOK MIKPOTBEPIICTIO

YTBOpPEHHA MIKPOTPILLHH O6pO0II0BaHA OBEPXHS

Pucynok 3.21 — MexaHi3M B3aeMO/11 YaCTUHOK MarHiTHO-aOpa3suBHUX MaTepialiiB
chepuunoi popmu
B pesynbTaTi 0OpOOJEHHS YTBOPIOETHCS HOBA TIOBEPXHS 13 PO3TIIAHKECHUM
Mikponpodinem, mpu oMy SIK Oyae AOBEACHO MOAAIBIIMMHU €KCIIEPUMEHTATbHUMHU

JOCIIKEHHSIMIA HOBOYTBOPEHA TIOBEPXHsI HAOyBa€ MiABUIIICHOTO 3HAYEHHS TTOBEPXHEBOI



119

MIKPOTBEPIOCTI Pa30M 13 MEePepO3IO1JI0OM BHYTPIIIHIX HAMIPYKEHB Y TPUITOBEPXHEBOMY
mapi Matepiainy.

OcCKUIbKY MPY BUKOHAHHI 00pOOJIEHHS OCKOJIbYACTUMHU MTOPOITKAMHU BiJI0YBAETHCS
MEepPeBaKHO BUJAJICHHSA MaTepialy 13 yTBOPEHHSIM HOBOI MoOBepxHi, a mpu MAO
chepuunumu MAII — nmepeBakHUM € TpOLEC IUIACTUYHOI JedopMaliii 6e3 3HaYHOTro
BUJIAJICHHSI MaTepially — JIOLUUIbHO OyJie 3aCTOCYyBaTH MOEJHAHHS MarHiTHO-a0pa3uBHUX
MOPOIIKIB pI3HUX (QOpPM ISl TOENHAHHS XapaKTEPUCTUK Ta BIACTUBOCTEH, IO
3a0e3neuyoThCs B pe3ybTaTi o0pooiaeHHs nanumu MAII okpemo. 3Baxkarouu Ha Te, 110
B MamuHOOyJyBaHHI BIJJOMI BHUAM OOpOOJICHHS 13 TOINEPEAHBOIO TIACTUYHOIO
nedopmartiero (IpoKaTyBaHHs, KyBaHHS, MPOTATYBAaHHs) — MPU AKUX HEpEl OCHOBHUM
MIPOIIECOM pizaHHs (HANPUKIIAI, TOKAPHOIO, (pe3epHOI0 a00 CBEPIIUIBHOI 00pOOKOI0)
Marepiajl MiJJA€TbCsl MOMEPEIHbOI IUIACTUYHOI JedopMaliii, IO Chpuse 3MiHi
MIKPOCTPYKTYpPH MaTepiany Ta IPU3BOAUTH 10 TAKUX TIEpPeBar:

- 3MEHIIYIOThCS 3yCHJUIS i1 Yac pi3aHHs;
- Tlominumryerbes CcTpyKTypa MaTepiany;
- 3HUXKYETHCS OIIP Pi3aHHIO.

Tomy mepenOayaeThCs, 1110 BUKOPUCTaHHS cymiln Buile HaBeneHux MAII Oyne
MaTH aHAJIOTIYHUN MEXaHi3M B3a€MOIi JO METOJIB OOpOOJICHHS 13 MONEpeaHBOIO
MIacTUYHOI Aedopmariiecro. MokHa 3ampornoHyBaTH, IO CyMill cepuyHux Ta
ockosibuactux MAII Oynie yTBOproBaTr pyXoMO-CKOOPAMHOBAaHUHN IpUTHP. OUIKy€eThCA,
mo pyxiuBi yactuHkn MAII Ta iX B3aeMHHI pyX 4Yd Mepepo3noin Oyae Martu
MO3WTHUBHUM BITMB Ha aOpa3uBHY 3aaTtHicTh MAO. [Ipu npoMy, Tak SIK KOHTaKT MIXK
MOBEpPXHIMHU OKpeMux 3epeH MAII € quHamMiyHUM MpPOLECOM, € KOXKHE 3€PHO MOXKE
nepeMiIaTiCs, MPOKOYYBATHCS Ta KOB3aTH IO MOBEPXHI MaTepialy, 1 B3a€MO/IisI MOXKeE
OyTu omucaHa SK JMHAMIYHMA pyX M1 Yac SKOro abpa3vWBHI YACTUHKHU B3a€EMOJIIOTH
OJIMH 3 OJHUM 3aJIGKHO BIJl X PO3TalllyBaHHsS Ta CIIBBIJIHOIIEHHS 3 MaTepiajioM, IO
MPU3BOJIUTE N0 OUTBI €(PEKTHBHOTO PYWHYBAHHS MIKPOCTPYKTYpU OOPOOIIOBAHOI
noBepxHi. [lepenbayaeTses, 10 OJHOYACHO 13 MPOIECOM aOpa3MBHOIO OOpPOOJICHHS
Marepiany MOBEPXHs MiAAA€ThCsl MOMEePEaHIN TIIaCTUHIHON Aedopmariii, 0 MPU3BOIUTH

70 TOJIMIIEHHS MIKpPOCTpyKkTypu. Ll nedopmaris Moxke 3MEHIIMTH BHYTPIIIHI
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HaIpy>KeHHS, TTOKPAITUTH CTPYKTYPY 3€pHA 1 MIJABUIIUTH OJHOPITHICTh MaTepialy, 10
pPOOUTH HOT0 OLIBII NOJATIMBUM JI0 MOAATBIIOT0 0OPOOICHHS.

