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BIIJIMB OBPOBKH ITOBEPXHI 3A TEXHOJIOI'IEXO SMAT HA
MEXAHIYHI BJACTUBOCTI IOBEPXHEBHUX ILAPIB MIAI"

B pobomi pospobreno npunad O0nsn nposedeHHs BUCOKOUACMOMHOI NOBEPXHEBOT
MexaHiuHoi 00pooxku mepmsam 3a mexuonoeieto SMAT (surface mechanical attrition treatment).
Onucano po3pobneny cxemy Npunady ma NnpueeoeHo ONUC U020 OCHOBHUX KOMNOHEHMIS:
2eHepamopa 8UCOKOYACMOMHUX eNeKMPUUHUX KOIUBAHb Md YIbMPA38YKOBO20 MEXAHIUHO20
incmpymenmy. Texnonozito mexaniunoi 0opooku SMAT 3acmocosano 01 06poOKU NOBEPXOHD
MIOHUX RNIOKIAOOK 3  PI3HUMU MUNAMU NOBEPXHI, 5K NPOCMO NONIPOBAHOI, mMax i 3
eNeKMPONIIMUYHO  OCAONCEHUM npowiapkom  Mioi. bByno nposedeHo  8UMIDIOBAHHSL
MIKpOmeepoocmi no8epxonb ma 6CMAHOBIEHO il NIOBUWEHHS NICIA NOBEPXHEB0I MeXaHIUHOI
00pooxu mepmam 3a mexuonocieto SMAT. Mikpomeepdicmob e1ekmpoocadriceHux npoulaprise
MiOi nicnsi 06pooku 3a mexmnonociclo SMAT nepesuwyye mikpomeepoicms GiONONIPOBAHUX
NPOKAMHUX NAACMUHOK MIOI.

Kui04oBi cji0Ba: HAHOCTPYKTYpOBaHI MaTepiaiy, IHTCHCUBHA TUIaCTUYHA aedopmartis,
MOBEpXHEBa MexaHiuyHa 00poOka TepTsiM (SMAT), enekTposliTUYHO 0CaKEH1 POIIApKU Mijl,
MIKPOTBEPIICTb.

* CTaTTro HAMKMCAHO 3TiHO 3 NPUKIAJHOIO0 NEPHKOIOKETHOK TeMOI “CHUHTE3 HAHOCTPYKTYPOBAHHUX CILIABIB 3a
OCLMITIOIOYMX HANPYXKEHb Ta iX 3aCTOCYBaHHs B HOBIM TEXHOJIOTIT 3’€THAHHS MiKPOEJIEKTPOHHIX KOMIIOHEHTIB”
(Homep aeprkaBHoi peectparii 0117U000577).
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1. Beryn

HanoctpykTypoBaHi MaTepiaiu XapaKTepU3yIOThCsl CHEHU(IYHOI CTPYKTYpOIO B
MOPIBHAHHI 3 TOJIKPUCTATIYHUMH Matepiagamu. OCKiIbKM HAaHOCTPYKTYpPOBaHI Martepiaiu
CTBOPIOIOTHCSI UIUIIXOM CWIBHMX JAedopmaliiif, po3Mipu 3€peH B TaKUX Marepianax
3MEHILYIOTHCS B HAIIPSIMKY BiJ] 00’ eMy KpucTaia 1 o noBepxHi [ 1, 2]. Taki marepianu MaroTh
BEJIUKY KUIbKICTh IPUIIOBEPXHEBUX /€(EKTIB, YTBOPEHUX BHACIIIJOK IHTEHCUBHOI INIACTUYHOI
nedopmariii. Icuye psn metoniB gegopmariii matepiaiiB: MexaHiuHa oOpooka Teptam (MA),
MeTou cuiibHOI mactuyHoi Aedopmanii (SPD) [1, 2]. o rpynu 3 CHIBHOIO MJIACTUYHOIO
negopmMarlli€ro BITHOCATbCA: KPYUEHHS IM1J1 BUCOKUM THUCKOM, CTUCHEHHS MiJ MPSMUM KyTOM
(ECAP), noBepxHeBa MmexaniuHa o0Opooka teptsam (SMAT) [1, 2-6].

