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BIIJIUB OBPOBKH ITIOBEPXHI 3A TEXHOJIOI'TEIO SMAT HA
MEXAHIYHI BJACTUBOCTI NOBEPXHEBUX IIIAPIB MIJII"

B pobomi pospobreno npunad 0nsn nposedeHHs BUCOKOUACMOMHOI NOBEPXHEBOT
Mmexaniunoi 06pooxu mepmsam 3a mexronozicio SMAT (surface mechanical attrition treatment).
Onucano po3pobneny cxemy Hpuiady ma nNpueeoeHo ONUC U020 OCHOBHUX KOMHOHEHMIB:
2eHepamopa 8UCOKOYACMOMHUX eleKMPUUHUX KOIUBAHb MA VIbMPA38YKOB020 MEXAHIUHO20
incmpymenmy. Texnonoeito mexarniunoi oopooxu SMAT 3acmocosarno ons 06podKU NoBepxoHb
MIOHUX RNIOKIAOOK 3  PISHUMU MUNAMU NOBEPXHI, K NPOCMO NONIPOBAHOI, maxk i 3
eNLeKMPONIMUYHO  OCAONCEHUM npowapkom mioi. bByno nposedeno  eumiprosanHs
MIKpOmeepoocmi no8epxoHb ma 6CMAHOBIEHO il NIOBUWEHHS NICISL NOBEPXHEB0I MEeXAHIUHOL
00pooxu mepmsam 3a mexnonozicio SMAT. Mikpomeepodicmb enekmpoocaddicenux npouapkie
MiOi nicia 0bpobku 3a mexuonozielo SMAT nepesuwye mikpomeepdicme 8i0nonipogaHux
NPOKAMHUX NAACMUHOK MIOI.

K1r040Bi cji0Ba: HaHOCTPYKTYpPOBaHI MaTepiaiy, IHTEHCHUBHA IUIACTHUYHA Jedopmaltis,
MOBEpXHEBa MexaHiuHa 00poOka TepTsaM (SMAT), enexkTpoliTHYHO OCa/KEeHI IPOIAPKH Mifi,
MIKpPOTBEPIICTb.

* CTaTTIo HAIKCAHO 3TiIHO 3 MPMKIATHOK AEPKOI0KETHOI TeMO “CHHTE3 HAHOCTPYKTYpPOBAHUX CILIABIB 3a
OCLMITIOIOUNX HAMPYXXEHb Ta iX 3aCTOCYBAaHHS B HOBIM TEXHOJOTII 3’ €THAHHS MiKPOEJIEKTPOHHIX KOMIIOHEHTIB”
(momep meprxaBHoi peectparii 0117U000577).
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Cepist «Pi3uxo-mMaTeMaTH4Hi HayKm», 2019

1. Beryn

HanocTpykTypoBaHi MaTepiain XapakTepU3YIOThCS CHENH(]IYHOIO CTPYKTYpPOIO B
MOPIBHSIHHI 3 TOJIKpUCTANIYHUME MaTepiagamu. OCKiUTBKM HaHOCTPYKTYpPOBaHI MaTepiain
CTBOPIOIOTbCS IIJISIXOM CHJIBHHX Jedopmaniid, po3Mipd 3epeH B TaKuX Marepiajax
3MCHIIYIOTHCS B HAIIPSIMKY BiJ 00’eMy KpucTana i o moepxHi [1, 2]. Taki maTepianu MaroTh
BEJIMKY KiJIbKICTh MPUIIOBEPXHEBUX NE(PEKTIB, YTBOPEHUX BHACHTIIOK IHTEHCHUBHOI TNIACTUYHOT
nedopmartii. Icuye psin meroaiB aedopmaiiii MarepiaiiB: MmexaHiuHa oOpooka teptsam (MA),
MeTOAM CHiIbHOI mmactTuyHoi nedopmanii (SPD) [1, 2]. lo rpynu 3 CHIIBHOIO TUIACTHYHOIO
nedopMartiero BiTHOCATHCS: KPYUCHHS MiJl BUCOKMM THUCKOM, CTHCHEHHS ITiJ] TIPSMUM KyTOM
(ECAP), noBepxHeBa mexaniuHa 00pobka teprsm (SMAT) [1, 2-6].