OuikyeTbcs, 10, MONEPEIHS IIaCTUYHA AepopMaliis MaTepialy MOKe MOJIETIINTH
nporiec abpa3uBHOI OOPOOJIEHHS, TaK SIK MaTepiaj BKE MaTUME MMOKpaIeHI MEeXaHIuHI
BJIACTHBOCTI: MEHII 3aJIUIIKOBI HAMpPY>KEHHS, MOJIMIICHY 3€PHUCTICTH 1 MIABHILEHY
IOBEPXHEBY MIKpOTBEpAICTh. LI MOKpamieHHs A03BOJSAIOTH a0pa3sMBHUM YAaCTUHKAM
Jiermie Bpi3aTHCS B Marepian, a TaKoXK 3HU3UTH 3HOILIYBaHHS caMuUX aOpa3uBHUX
YaCTUHOK. 3 OJHOTO OOKY, MpOLleC BUIAJIECHHS MaTepiaidy MPUCKOPIOETHCS 32 PaXyHOK
OCKOJIKOBUX YaCTHHOK, @ 3 1HILIOTO - 3HUXY€ETHCS MIOPCTKICTh Ta MiJABHUILYETHCS SKICTbH
MOBEPXHI 3aBISKH CPEpUYHMM YacCTHHKaM, Kl 3a0€3MeuyloTh IJIAJIKy MOBEPXHIO 13

IT1JIBUIIICHOO MIKPOTBEPIICTIO.
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3.5 BIuIMB HA MIOPCTKICTH TA CTAaH ONMOPHOI MOBEPXHi Aetasei miciasa MAO i3

3aCTOCYBAaHHSAM KOMNO3ULIiHOTO ckiaaxy MAII

Ha npyromy eramni ekcrepuMeHTaNIbHUX JOCTIIKEHb MPOBOIUIOCH 0OPOOIEHHS
IJIOCKUX TOBEPXOHb HA AHAJOTIYHUX 3pa3kax Ta 3a TUMHU X CAMHUMHU MapaMeTpaMu
ITOBEPXHEBOTO IIapy SK 1 Ha MEepIIoMy eTarli. B SKocTi MarHiTHO-aOpa3uBHUX MOPOIIIKIB
BUKOPHUCTOBYBAJIM KOMITO3HIIIi 13 MOPOIIKiB B HACTYITHUX MPOMOPIIsIX:

a) Oxkpyrmuii chepuunnii Y 13 po3mipom wyactuHok 1800/1300 MM 13
J0/JaBaHHAM piBHOBICHOro ®epomany 3 po3mipoM dyacTUHOK 630/400 MKwM,
criBBiHOIEHHS 50%/50%. Pe3ynpTatu HaBeaeHo Ha puc. 3.23.

0) Oxpyrmuii chepuunuit JIU 13 posmipom uyactuHok 1800/1300 MM 13
JoaBaHHSIM piBHOBICHOrO ®epomamy 3 po3mipoMm yacTuHOK 630/400 wMKwm,
criBBiHOIEHHS 50%/100%. Pe3ynbpTaTn HaBeaeHo Ha puc. 3.24.

B) Oxpyrmmii chepuunuit AU i3 posmipom wyactuHok 1800/1300 Mkm 13
JO/IaBaHHSM  piBHOBICHOro @epomany 3 po3mipoMm yacTuHOK 315/200 MkwM,
criBBigHoImeHHS 50%/50%. PesynpTaTtu HaBeaeHO Ha puc. 3.25.

r) Oxpyrmuii chepuunuii J[U i3 posmipom uactunok 1800/1300 mxMm i3
J0JIaBaHHM c(pepuyHOro HEPIBHOBICHOTO MOPOILKY 13 BUAKOPi3aibHOI cTaii [IP P6MS5
(puc. 3.22) 3 posmipom yacturok 200/100 mxMm, criiBBigHOmEeHHs 100%/50%.

[Ipu 0Opo6eHH] BapiOBaly BEJIMUUHY POOOYOTro 3a30py B AlanaszoHi Big 2 10 4
MM, SK JJI BUMIAJKY BUKOPUCTAHHS KPYITHUX MOPOIIIKIB, YACTOTa OOEPTaHHS TOPIIEBOTO
iHaykTopa 900 00 / XB., MIBUAKICTH MOIMEPEYHOI MOJAaYl 1HAYKTOpaA y BCIX iTeparisx

ctaHoBwia 10 mMm / xB. Pe3ynbTaTtu 00po0OsieHHsI HaBeieHO Ha puc. 3.26.

