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JOCJIIIKEHHSI KOHTAKTHOI 30HU OTPUMAHOI METOJIOM
EJIEKTPOICKPOBOI'O CHIKAHHS MIJTHUX ITOPOIIKIB IOKPUTHUX
0JIOBOM

Hana cmamms 30cepeddxcyemvcsi Ha po3podbyi ma awanizi mexwonoeii 3 €OHaHHs
MIOHUX KOHMAKmMié 3a OONOMO20I0 eNeKMPOICKPOBO2O CHIKAHHA MINC YUMU KOHMAKMAMU
NpoOWApKy MIOHUX NOPOWIKI6, W0 NOKpUMi MOHKUM npowiapkom onosed. Illposedeno
00CNIOJHCEHHSL HA PACmMposoM) eneKmpoHHoMy mikpockoni PEM-200 kowmaxmuoi 30HU
eKCnepuMenmanbrHux 3pasKieé AK NiCisa eleKmpoiCKpO8020 CNIKAHHA, MAK | NICISA MEPMIUYHO20
gionany 3paskie. Bcmanoeneno, wo xommaxmmua 30Ha RicAsi e1eKMpOICKPOBO2O CNIKAHHSL
Micmumb auwe npomiocHy ¢gazy Cu3Sn. Ilicia enekmpoickpo8o2o CHiKaHHA KOHMAKMHOL
30HU npoBedeHo mepMiuHUll 8i0Nan OOCHIOHUX 3pa3ki@  npomszom 15 200un 3a
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memnepamypu 220 epadycie ILlenvcis. Bcmanoeneno, wjo 6cepeduri KOHMAKMHOI 30HU
3pOCMaAc 4acmka nop HA OOUHUYIO NIOWI NOBEPXHI KOHMAKMHOI 30HU 3DpA3Ki6, Xxoua
KOHMAKMHA 30HA MIdHC MIO0I0 | KOHMAKMHUM NPOULAPKOM MAE OOCMAMHbLO 0e3n0pucmy
0soxgasny cmpykmypy Cu/Cu3Sn.

Kiro4oBi cjioBa: elEeKTPOICKPOBE CHIKAaHHS, Milb, OJIOBO, PAacTpOBa EIEKTPOHHA
MIKPOCKOIisl, XIMiYHE OCaKEHHSI.

1. Beryn

[TopomkoBa MeTamypris Ta CHiKaHHS METAJIEBUX MOPOIIKIB 3aiiMalOTh BaXIIUBE Micle y
BUPOOHHUIITBI MIJHUX KOHTAaKTHUX 3’€JHaHb. Bubip Meroay CHiKaHHS 3HAYHOIO MipOIO
BIUIMBAE€ Ha SKICTh Ta HAJIHHICTb KOHTAKTHOI 30HHM. Y KOHTEKCTI BUPOOHHMIITBA MiTHUX
KOHTAaKTIB, OCOOJMBO BaXJIMBO PO3IJISIHYTH II€pEBAarM €JIEKTPOICKPOBOIO CIIKAHHA Y
HOPIBHSHHI 3 TPAAUIIHHUMHU METOIaMH TeMIlepaTypHoro crikanus[1,3].

TpaauuiliHe TeMnepaTypHe CHIKaHHS MiJHUX MOPOUIKIB YaCTO CYNPOBOIXKYETHCS PAAOM
TEXHOJIOTIYHUX TPYAHOILIB, 0COOJIMBO MPU BUCOKMX Temreparypax. Ilix gac mporo mporuecy
MOXYTh BHHHUKATH MPOOJIEMH 3 OKHCJICHHSM TOBEPXOHb METAJIIB, 1[0 HETATHBHO BILIMBAE HA
CIICKTPOIPOBIHICTh 1 MEXaHIYHy MIIHICTh MigHUX KoHTakTiB[4]. Kpim Toro, BHCOKI
TEMIIEpaTypy COPUSIOTH POCTY 3€PEH Y MICIIX 3’ €HAHb, III0 MOXE MPU3BECTH 10 YTBOPEHHS
MyCTOT Ta HEOJHOPITHOCTI Y CTPYKTYpi, 3HMKYIOUM TAaKUM YHWHOM SIKICTb Ta JIOBIOBIYHICTh
3'e¢1HAHb.