SMAT TexHooris 3aKITI0YaeThCs B 00p0O1Ii TOBEPXHI MaTepialy pyXOMUMH CTAITBHUMHU
KyJIbKaMH, IO TPUCKOPIOIOTHCS MEXaHIYHUM TeHEepaTOpOM BHCOKOYACTOTHUX KOJMBAHb
(6muzpko 20 kI'm). Taka oOpoOka TPU3BOAWUTH JIO 3MIHM MEXaHIYHHUX BJIACTUBOCTEH
NPUIIOBEPXHEBUX MPOIIAPKiB Matepiaiis [1, 2, 7-9].

B poGorax [10, 11] mpuBemeHO ONMMC BUKOPUCTAHOI TEXHOJOTIi HU3bKOYACTOTHOL
MOBEPXHEBOT 00pOoOKK MaTepiamiB. J[OCHIHKEHO PeXUMHU E€JIEKTPOOCA/DKEHHS Mijll Ha MifgH1
M1JUIOKKU: CTalllOHApHUHN, PEBEPCHUN IMITYJILCHUIA Ta CTOXaCTHMYHUMN, 00poOKa MOBEPXOHB 3a
texnouorieto SMAT. TIpoBeneHO peHTT€HOCTPYKTYPHHH aHaJi3 IUX IIOBEPXOHB, 110 BKAa3ye Ha
Te o Ticist 00poOku 3a TexHojoriero SMAT mepeBakae CTpyKTypa 3 Opi€HTAIlIE0 TUTOIINH
(111). Takox mocmiKeHO BIUIMB OOpPOOKM MOBEPXHI MIJHUX MIIKIAJ0K Ha AUQY3i0 Ta
dazoyTBoperHs B cuctemi Cu-Sn. ToBHIMHA YTBOPEHOTO MPOIIAPKY iHTEpMETaNiqHOl (ha3zu
OyJna 3HAYHO MEHIIIOI0, HIXK B 3pa3Kax 3 MOJIKPUCTATIYHOI Hele()OpMOBAHOIO IMiIKIIAIKOO.
Le o3nauae, mo oopoodka 3a Texnomoriero SMAT cnoBinsHIO€ pict CusSn dasu. CTpykTypa Ta
neQexTHICTh 1€l (a3u BIUIMBAE HAa 4Yac 10 BIAMOBHM MIKPOEIEKTPOHHUX MPUCTPOIB udepe3
YTBOPEHHS B Hiii O, TPIILMH 10 IPU3BOAUTE 10 pyHHYBaHHS KOHTAKTHOTO 3’ €IHAHHSI.

Mertoro naHoi poboTu € po3poOka ycTaHOBKM BHCOKO4YacTOTHOI (20 kI'11) moBepXxHEBOi
MexaHIyHOT 00poOku TepTsiM 3a TexHonorieto SMAT Ta 1i 3actocyBaHHA 10 OOpOOKH
MMOBEPXOHb:  TOJIPOBAHUX  MITHUX IUIACTHHOK, TIPOIIAPKIB  €JIEKTPOOCAKEHOT B
CTAIllOHAPHOMY PEXHMI MiJl HAa MiJHI TUIACTUHKH. J[OCTIIPKEHO BIUIUB BHUCOKOYACTOTHOI
SMAT 06po6ku Ha MIKpOTBEPAICTh TOBEPXHEBHX MPOIIAPKIB.