Puc. 3.22 3oBHimui# Burisag yactok MAIT I[TP P6MS5 200/100 Mmxm
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Puc. 3.23 3nauenHs napameTpiB MIOPCTKOCTI Ta rpadik 3aJeKHOCTI 3MIHU BETUUUHU

OTIOPHOT OBEPXHI MIKpOMPO(iIIO BiJl HOTO BiTHOCHOI BUCOTH Micias MAQO cymimiirto

MAIT T4 1800/1300 mxm Ta ®epoman 630/400 mxm. CriiBBimHOIIICHHS dpakitii 1:1.
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Puc. 3.24 3nauenHs napaMeTpiB MIOPCTKOCTI Ta rpadik 3a1eKHOCTI 3MIHU BEIMYUHU

OTIOPHO1 MOBEPXHI MIKponpo(diIto B Oro BiTHOCHOT BUCOTH micist MAO cymimiinto

MAII 14 1800/1300 mxm Ta @epoman 630/400 mxMm. CriiBBiHOIIEHHS (ppaxiiid 1:2.
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Puc. 3.25 3nauennHs napaMeTpiB MOPCTKOCTI Ta rpadik 3aj1eKHOCTI 3MIHU BEIIMINHH
OTIOPHO1 OBEPXHI MIKpONPO(iIIIo Bl Or0 BigHOCHOT BUCOTH Ticiast MAO cyMmimirio

MAII 14 1800/1300 mxm Ta depoman 315/200 mxMm. CriBBigHOIICHHS (ppakiii 1:1.
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Puc. 3.26 3nauenHs napaMeTpiB MIOPCTKOCTI Ta rpadik 3a1eKHOCTI 3MIHH BEIMYUMHU
OTIOPHOI MOBEPXHI MIKpOTPOo(P1JIr0 Bij HOT0 BIHOCHOT BUCOTH Micyisi MAO cyMimiito

MAIT 14 1800/1300 mxwm Ta ITP200/100 mxm. CriBBigHOmEeHHs dpakiiit 1:1.
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301pHI ricTrorpaMu NOPIBHSHHS OTPUMAHUX PE3yJIbTaTiB 00pOOJIEHHS HAaBE/IeHI Ha

puc. 3.27 ta 3.28.

0,7 = 719 1800/1300
0.6 B Oepoman 630/400
’ = JTY 1800/1300+®depomarn 630/400 (50/50)
Z 0.5 = JTY 1800/1300+depoman 630/400 (50/100)
i, ’ = 14 1800/1300+Depomar 315/200 (50/50)
= 04 - = JTY 8500/1300+I1P P6MS5 200/100 (100/50)
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630/400 (50*50)  630/400 (50%100)  315/200 (50*50) (100%50)

Iopowmox/Bua cymimmi
Puc. 3.28 IlopiBHsuTbHA TicTOrpaMa 3MIHU BETUYHHHN 3HAYCHHS IIIOPCTKOCTI B 3aJIEKHOCTI BiT
ckinagy MAI
OpepxaHi pe3ysbTaTH 3MIHM KPUBUX 3aJIEKHOCTI BEJIMYMHU OMOPHOI MOBEPXHI

MiKponpodiIo Biag Horo BiIHOCHOI BucCOTU micids MAO cyMmilmio OCKOIbYaCTUX
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MNOPOIIKIB Ta CHEPUUYHUX MOKHA 3POOUTH BUCHOBOK, IO NMPU BUKOPUCTAHHI TaKUX
KOMMO3UIl# 13 po3mipom ¢pakiii Pepoman 315/200 ta 630/400 MxMm BinOyBaeTbcs
NPOXOJ/KEHHsI €()EKTUBHOIO TMpOIIECYy BUJAJICHHS MaTepialy BHACIIOK B3aeMOJIT
cymimi MAII ta 06poOmoBaHOT MOBEPXHI MPH I[OMY, BUCOTHI €JIEMEHTU NpOodisito
BUJANSIIOTBCS, 3MEHIIYEThCS  3arajibHa IIOPCTKICTH Ta  yTBOPIOETHCS  HOBHIA
MIKpoIpod1JIb BHACHIIOK IJIACTUYHOI Jeopmarlii Ta BUJaJICHHS MaTepiany. B 1imomy,
MpOoLEC MPOTIKAE aHAIOTIYHO 70 00pOoOsIeHHs: MOHO-TIopoikaMu depomart, Ipu [LOMY
OTpYMMaHI TOKAa3HUKHU IIOPCTKOCTI MalOTh BHIII YuCENbHI 3HaueHHs Ha 40-50% -
NOSICHUTH 1€ MOXKHa THUM, WII0 pa3oM 13 MEHIIMM OCKOJbYAaCTUM IOPOIIKOM
BUKOPUCTOBYETHCS OUTHIINI CHEPUUHHMIL, IO 3a PaXYHOK yAapHO-PPUKLIHHOI B3a€EMO/II]
13 00pOOJIIOBAaHOIO TOBEPXHEIO NPU3BOAUTH JI0O YTBOPEHHS HOBOTO Tpodisito
BIJINOBIJIHOMY PO3MIpYy YacCTOK.

SIK110 MpOBECTH MOPIBHAHHSA 13 00pOOJIEHHAM CHEPUIHUMHU MTOPOIIKAMHU, TO BAPTO
BIIMITUTH, LI0 JOJABaHHS TOCTpUX aOpa3sMBHUX 4YACTOK IIO3UTUBHO BIUIMBAE Ha
aOpa3uBHI BJIACTUBOCTI CyMIIl BUIJIOMY Ta JE€MOHCTPYE MOKpPALIEHHS IIOPCTKOCTI JI0
30%.