SMAT TexHoO0r1s 3aKII09a€ThCs B 00pOOIIl MOBEPXHI MaTepialy pPyXOMUMHU CTaJIbHUMU
KyJbKaMH, IO INPUCKOPIOIOTHCS MEXaHIYHUM TI'€HEpaTopoM BHCOKOYACTOTHUX KOJUBaHb
(6muzpko 20 kI'm). Taka oOpoOka TPU3BOAWUTH O 3MIHM MEXAaHIYHHX BIIACTHBOCTEH
MIPUIIOBEPXHEBUX MPOIIAPKIB MaTepiainis [1, 2, 7-9].

B poGotax [10, 11] mpuBeneHo oOnuc BUKOPUCTAHOI TEXHOJOII HU3bKOYaCTOTHOL
MOBEPXHEBOT 00poOKK MarepiamiB. J[OCHIIKEHO PeXUMH €JIEKTPOOCAHKEHHST M1 Ha MiJIHI
M1JUI0KKHU: CTalllOHAPHUMN, pEBEPCHUN IMITYJIbCHUM Ta CTOXaCTUYHUN, 00poOKa OBEPXOHD 3a
texHosorietro SMAT. [IpoBenieHO peHTIeHOCTPYKTYpHUN aHaJI13 IIUX TIOBEPXOHb, 1110 BKa3ye Ha
Te 110 micis 00poOku 3a TexHonoriero SMAT nepeBaxae CTpyKTypa 3 OpIEHTALIEI0 TUIOUINH
(111). Takox pocmiKEeHO BILIUB OOpOOKM MOBEPXHI MIAHMX MIAKIAIOK Ha audysiio Ta
¢dazoyTrBopeHHs B cuctemi Cu-Sn. ToBlIMHA yTBOPEHOro MpOLIAPKY IHTEpMETaIIduHOl (pa3u
OyJna 3HAYHO MEHIIIOI0, HIXK B 3pa3Kax 3 MOJIKPUCTATIYHOIO HEeAe(POPMOBAHOIO ITiIKIAIKOIO.
Ie o3nauae, 1m0 00pobka 3a TexHosoriero SMAT cnioBinbHIOE picT CuzSn daszu. Ctpykrypa Ta
neQeKxTHICTh 1€l a3y BIJIMBA€E HAa Yac J0 BIJIMOBH MIKPOEJIEKTPOHHUX IPUCTPOIB 4vepe3
YTBOPEHHS B Hil MOP, TPIIMH 10 TPU3BOIUTH 0 pyHHYBaHHS KOHTAKTHOTO 3’ €/IHAHHS.

Mertoro naHoi pobotu € po3poOka ycTaHOBKM BHcOkoudacTOTHOI (20 kI'1) moBepxHEeBOi
MexaHIuHOT oOpoOku TepTaM 3a TexHosoriero SMAT Ta 11 3acTocyBaHHS /10 OOpOOKHU
[IOBEPXOHb:  MOJIPOBAHUX  MIJHUX IUIACTUHOK, IMPOLIAPKIB  EJIEKTPOOCAIKEHOT B
CTAI[lOHAPHOMY PEXHMI MIIl Ha MiJHI IUIACTUHKH. J{OCHI/PKEHO BIUTUB BHCOKOYACTOTHOL
SMAT 06po0Oku Ha MIKPOTBEPIICTh TOBEPXHEBUX MPOLIAPKIB.