2. ExcnepuMeHTaJIbHi METOIH OTPUMAHHSI 3pa3KiB

2.1 Onuc obnaonanus

SMAT mnpuctpiii — npunaa ajis oOpoOKH MOBEPXOHb KyJbKaMH 3 HEpP)KaBirO4oi cTai
niamerpom 0.2-1 MM, SIKi TPU3BOIATH JI0 IHTEHCHBHOI IUIACTUYHO1 ieopMariii MOBEpXHi 3pazka
[1] (Puc. 1). o ckmamy ycrtaHoBku isi oOpoOkm 3a TtexHosioriecto SMAT Bxonmsarth
ynbTpa3BykoBa kojuBasibHa cucteMa (Y3KC), mkepeno skxuBieHHs (YJIbTpa3BYKOBHUI
reHepaTop) Ta Kamepa s 00poOku 3paskiB  (Puc. 3). VY3KC ckmamaetbes 3
I’ €30MepeTBOpIOBaya, OycTepa Ta KOHIEHTpaTropa (CoHOTpona). Y MepeTBOproBadvi
(aKTUBHOMY €JIEMEHTi) KOJHMBaJIbHOI CHCTEMH BiJOYBA€ThCSI MEPETBOPEHHSI eHeprii
€JIEKTPUYHHUX KOJUBAHb B €HEPTiI0 MPYKHUX MEXaHIYHUX KOJIMBAaHb YJIbTPA3BYKOBOI YaCTOTH
(6mm3pko 20 xI'm). Bycrep Ta KOHLIEHTpaTop € MACHBHUM €JIEMEHTOM, SKi 3/1HCHIOIOTH
TpaHcPOpMaIlil0 MPYKHUX MIBUIAKOCTEH, 3 MOXIUBICTIO MiJCHICHHS, a00 ocialieHHs
aMIUTITYAXM MEXaHIYHUX KOJHMBaHb TMEpEeTBOpIOBaYa 1 3a0e3MeuyloTh Y3TO/LKEHHS 3
TEXHOJIOTTYHUM HaBaHTaXeHHAM. COHOTPOJI CTBOPIOE YIIBTPa3BYKOBE I10JIe B 00pOOIIOBAHOMY
00'exTi abo Oe3mocepeIHbO BIUIMBAE HA HHOT'O Ta MA€ PO3paxoBaHi F€OMETPUYHI pO3MIpHU Mif
TNEBHY pE3OHAHCHY 4YaCTOTy Ta aMIUIITYAy YIbTPa3ByKoBOi 0Opobku. Moro mexaHiumi
KOJIMBaHHS 3 YJIBTPA3BYKOBOIO YaCTOTOIO MEPEAAIOTHCS METANIEBUM KYJIbKaM 1 MPU3BOASTH JI0
ix pyxy. TakuM 4YmMHOM, BeNMKa KUIBKICTh KYyJIBOK OOpOOJSIOTH MOBEPXHIO Marepiany (B
HAIIOMY BUTAAKY, MITHUX IJTACTHHOK) YAAPSAIOYUCH B TOBEPXHIO 3pa3ka IiJl pi3HUMU KyTaMu
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[1, 11]. ConOTpOI BUTOTOBIICHUH 3 TUTAHY, OO MaTH HU3bKI BTPATH IIPH BiOPAIlisX Ta BUCOKY
MIIIHICTb.

Hudposuit ynpTpa3ByKoBHd T'eHepaTop Mae (QYHKLIi: PpEeryiroBaHHS aMIUTITYIH
konmBanb Binm 10 mo 100 % Tta ycranoBku Taiimepa pobotu mpriamy. Ilicis BBIMKHEHHS
reHepaTop, B aBTOMaTHYHOMY DPEXKHMi, HaJaIITOBYEThCS Ha pe3oHaHcHY dactoTy Y3KC Tta
niarpumye ii B pododomy pexumi (Puc. 206). Hanpyra sxusnenns reneparopa 220 B, a BuxigHa
notyxHicte 10 2000 Bt [12]. 3aranpHuii BUIIIS]] TeHEpaTOpa Ta €JICMEHTIB HOro KepyBaHHS
nokas3aHo Ha Puc. 2a:

ON/OFF — nepemukau, 110 BiJoBia€ 3a yBIMKHEHHS Ta BUMKHEHHSI ITPHUJIAY;
1)  iHAMKATOp BHXITHOI MOTY>KHOCTI Ta IEPEBAHTAXKCHb,
2)  KHOIKY MaHei Ui YIPaBJIiHHSI [eHEPaTOPOM;
3) mucmneii: A49 — amrutityna koiuBanb y % (Big 1 mo 100), B manomy
Bunaaky 49; 99.50 — nokasu TaiiMepa B XBUJIMHAX;
4)  inauKaTop poOOTH reHeparopa Mpu BBIMKHEHHI Y3 KOJIHMBAaHb;