BincoTkoBe CIIBBIHOIIEHHS TaKOXX Ma€ BIUIMB Ha MapaMeTpu MIOPCTKOCTI, a
palioHaJIbHE CHIBBIAHOIICHHS! C()EPUYHOI YACTKHM Ta OCKOJIbYACTOI 3HAXOAUTHCS B
mexax 50%. 3a Takoi KomOiHAIi 30epirae€ThCs IHTCHCHBHE IMEpPEMINTyBaHHS Ta
camoBigHOBIeHHS MAL.

Baprto Takox Big3HauuTu Tipmi pesyiabtaté cymimn depoman 315/200 ta Y
1800/1300 B mopiBusHHI 13 Depoman 630/400 ta JJU 1800/1300, e MokHA TOSICHUTH
Mocia0JeHHSIM MAarHiTHOI B3a€MOJIT MK KPYITHUMH Ta APIOHUMH YAaCTKAMH MOPOILIKY,
10 PU3BOIUTH JI0 3aKJIMHIOBAHHS Ta 3aJUMaHHs ApiOHIIIOT ¢pakiii Ha chepax.

Y Bunaaky oOpoOsieHHs cywimmoo chepuynux nopomkis JAY Tta IIP
CTIOCTEPIraeThCsl  MPOIEC  MEPEBAKHOTO  IUIACTUYHOTO  JAedopMyBaHHS  Ta
3amoJipoByBaHHS MIKPOHEPIBHOCTEH O€3 IHTEHCHBHOTO YTBOPEHHS HOBUX BHUCTYITB Ta
3amajuH BHACIIIOK HEAOCTaTHLOT abpa3uBHOi B3aemoaii MAIL.

BcranoBneno, mo 3acrocoBani  cymimi MAII nans nposenenns MAO

3a0€3MeuyloTh 3HUKEHHS PIBHS MIKPOXBWISCTOCTI MOBepxHi. I[Ipo ue cBigyaTth



126

II0JIO’KEHHS 30H Ha KPUBHUX 3aJIEKHOCTEN 3MIHU BEJIMUUHU £, B1Jl PIBHS BIAHOCHUX BUCOT
npodiio p, ne BiAOyBaeTbes MEpexia BiJ MIKPOBUCTYIIB J0 MIKpO3amaauH npodisito
noBepxoHsb [70]. Hanmpuknaa ans cymimeit nopomikis depoman 3 po3mMipoM YaCTHHOK
630/400 1 315/200 MKM po3TamryBaHHS 3a3HAYCHHX 30H 3MIIIYETHCA BiJ BIIHOCHOTO
piBHs niepeTuny p=25,5% micust 06podnenns MAII 13 po3mipom yacturOK 630/400 MKkM
10 piBHA p=50% npu BUKOPUCTAHHI CyMiIlIeH MOPOUIKIB 3 po3MipoM yacTUHOK 630/400 1
315/200 mMxM 3a yMOB 3pOCTaHHSI BMICTY BITHOCHOT KUTBKOCTI AP1OHOT (paKiii 1 cymimii
no 0,4. Orpumani JaHHI TIATBEPUKYIOTH Pe3yJIbTaTH JOCHIKEHb TPUOOTEXHIYHUX
BiactuBocteit MAI 3 cymimieit mopomikiB 1 BIuiuB ckiiany MAI Ha iX ekcrutyaTarliitHi
BiacTUBOCTI [18]. BcTaHoBiEeHO, 10 BeTMYMHA POOOUYOTO 3a30py MPAKTUUYHO HE Mae
BIUIMBY Ha YHUCEJIbHE 3HAU€HHS HOpcTkocTi Ra, sxy orpumyemo micass MAO, mio
OB’ A3aHO 3 BEJIMYMHOIO 3€pHA KPYMHOI (hpaKiiii.

Bukopucranust npu MAO  MarHiTHO-aOpa3MBHOTO  IHCTPYMEHTY,  SIKAU
chopMOBaHMil 13 CyMillIe KpyIHUX OKpyTJMX yacTUHOK ropouky JY (1800/1300 mxm)
3 Ip1OHIMIMMH OCKOJBYaCTUMHU YaCTUHKaMH Nopoiky depomarn 3 po3mMipaMyd YaCTUHOK
630/400, 315/200 1 200/100 MKM 103BOJIMIIO 32 YMOB OOpOOJICHHS 3 pOOOYMMU 3a30paMu
B JAlana3oHl 3 — 5 MM BCTaHOBHUTH, IO SIK 1 Yy BUIAAKy BUKOPUCTaHHS CyMILIEH 3
ockosibuactuMu MAII BenmmunHa poO04Oro 3a30py B 3a3HaUYEHOMY Jiana3zoHi po3MIpiB He
Ma€ 3HAYHOTO BIJIMBY Ha BUXIJIHI TapaMeTpH MIOPCTKOCTI, 110 MIATBEPKYE MOTEPEIH]
pe3yJbTaTH NOCTIHKEHD [64].