2. ExcnepuMeHTaJIbHiI MeTOAH OTPMMAHHS 3Pa3KiB

2.1 Onuc obaaonanus

SMAT mnpuctpiit — npuiiag uiss oOpoOKH MOBEPXOHb KyJIbKaMH 3 HEpKaBilouoi cTaii
niamerpom 0.2-1 MM, K1 TPU3BOIATH 10 IHTEHCUBHOT IJIACTUYHOI 1ehopmaltii moBepxHi 3pa3ka
[1] (Puc. 1). Ho ckmamy yctaHoBKM jisi 0OpoOku 3a TtexHonorieto SMAT BXxomsiTh
ynbTpa3BykoBa KkonuBaiibHa cucreMa (Y3KC), mxepeno xuBieHHsS (YJIbTpa3BYKOBHM
reHeparop) Ta Kamepa a1 o0poOku 3paskiB  (Puc.3). VY3KC cknamaerbest 3
I1’€30IIEPETBOPIOBaYa, OycTepa Ta KOHIEHTpaTopa (COHOTpona). Y MepeTBOprOBadvl
(aKTUBHOMY €JI€eMEHTI) KOJIMBAJIbHOI CHCTEMU BIiJOYBA€TbCSl MEPETBOPEHHS €Heprii
€JIEKTPUYHUX KOJIMBAHb B €HEPIii0 MPYKHUX MEXaHIYHUX KOJIMBaHb yJIbTPa3BYKOBOI YaCTOTU
(6muszpko 20 kI'm). Bycrep Ta KOHIIEHTpATOp € TMAacHBHUM €JIEMEHTOM, fK1 3I1HCHIOIOTH
TpanchopmaIlilo TPYKHUX IIBUIAKOCTEH, 3 MOXJIMBICTIO MiACWICHHS, a00 ociaabieHHs
aMIUNITYAM MEXaHIYHUX KOJMBaHb IEepeTBOpoBaya 1 3a0e3MeuyroTh Y3TOJKEHHS 3
TEXHOJIOTTYHUM HaBaHTaXeHHSIM. COHOTPO/] CTBOPIOE YIBTPA3BYKOBE 10JI€ B 00OpOOIIOBAHOMY
00'exTi ab0 Oe3mocepeIHbO BIUIMBAE HA HHOTO Ta MA€ PO3PAaXOBaHI F€OMETPUYHI PO3MIPH 1]
NIEBHY PE3OHAHCHY 4YACTOTYy Ta aMIUIITY[y y/IbTpa3ByKoBoi 06pobku. Moro Mexamiumi
KOJIMBaHHS 3 yJIbTPa3BYKOBOIO YaCTOTOIO MEPEAAOTHCSI METAIEBUM KYJIbKaM 1 IPU3BOJATH 10
ix pyxy. Takum yumHOM, BeJIMKa KUIbKICTh KyJIbOK OOpOOJISIIOTH MOBEPXHIO Marepiaily (B
HAIIOMY BUIAAKY, MIJIHUX IJIACTUHOK) YAAapsAIOYUCh B MOBEPXHIO 3pa3Ka i pI3HUMH KyTaMu
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[1, 11]. ConoTpoa BUTOTOBJICHHI 3 TUTAHY, OO MAaTH HU3bKI BTPATH MTPH BiOpaIlisiX Ta BUCOKY
MIIHICTb.

HudpoBuil ynpTpa3ByKkoBuil TreHepaTop Mae (YHKIIi: PpEryJioBaHHS aMIUIITyAd
konuBaHb Bix 10 no 100 % Ta ycraHoBku Taiimepa poOotu mpuinaay. Ilicis BBIMKHEHHS
reHepaTop, B aBTOMaTUYHOMY PEXHMI, HAIAIITOBYEThCSI Ha pe3oHaHcHY vacTtoTy Y3KC Ta
niaTpuMye ii B pobouomy pexxumi (Puc. 26). Hanpyra >xuBnenns reaeparopa 220 B, a BuxinHa
notyxHicTh 10 2000 Bt [12]. 3aranpHuil BUrIsa reHepaTopa Ta €J1EMEHTIB HOro KepyBaHHS
nokas3aHo Ha Puc. 2a:

ON/OFF — nepemMukauy, 1110 BiANOBIJA€ 3a YBIMKHEHHSI Ta BUMKHEHHS MIPUIIALY;
1) 1HAMKATOp BUXIJIHOI MOTYXKHOCTI Ta IEPEBAHTAXKEHD;
2) KHOIKH IaHell /Ui yIpaBIiHHSI T€HEpaTopoM;
3) mucruteit: A49 — ammityaa konuBanb y % (Big 1 go 100), B manomy
Bunaaky 49; 99.50 — nokasu TaiiMepa B XBUJIMHAX;
4) ipauxatop poOOTH reHepaTopa IpH BBIMKHEHHI Y3 KOJIMBaHb;

8 temepanop Kamepa 3pasox
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Puc. 1. Cxemarnune 300paxxennss SMAT npuctporo.
Fig. 1. Schematic image of SMAT device.
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a) 6)

Puc. 2. Ynbprpa3BykoBuii TeHEpaTOp: a) aHEb YIIPaBIiHHS; 0) BiTOOpaKeHHS
YaCTOTH PE30HAHCY.
Fig. 2. Ultrasonic generator: a) control panel; b) displaying the resonant frequency.