Kamepa 3pa3sok

Y3 reneparop
«—

~220B
50 '

l"eneparop KOJITHBaHb

pox Il e3omepeTBOproBAY
Canwitio o II eaonyo 0BAY

ttt

II’c30e/1eMeHTH

Puc. 1. CxemaTtuune 306paxennss SMAT mpuctpotro.
Fig. 1. Schematic image of SMAT device.
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a) 0)

Puc. 2. YnpTpa3BykoBuii TeHEpaTOP: a) aHEIb YIIPaBIiHHS; 0) BiToOpakeHHS
YaCTOTHU PE3OHAHCY.
Fig. 2. Ultrasonic generator: a) control panel; b) displaying the resonant frequency.

JlpyruM KOMITOHEHTOM mpuiany Juisi oOpoOkm 3a TtexHojoriero SMAT e Y3KC
(Puc. 3). It 06poOkwm 3pa3kiB 10 coHoTposa (1) mpukpimiena pododa kamepa (2) 3 TpuMadeM
3paskiB (3) Ta perynsaropom Bucotu (4) (Puc. 3):

Puc. 3. Y3KC.
Fig. 3. Ultrasonic oscillation system.
2.2 Iliocomoska ma 8ueomosieHts 3pasKie
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Jnst 06poOKku OyJ0 MiArOTOBICHO MiAHI IIacTUHU po3Mipamu 7*10 mm. Bci migni
nigknaaku Oyno BianutihoBaHO Ta BiANOJIPOBAHO, Ta BUTOTOBIEHO 4 3pa3Ku B pEeKUMaX,
npuBeneHux B Tabmumi 1.

Tabmuus 1
XapaKTepUCTHUKU BUTOTOBJICHUX 3pa3KiB
Table 1
Characteristics of the manufactured samples
Ha3sga Pexum 00poOku [Tapamerpu ITapamerpu
SMAT 06poOku eJIEKTPOIITHYHOT O
0CaJPKEHHS
3pazok 1 — BIJICYTHSI
3pazok 2 Bucoxouacrorna oOpoOka 3a 5 XB, 4acToTa
texHoJjioriero SMAT 20 k[, miametp
KyJiboK 0.8 MM,
K-CTh KyJIbOK 10
IT.
3pazok 3 | EnexTposiTUyHE OCaIKEHHS B BIJICYTHS U=0,36 B; j= 0.0167
CTalllOHAPHOMY PEXHUMI Alem?
3pazok 4 | Enextpomitmune ocajpkeHHA B | 5 xB, wactota | U=0,36 B; j=0.0167 A/cm?
CTalllOHAPHOMY PEXHMI, 20 xI'n, niametp
BHCOKOYACTOTHA 00poOKka 3a | KyJibok 0.8 mm,
texHonoriero SMAT K-CTb KyJb0K 10
IIT.

JIy1st BUTOTOBJIEHHS IBOX 3pa3KiB OyJI0 3aCTOCOBAHE EICKTPOIITUYHE OCAKEHHS MiJll Ha
MigHI TiactTuHKU. Enextpomnit maB Hactynmuuid ckman: 0,36M*CuSO4*H20 +1,22M*H>S0a4.
Karomom Oyna miHa rutacTuHa, a Ha aHO 1 OyB 3akpirieHuH 3pa3ok. OcapKeHHS MPOBOIUIIOCH

3a TemmiepaTypu 20°C. [Iporenypa eIeKTpoTITHIHOTO OCaKEHHS Bi0yBalach B KUJTbKa KPOKIB
(Tabm. 2):

Taomuus 2
[TocnimoBHICTE Alil MpH €NEKTPOITHIHOMY OCAKEHHI MiIl
Table 2
The sequence of actions in the electrolytic deposition of copper
No Pexxum 06poOku [Tapamerpu
1 EnexrposnitTuune TpaBiaeHHS MiTHOT 10 xB., U=0,66 B; j=0.025 A/cm?
MOBEPXHI
2 EnexrposniTuune oca/pKeHHs Mii Ha 10 xB., U=0,66 B; j=0.025 Alem?
IUTACTUHKY
3 EnexrponitTuuHe ocayKeHHS B ®ikcarllis 3apsay 110 TPOUIIOB Yepes
CTAI[lOHAPHOMY PEXKHUMIi wiactuaky =86 Kir; U=0,37 B; j=0.0167
Alem?