[Tokazano, 10 HaWKpal pe3yJbTaTd OOpPOOJIEHHS OTPUMAHO MPU BUKOPUCTAHHI
cywmimreit okpyriux nopomkiB Y 1800/1300 mxm 1 ockonpuactux @epoman 630/400
MKM TIpH ix criBBigHomieHHI B MAI 1:1. 3a takux ymoB 0OpoOJIeHHSI OKpYTJIl KPYITHI
MOPOILIKH, SIKI MaIOTh 3HAYHO OUIBIY Macy YaCTHHOK Ta 00’€M, a il BIANOBIIHO OLIbLIY
HAMarHiuYeHiCTh, BUKOHYIOTh POJIb PYyXOMO-CKOOPJIMHOBAHOTO TMPUTHUPY, MEperaloyu
CUJIOBE HAaBaHTAXXEHHS Ha JpiOHI yacTuHKU. [Ipu 1mboMy B mporect B3aeMOAll 3
00pO0OIIIOBaHOIO TOBEPXHEIO KPYIIHI OKPYTJIl YaCTUHKU 3a0€3MeuyloTh SK MJIACTHYHE
nehopMyBaHHS MIKpOHEPIBHOCTEH MOBEPXHI, TaK 1 0€3M0cepeHHO MOBEPXHEBOTO IIAPY
3paskiB [71], mo 3a0e3neduye CpUsTINBI YMOBU JJI 3AIMCHEHHS MPOIECY MIKPOPI3aHHS

OCKOJIbYAaCTUMHU MOPOUTKAMHU 3 MEHIIIUMH PEATbHUMU PasilyCaMu Pi3alibHUX KPOMOK.
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3.6 BiuiuB Ha IOPCTKICTH TA CTAaH ONMOPHOI MOBEPXHi nMpu nposeaeHHi MAO
CYMIIIII0 MOPOLIKIB i3 aJiMa3HUM a0pa3zuBoOM

ITokazaHo, 110 icHY€ 6e31ocepeHii 3B'130K MK TPMOOTEXHIYHUMHU BJIACTUBOCTSIMHU
komno3uiii MAII 3 saxkux d¢opmyerbes MAI Ta #oro ekcrutyaramiiHUMu
XapakTepucTUKaMu. BcTaHoBJIEHO, 10 HAMBUIA MOJIpyroYa cripoMoxkHicTh MAI, 110
dbopMyeThes 13 3 CyMilllel MOPOIIKOBUX a0pa3sUBHUX MaTrepialliB MpUTaMaHHA KPYITHUM
OKPYTJIMM IOPOIIIKaM 3 PO3MipaMu YaCTUHOK Oibiiie 630 MKM 3 J10/1aBaHHAM JPIOHUX
ockoybuacTux (Ppakmiii. Ha manomy eram pgochijpkeHHS OyayTh BECTHUCH 13
BUKOPUCTAaHHAM CyMIlIl OKpyIIuX Ta ockospyactux MAII pozmipamu Bizg 1800 1o 1000
MKM Ta ajMa3HUX IacT po3MipaMu 4YacTokK Big 2 0 40 MKM. 30BHIIIHIA BHUIJISA

aOpa3MBHUX YaCTOK aJIMa3HHUX NACT HaBeJAeHUH Ha puc. 3.29.

o

Puc. 3.29 3oBHimHiI# BUTIISA anMa3iB B Ckilaal aiMa3zHux nact tuimy ACM: a)

ACM 40/28 mxm; 6) ACM 20/14 mxm; B) ACM 5/3 mxm; 1) ACM 3/2 MM
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PesynbTaTin 006po6neHHs cymimamu chepuunux nopomkis JIH 1800/1300 mxMm Ta

S330 1400/1000 mxMm, ockospuactoro @epoman 630/400 MKM 13 1OTaBaHHSIM aIMa3HUX

nact ACM 40/28 mxm, ACM 20/14 mxm, ACM 5/3 Ta ACM 3/2 napexaeni Ha puc. 3.30
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®epoman 630/400 + ACM 5/3 0 20 40 P, %0 80 100
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BcranoBneno, mio Haiikpamia mnosipyroda 3aaTHicTh MAI  oTpumyerbes, mpu
dbopmyBaHHI poboyoro cepemoBuina iHaykTopa 3 mopomky JU 1800/1300 mxm 3
nomaBanHsaM mactu ACM 5/3 mxm ta S330 1400/1000 B mapi 3 ACM 5/3 MKM, IIpU ITbOMY
CIIOCTEPITal0ThCS Kpalli pe3yabTatd i1 mopormky S330, 11e MoKHA MOSICHUTH MEHIITIM
po3Mmipom dpakiii mopomky — 1800/1300 mxm y Y ta 1400/1000 mxm y S330.
Bigznaunmo , 1mo oTpuMaHi pe3yJibTaTh KOPENIOITh 3 TaHUMU, HaBeJeHUMU B [3], sKi
Oyso BctaHoBIIeHO npu BukoHaHHI MAOQO TBepAuXx cruiaBiB. Bullie 3HaueHHS MIOPCTKICTI
nicisgs MAO cymimmno [JY+ACM 3/2 MM y iopiBHSHHI 3 cymitio JJU+ACM 5/3 mxm
NOSICHIOETbCSI MEHIIOI a0pasMBHOIO 3JATHICTIO, IO HE JIO3BOJIMJIO OTPUMATH
mopctkicth Ha piBHI 0,03 MxM. Ilpore 301mbpmieHHs yacy oOpoOJieHHS B 2 pas3u
J03BOJIHIIO OTpuMaTH mopcTtkicth 0,04 MM 3a Bukopuctanusg {4 ta ACM 3/2 mxwm. [Ipu
bOMY Mepexij Bl MIKPOBUCTYIMIB JO MIKpO3anaJAruH Ha MIKpONpO(pLI0 3MICTUBCS 3 P =
51% no p = 62%, 1o BianoBigae Mikponpodiiato, oTpumanomy micist MAO cymimito