JpyruM KOMITOHEHTOM Npmiaay s oOpoOku 3a TexHosorieto SMAT e Y3KC
(Puc. 3). s 06poOKu 3pa3kiB 10 coHoTpoaa (1) mpukpiruiena pododa kamepa (2) 3 TpuMadeM
3paskiB (3) Ta perymstopom Bucotu (4) (Puc. 3):

Puc. 3. Y3KC.
Fig. 3. Ultrasonic oscillation system.
2.2 Iliocomoska ma 8Uc0mosierHs 3pasKise
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s oOpoOku OyJio MiArOTOBJIEHO MIAHI MiacTMHU po3Mipamu 7*10 mm. Bei migHi
nigkiaaku Oysio BiInuiipoBaHO Ta BIANOJIPOBAHO, Ta BUTOTOBJIEHO 4 3pa3Ku B pexuMax,
npuseaeHux B TaOmumi 1.

Tabmums 1
XapaKkTepUCTHUKH BUTOTOBJICHUX 3pa3KiB
Table 1
Characteristics of the manufactured samples
Ha3sga Pexum 06pobxu [Tapamerpu [Tapamerpu
SMAT 06poOku €JIEKTPOJIITUYHOTO
0CaDKEHHS
3pazok 1 — BIJICYTHS
3pazok 2 BucokouactorHa oOpoOka 3a 5 XB, yacToTa
texHojoriero SMAT 20 k', niamerp
KyJbp0K 0.8 MM,
K-CTbh KyJIbOK 10
IIT.
3pazok 3 | EnexTposiTUyHE OCaIKEHHS B B1JICYTHS U=0,36 B; j=0.0167
CTaIliOHAPHOMY PEKHMI Alem?
3pazok 4 | EnexrposniTuuHe OCaKeHHS B 5 xB,yactora | U=0,36 B; j=0.0167 A/cm?
CTalllOHaPHOMY PEXHMI, 20 k', niamerp
BHCOKOYACTOTHa 00poOKka 3a | KyJbok 0.8 MM,
texHojoriero SMAT K-CTbh KyJIbOK 10
IIT.

J1y1st BUTOTOBJIEHHS JIBOX 3pa3KiB OyJI0 3aCTOCOBAHE €JIEKTPOJITUYHE OCA/PKCHHS MiJIl Ha
MiJHI macTUHKU. Enexktpomit maB HactynHuit ckiag: 0,36M*CuSO4*H,0 +1,22M*H>SOq.
Karomom Oyna migHa rutactuHa, a Ha aHoAl OyB 3akpiruieHui 3pa3ok. OcaKeHHs TPOBOIUIOCH
3a Temmiepatypu 20°C. [Ipomemnypa eIeKTpOTITHIHOTO OCAKEHHSI BII0OYBaIach B KiJIbKa KPOKIB
(Tabmn. 2):

Tabmums 2
[TocnigoBHICTH 11l IPU €AEKTPOTITUHUHOMY OCAKEHHI M1l
Table 2
The sequence of actions in the electrolytic deposition of copper
Ne Pexxum 06pobku [Tapamerpu
1 Enexrponituune TpaBiaeHHS MiTHOT 10 xB., U=0,66 B; j=0.025 A/cm?
MIOBEPXHI
2 EnexrposnitTuune ocakeHHs Midl Ha 10 xB., U=0,66 B; j=0.025 A/cm?
TUTACTHHKY
3 Enexrponituune ocamkeHHs B dikcarris 3apsay 1m0 TPOUIIOB Yepes
CTaIllOHAPHOMY PEXKHUMI mactuaky q=86 Kir; U=0,37 B; j=0.0167
Alem?

3. Pe3yabTaTru i 00roBopeHHs
B 3pazkax 1-4 Oyno npoBeneHO BUMIPIOBAHHS MIKPOTBEPAOCTI 3a JOMOMOTONO
MmikpoTBepromipa [IMT-3 (Puc. 3). Maca Tsrapus, 110 THCHE Ha 1HAEHTOp Opajiacs piBHOIO
P=186.7 rpamiB. MikpoTBepaicTs H po3paxoByBaiach 3a (HhopmyIioro:
1854x P
1= (1)

2
C
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Jie ¢ — 1laroHajb BIAOUTKY 1HAEHTOPA Ha AOCIIKYBAaHOMY 3pa3Ky B MIKPOHaX.