3. PesyabTarn i 06roBopeHHs
B 3paskax 1-4 Oyno mnpoBeneHO BHMIPIOBAaHHS MIKPOTBEPJOCTI 3a JIOTIOMOIOIO
MmikpoTBepaomipa [IMT-3 (Puc. 3). Maca tsrapus, 1o TUCHE Ha iHAEHTOp Opayiacs piBHOIO
P=186.7 rpamiB. MikpoTBepaicTs H po3paxoByBanach 3a (popMyioro:
1854 x P

H=—3%—, 1)
c
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1€ ¢ — JllaroHajb BIIOUTKY 1HIEHTOPA Ha JOCITIKYBaHOMY 3pa3Ky B MiKpOHaXx.

B 3paskax 1 i 3, Ha Bigminy Bijx 3paskiB 2 i 4, 00poOka nmoBepxHi 3a Texnomnoriero SMAT
HE MMPOBOIMIIACh. BCTAaHOBIIEHO, 110 MIKPOTBEPIICTh 3pa3Ka 2 Miciisi BACOKOYACTOTHOI 00pOOKHU
3a TexHojoriero SMAT Buire Hix y 3pa3ka 1 3 MOTIKPUCTAIIYHOI CTPYKTYPORO. 3pazok 3 Mae
HAHIKYY MIKpOTBEPAICTh, IO MOXKHA TOSICHUTH HAsSBHICTIO E€JEKTPOJIITHYHO OCAIKEHOTO
MPOIIAPKY, SIKMH Mae BEIWKY KUIBKICTh pi3HHX nedekrtiB. HaiiBumry MiKpoTBepAicTh Mae
3pa3ok 4, sIKUii MiCIIs eIeKTPOTITHYHOTrO OcaKeHHsI OyB 00pobnenwmii 3a TexHomoriero SMAT
(muB. Puc. 4).

160
140
1201
1001
80+
60-
40-
20-

2

MiKpoTBEpIICTh, KI/MM

1 2 3 4

Howmep 3paska

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

4. BHCHOBKH

BucokouactoTHa 00poOka moBepxHi 3a TexHosoriero SMAT 306ibInye MiKpOTBEPAICTh
MOBEPXHI MIJHMX MIAKIAA0K pI3HUX THIIB, SK IOJIPOBAHUX TaK 1 3 EJIEKTPOJITHYHO
0Ca/DKEHUM Ha MiJIHY TUTACTHHY MPOIIapKoM Miji. JlocimiuKeHHs moKa3and, mo 3pa3ok 4, sKuii
MICTHTh €JIEKTPOJIITHYHO OCAPKCHHH IMPOIIAPOK MiJii, Ma€ IMOHMKEHY MIKPOTBEPIICTh 13-3a
nedekTHocTi nmoBepxHi. [Ticis nmpoBenenHst 00poOku 3a Texnonoriero SMAT BUSBHIIOCH, IO Y
3pa3ka 4 MIKpOTBEPIICTh CTA€ BUIIIOIO HIK Y 3pa3ka 1, 1110 Mae MoJIIKpUCTATIIYHY CTPYKTYPY Ta
OyB JIHIIIE BiJMOJIPOBAHUM.

B MaiiGyTHhOMY IMIaHy€eThCS AOCHiKeHHs qudy3iiiHoi B3aeMoil Ta (a30yTBOpEHHS B
cuctemi CU-Sn, 1e moBepxHsi MiJIHOI mIacTHHH OyJe nedopmoBana 3a TexHonoriero 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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