JNU+ACM 5/3 MxM.
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3.7 MexaHi3Mm B3aeMoii cyMillli OKPYIJIMX MOPONIKIB Ta HEPIBHOBICHHUX
0CKOJIbYACTUX
Bcranosneno, mo uactunku MAII npu MAO nonaTkoBO BUKOHYIOTH (DYHKIIIT
PYXOMO-CKOOPAMHOBAHOTO MpUTHUPa 1 3a0e3MeuyroTh IOKpaIeHHs YMOB Tepemadi
CUJIOBOI'O HABAaHTA)KEHHS Ha a0pa3vBHI 3epHA HAATBEPAUX MaTepialiB Mij yac pi3aHHS.
Cxema B3aemonii cymimni cepuunux nopomkiB Y ta S330 i3 posmipom @pakiii
1800/1300 mxM Ta ockonbuactux nopowkiB tumy depoman 630/400 Ta apiOHIMIUX

HaBeJIeHO Ha puc. 3.32.

HepieHosicHi
ocKonsyacmi
yacmuHku (@epoman)

CyMil MacmusbHO-0X0MoGXyHYOI PIOUHU
Moninwye npomikaHHA npouecy

Kpynxa okpyana yacmuHrka ([4)

B npoueci aGomy mamepiany maixe

He bepe yyacmb, a BUKOHYE, MEPEBaXHO,

npoyec nnacmuyHol degopmauil ma

YWINbHEeHHA N08epxXHeeoz2o wWapy.

Bucmynae e AKocmi Ma2HimHo20 KOHUeHmpamopa
ma 8UKOHYe byHKUilo Mpumipy, Ha AKOMY MOXymb
3aKkpinumuce ma ympumyeamuch YacmuHKU IHWUX
¢hpakuill nopowkis.

7

MixporepisHocmi

/\I/\r,\lr\\v/\)/\ W ymeopeti 8 npoueci MAO \
. v

\ Mixponpogint nosepxHi Mikponpocpine 06pobneHol nosepxHi

nicna wnigyeaHHA

Puc. 3.32 Cxematuune 306paxenss B3aemoii MAI chopmoBanoro i3 cymini
(dbepomarniTHUX OpoIIKOBUX MaTepiainiB chepuunoi — Y (S330) ta depoman

OCKOJIbYacTol popMu

Onucaty B3a€EMOJIIF0 MOXHA HACTYITHUM YMHOM — OUIbII KPYMHUM ChepuIHUit
MOPOITIOK BUCTYMA€E B SIKOCTI KOHIIEHTPATOPa, 10 SKOTO 3aKPIIUIIOIOTHCS MarHiTHUMU
CWJIaMH Ta YTPUMYIOTHCS MArHITHUM IIOJIEM, IO T€HEPYETHCS 13 BUCOKOMOTYKHUM
HEOJMMOBHUM MAarHiTOM B CKJaJl 1HAYKTOpa, YACTUHKH MEHIIUX (pakxiiiii, B pe3yJbTari
YOro CIOCTEPIraeThCs 3arajbHe 30UIbIIeHHs abpa3uBHOi 37aTHOCTI MAII Ta 3MeHIeHHs
IIOPCTKOCTI TOBEPXHEBOIro Iapy oO0poOsitoBaHoi aeTaii. lle MmosicHIOEThCS THUM, IO

chepuuHU MOPOIIOK BUKOHYE MPOIEC IIACTUYHOI JedopMallii BUCTYIIIB Ta 3aMUHAHHS
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BIIQ/IMH, B TOM Yac SK MOPOIIOK i3 HEPIBHOBICHOIO ()OPMOIO Ta TOCTPUMH KPOMKAMU

BUKOHY€ (DYHKIIIIO BUIAJICHHS MaTepiaty 3a paXyHOK MHOXKUHU Pi13aIbHUX KPOMOK.
Cxema B3aemogii cymimn cpepuunux nopomkiB Y ta S330 13 posmipom dpakiii

1800/1300 MKM Ta OCKOJIBYACTUX HEMATHITHUX aOpa3MBHUX alMa3HHUX nacT tTuny ACM

Ta ApIOHIMNX HaBeAECHO HA pHcC. 3.33.