B 3paskax 1 13, Ha Bigminy BiJ 3pa3kiB 2 1 4, 00poOka noBepxHi 3a TexHonoriero SMAT
HE MPOBOMIACH. BCTaHOBIIEHO, 1110 MIKPOTBEPIICTH 3pa3Ka 2 Miciisi BUCOKOYACTOTHOT 00pOOKH
3a TexHonorietro SMAT Buie HiX y 3pa3ka 1 3 MOMKPUCTAIIYHOIO CTPYKTYpOI0. 3pa3ok 3 Mae
HalHUK4Y MIKPOTBEPHICTh, 110 MOXKHA MOSICHUTH HASBHICTIO €JIEKTPOJIITUYHO OCaHKEHOIO
MpOLIapKy, SIKUH Ma€ BENMKY KUIBKICTb Pi3HUX jAedekrtiB. HaiiBuily MIKpOTBEpHAICTh Ma€e
3pa3ok 4, sIKui miclis e1eKTPONITUYHOrO ocaKeHHs OyB 00poOiieHuit 3a TexHonoriero SMAT
(nuB. Puc. 4).
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Howmep 3pa3ka

Puc. 4. MikpoTtBepaicTb 3pa3kiB 1-4.
Fig. 4. Microhardness of the samples 1-4.

4. BuCHOBKH

BucokouactorHa 006poOka moBepxHi 3a TexHosnoriero SMAT 30ublye MiKpOTBEPIICTh
MOBEPXHI MIJHUX MIJKIAJ0K PI3HUX THUIIB, SK TMOJIPOBAHUX TaK 1 3 EJIEKTPOJIITUYHO
OCaDKEHUM Ha MiJHY TUTACTHHY IpoIiapkom Miai. JlociipkeHHs mokas3anu, o 3pa3ok 4, sKui
MICTUTh €JIEKTPOJITUYHO OCAKEHUI MPOLIapoK MiJil, Ma€ MOHUKEHY MIKPOTBEPAICTH 13-3a
nedexTHocT! moBepxHi. Ilicis npoBeneHHs 00poOku 3a TexHooriero SMAT BUSBUIOCH, 1110 Y
3pa3ka 4 MIKpOTBEPAICTh CTA€ BUIIOI HIXK y 3pa3ka 1, 1110 Mae MOMIKPUCTAIIYHY CTPYKTYpPY Ta
OyB JMILIE B1IIOJIIPOBAHU.

B MaiibyTHhOMY MIaHy€eThCsl AOCHIKEHHS Tudy31iHOT B3aeMO1i Ta (pa30yTBOPEHHS B
cuctemi Cu-Sn, Jie moBepXHsl MiJIHOI Tu1acTUHU OyJie nedopmoBana 3a TexHosoriero SMAT.
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THE EFFECT OF SURFACE TREATMENT ON HIGH-FREQUENCY SMAT
TECHNOLOGY ON THE MECHANICAL PROPERTIES OF SURFACE COPPER

Summary. Nanostructured materials are characterized by a specific structure
compared to polycrystalline materials. Nanostructured materials are created in way of strong
deformations. SMAT (surface mechanical attrition treatment) technology consists in the
treatment of the surface of a material with steel balls accelerated by a generator of high-
frequency oscillations (about 20 kHz). This changes the mechanical properties of the materials.
The size of graines in such materials decreases in the direction from the volume of the crystal
to the surface. As a result of SMAT processing, graines become nanosized near the surface of
the samples. Such materials have a large number of subsurface defects formed as a result of
intense plastic deformation, which determines their thermodynamic and diffusion
characteristics.

The purpose of this work is to develop the device of high-frequency (20 kHz) surface
machining by attrition using SMAT technology and its application to the treatment of surfaces,
both polished copper plates and electrodeposited in a stationary mode to copper plates with
copper layers.

In this work, the device is developed and the technology of high-frequency mechanical
surface treatment of SMAT is described. The design features and technical characteristics of
the experimental plant are presented. In the work, the surfaces of copper substrates were
processed by different methods: grinding and polishing of copper polycrystalline plates,
electrolytic deposition of copper surface layers on these plates, processing of prototypes by
SMAT technology. The microhardness was measured in the surface layers of the linings made
using different technologies and their comparative characteristics were performed.

It is established that high-frequency surface treatment of plates by SMAT technology
increases the microhardness of the surface of copper plates of different types, both polished
and with electrolytically deposited copper. The results of the research showed that the sample,
which was subjected to electrolytic deposition of copper, has a high defectiveness of the surface
and reduced microhardness. After processing such a sample using SMAT technology, it is
obtained a hardness higher than the reference polycrystalline copper sample.

Keywords: nanostructured materials, intensive plastic deformation, surface mechanical
attrition treatment (SMAT), electrolytically deposited copper layers, microhardness.
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