Kpynua oxpyana yacmunka ([4)
B npoueci aiomy mamepiany malxe
__ He 6epe yyacmb, a 8UKOHYE, NEPE8axHo,
““npouec nnacmuyxol deghopmauil ma

HepisHosicHi
ockonsyacmi anMasHi
yacmunku (ACM)

Bucmynalome & AKocmi pisansHux enemexmie

BukoHytome xaomuydkul pyx Haekono cgpepuyHol gopakuilr MATT, w'f'i..
W0 cnpuse Nepemill ysanHio ma caMosioHoenenko MAT ‘l S
|\

Boaemwoembca 8 M'akwul nopowok 4
ma pyxaembsca pa3oM 3 HUM.

YWiNbHEHHA NOBEPXHEBOZ0 WaPY.

" Bucmynae & AKocmi MazHimHO20 KoHUeHmpamopa
ma 8UKOHYE (PyHKUi0 Npumupy, Ha AKOMY MOXymb
aKpinUMUCe ma ympuMmyeamuck 4acmUHKU IHWUX
ghpakuili nopowkis.

CyMiw MmacmunsHo-oxonodxyedol piduHu
Moninwye npomixaxHa npouecy

MikpoHepieHocmi ymeopeHi
anmasHow ghpakuieio 8 npoyeci MAO

L

Mikponpogine nogepxHi
. MicNA WnipysaHHaA

Mikponpoinsk 06pobneHol nosepxHi

Puc. 3.33 CxemaTtuune 300paxeHHs B3aemo i MAI chopmoBanoro 13 ¢pepoMarHiTHUX
MoponIkoBux matepiaiib cepuunoi hopmu — JIH (S330) Ta HemarHiTHUX aOpa3sUBHUX

YaCTUHOK ayMa3zHoi mactu ACM

VY BUMaAKy 3aCTOCYBaHHS CyMillll CPEpUUHUX MOPOIIKIB Ta aJIMa3HUX a0pa3uBiB,
KpYNHUHA CchEepUyHUl MOPOIIOK BUCTYNA€E B SKOCTI PyXOMOTO HPUTUPY, 10 SKOTO
3aKPIIUTIOIOTHCS LUISIXOM IIAapKyBaHHS YAaCTUHKM MEHIIMX (pakiii. Sk pesynabrar
CriocTepiraeThes 301IbIeHHs abpa3uBHOI 37aTHOCTI MAII Ta 3MeHIIEHHST OPCTKOCTI
MMOBEPXHEBOTO I1apy oOpoOIOBaHOI eTalli BHACIIIOK BIUIMBY CHEPUYHOTO MOPOIIKY,
[0 BUKOHYE TUIACTUYHY AedopMallilo BHUCTYIB, 3aMUHAHHS BIAIWH Ta 3MIIHCHHS
MPUTIOBEPXHEBOTO APy Marepiaidy, B TOM Yac sIK aaMaszHa (Ppaxilis 13 HEpIBHOBICHOIO
(opMOI0 Ta TOCTPUMHU Pi3aJTbHUMU KPOMKaMU BUKOHY€ (DYHKIIIIO BUIAJICHHS MaTepiay
Ta YTBOPEHHS HOBHUX MIKPOHEpIBHOCTEH Mpodiito

13 3HAQYEHHSIMM BHCOT, IIIO

BIJINMOBI/IAl0Th TPAHUYHUM 3HAYCHHSIM a0pa3uBy.
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3011bIIeHH  a0pa3MBHOI 3/1aTHOCTI MOSICHIOETHCSI IPOLIECOM  IUIACTUYHOIO
nepopmyBaHHs oBepxHeBoro mapy npu MAO 1 sik pe3yabTat 301IbIIEHHS TOBEPXHEBOT
TBEPJIOCTI.

Haiikpami pe3ynbratu, 3a OIIHKY MO0 mapaMeTpy Ra i piBHIO MIKpOXBUIISICTOCTI
MOBEPXOHb 3pa3kiB miciast MAO oTpumaHO MpH BUKOPUCTaHHI cymimed okpyriux U
(1500/1300 mxm) Ta ockospuacTux depomarn(640/400 MKM) MOPOIIKIB TP iX PiBHIM
kinmpkocTi B MAIL 3a Takux yMOB MpoBeJeHHS 0OpOOJICHHS OKPYTJII KPYMHI MOPOIIKH,
BUKOHYIOTh POJIb PYXOMOI'O INPUTHPY, NEPEJalOYl CUJIOBE HABAHTAXKEHHS Ha JIpiOHI
yacTuHKU. [lpu 1mpoMy B mpoueci 0e3nocepeqHbOro KOHTAKTy 3 O0O0poOIIIOBaHOIO
MOBEPXHEIO KPYMHI OKPYTJi YaCTUHKHM 3a0€3MeUylOTh SK IUIACTUYHE JePOopMyBaHHS
MIKpPOHEPIBHOCTEH TMOBEpXHI, TaKk 1 Oe€3MmocepeqHbO IMOBEPXHEBOTO IIapy 3pa3KiB,
3a0e3neuyroun 301IbIIEHHS TOBEPXHEBOT TBEPAOCTI B 1,4 pa3u, 1110 CTBOPIOE CIIPUATIMBI
YMOBH ISl 3[IICHEHHSI IPOLIECY MIKPOPI3aHHS OCKOJIbYACTUMU JPIOHUMHU YaCTUHKAMHU.
®opmyBanaa MAI 3 mopomky Y (1500/1300 mkm) 1 anmasnoi nmactu ACM pi3Hoi
3€pHUCTOCTI JO3BOJWJIO BCTAaHOBUTH, IO HaiiKpamia MOoJipylda CIPOMOXKHICTb
nputamanHa MAI, sxuii chopmoBano 3 nopomky JAY (1500/1300 MmxMm) 3 g0/1aBaHHIM
nactu ACM (5/3 mxm). [1pu iboMy OTpUMaHO HIOPCTKICTh 00pOOJIEHNX OBEPXOHB 3 Ra

Ha piBH1 0,03 - 0,04 MKM.
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3AT'AJIBHI BUCHOBKHA

1. BcranoBieno mporecu Ta sIBUINA, 10 peami3dyroTses npu MAO miioumH
IHIYKTOpaMUd TOPIIEBOTO THUMY Ha 0a31 BHCOKOCHEPTETHYHHX MATHITIB Ta OCHOBHI
TEXHOJIOTI4YHI TapaMeTpH, sKi Oe3mocepelHbO BIUTMBAIOTH HA SAKICHI IapameTpu
00p0OITFOBAHUX MMOBEPXOHb, 110 (POPMYIOTHCS IPH B3aeMo/Iii netaii Ta MAI.

2. Brnepmie 13 3acToCyBaHHSM KOMILJIEKCHOTO MiJXOAY MO MOJEIIOBAHHIO
PO3MOBCIO/IKEHHSI MAarHiTHUX TOJIIB B poOO0Uiii 30H1 Ta pe3yJIbTaTiB €KCIIEPUMEHTAIbLHIX
JTOCIIDKeHb 13 3MIHOIO (opMu poOoY0oi TOpIIEBOI IMOBEPXHI MAarHITHOI TOJOBKH
3alPONOHOBAHO palllOHATBHY KOHCTPYKI[IIO MarHiTHO-aOpa3uBHOTO 1HAYKTOpa Ha 0a3i
MOCTIMHUX BUCOKOCHEPTETUYHUX MArHITIB.

3. BucyHyTo Ta eKCepMMEHTaIIbHO MIATBEPIKEHO TIINOTE3Y MPO B3aEMOJIIIO
cymimn MAII cheprynoi Ta 0CKOIbUACTOT POPMH K PyXOMO-CKOOPJINHOBAHUN IPUTHP,
sKa 6a3zyeThcsl Ha aHalizl ymoB hopmyBanHs MAI, mporiecis, 110 iX CynpoOBOKYIOTH B
YMOBax MaJIMX MAarHiTHUX 3a30piB.

4. Hanano pexomeHnartii 110/10 TEXHOJIOTIYHUX PEKUMIB MMPOBEACHHS MPOIECY
JUIsi  3a0e3MeUeHHs] BUCOKOi e(PEeKTUBHOCTI 00poOsieHHs TmwiomuH Merogom MAO
rOJIOBKAMH 3 BHCOKOCHEPIeTMUYHUMHU MarHiTaMd Ha BepCTaTax 13 BEPTHUKAIBHUM
PO3TaIIyBaHHIM IIITHHIETIS.

5. Brnepiue nociiKeHO MOMKJIMBICTh 1 JAOLUUIBHICT BUKOPUCTaHHS PIZHHUX
tumiB  MAII Ta iX cymimed B yMOBaxX Majoro MAar”iTHOro 3a3opy s
BHCOKOIIPOIYKTHBHOT 00POOKH 1 TTOKa3aHO 110 B mpoiieci B3aemoaii Mixk MAI ta netayutto
npu MAO 3 ypaxyBaHHAM XapaKTepUCTUK OOpOOJIOBaHOI JAeTalli Ta MAarHiTHO-
a0pa3MBHUX TOPOIIKIB MOKJIMBO OTPMMAHHS MIOPCTKOCTI moBepxHI 3 Ra<0,02mkmM,
po3riiamKeHuM mpodinem 1 popMyBaHHAM B MTOBEPXHEBOMY IIapi BUPOOIB KEPOBAHHUX
3QJIMIIKOBUX BiJ’€MHHUX HampyeHb B gianazoHi 40-100 MIla, npuuomy HanOiIbIINAN
HaKJICTI 1 3aJTUIIKOBI HAMPY>KCHHS TPUTaMaHH1 MPoIiecy 0OpOOICHHS KPYTTHUM OKPYTINM
nopourkoM S330 3 po3mipom yactuHok 1200/900 MxM.

6. ExcriepuMeHTanbHO MIATBEPKEHO TEOPETHYHI MPUITYIICHHS, MI0J0

BIUTMBY Xapaktepuctuk MAI npu 006po6nenHi miuomuH MetongoM MAO ronoBkamu 3
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BUCOKOCHEPTeTUUHUMHU MarHiTaMu Ta TEXHOJIOTTYHUX (PaKkTOpiB mpoiiecy oOpoOIeHHS Ha
OKpeMi TOKa3HUKM TMapaMmeTpiB OOpOOITIOBAHMX TMOBEPXOHb, M0 3a0€3MEYHIIO
PO3IIMPEHHS  MOXJIMBOCTEM METOAy 1 IIJBHUINCHHA HOro e(eKTUBHOCTI 1

MPOIYKTHUBHOCTI.
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