HaTtomicTb, eleKTpoiCKpoBe CIiKaHHS Bupillye Oarato 3 Iux mpooOieM. Bukopucranus
€JIEKTPUYHOIO PO3PSLy AJIS CIIKAHHS MOPOIIKOBUX YAaCTMHOK MiJli JI03BOJISIE JIOKai3yBaTH
001acTh HArpiBy Ta 3MEHIIUTH Yac CHiKaHHS, II0 € KPUTHYHO BKIMBHUM JIs1 3a0€3MeUCHHS
OJIHOPIJTHOCTI Ta SIKOCTI KOHTAKTHOI 30HU. Takuil miaxia TakoX MIHIMI3Y€ PU3HK OKUCICHHS
MiJIl Ta JI03BOJISIE YHUKHYTH HeOaXaHOro pocty ¢a3, SKUA € XapaKTepHUM IS
BHUCOKOTEMIIEPATYPHOTO crikaHHs[5,6].

3Ba)kalouM Ha 11 OCOOJMBOCTI, €JIEKTPOICKPOBE CHIKAHHS CTa€ OUIBII TEXHOJOTIYHO
npuBabIMBUM BHOOPOM Ul BUTOTOBJICHHS MIJHMX KOHTakTiB. lleli merox He uuiie
HiBUILY€ MEXaHIYHY MILHICTb 3'€/lHaHb, ajie i 3a0e3nedye BUCOKY SKICTh MOBEpPXHI, L0 €
BOXJIUBUM [UIl KOHTAaKTIB, SIKI BHUKOPHCTOBYIOTHCS Y BHCOKOUYTJIMBUX €JIEKTPUYHHX Ta
CNIEKTPOHHUX MPHUCTPOsIX[7].

3BUYaliHE CIIKaHHS CyMINIl MOPOMIKIB MiJl Ta OJOBAa MAa€ CBOi CKJIAJHOINI, MOB'SI3aHI 3
PI3HMMHU TeMIEepaTypaMu IUIaBJIEHHS IUX MeTaliB. Lle Moke mpu3BecTH 10 HEPIBHOMIPHOTO
CIIKAaHHSA, YTBOPEHHS IYyCTOT Yy CTPYKTYpl 3'€THaHHS, 3HM)KEHHS MIIIHOCTI Ta HaIliHOCTI.
Heonnopiguuili po3monia MOPOHIKIB y CyMillll TaKOXX MOXKE BIUIMHYTH Ha €JIEKTPUYHI Ta
MeXaHI4H1 BJIaCTUBOCTI 3'€/IHaHb.

B Toii ke yac, 3acTOCyBaHHSI OPOIIMHOK MiJli, IO MOKPUTI TOHKUM IPOIIAPKOM OJIOBA,
BU3HAYa€ psifl MepeBar, BUPILIYIOUN OUTBLIICTH 3 IUX MpoOieM. [ToKpUTTS MiTHUX YaCTHMHOK
TOHKMM TIPOILIApKOM OJIOBa 3a0e3leuye OJHOpPiJHE MOKPUTTS, L0 JOIOMara€ YHUKHYTH
npobisieM, sKi MOXYTh BHUHMKATH i Yac CIIKaHHS YUCTO MIJHUX MOPOILIKIB abo cymimri
MIJTHUAX Ta OJIOB’STHUX MOpOIIKiB. OJI0OBO, 110 i€ 5K 3B'S3yI0UNI areHT, CIPUsIE PIBHOMIPHOMY
PO3MOJLTY Teryia 1 MIHIMI3Y€ PU3HK YTBOPEHHS IyCTOT, MOKPAIIYIOUU MIIHICTh 1 HAIHHICTh
3'enHaHHsA[8].
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[Tix yac mporecy CHiKaHHS MiJHUX HOPOUIMHOK, IO IMOKPUTI OJIOBOM, YTBOPIOETHCS
OinpIn ofHOpPiAHUI MeTaneBHil cruiaB. Lle 3a0e3medye kpaimly aare3ir0 MiXK 4aCTHHKaMH Ta
MIOKpAIIY€E eNIEKTPOIPOBIIHI BIACTHBOCTI MaTepiary. Takoxk BaKIMBO, IO MOKPUTTS OJIOBOM
3HI)KY€E PHU3MK OKHCJICHHS MiJli MiJ 4Yac CIKaHHA, 30epiraroum ii YMCTOTYy Ta MPOBIJIHI
Biactusocri[9,10].

TakuM YWUHOM, BHKOPHCTAHHS MIJHUX TIOPOIIMHOK, IO TIOKPUTI OJIOBOM, ISt
€JIEKTPOICKPOBOTO CITIKAHHS BIJIKPUBA€ HOBI MOKJIMBOCTI JUIsl TIJABHINEHHS SKOCTI Ta
HaIHHOCTI MiTHUX KOHTakTiB. Lleii MeTon He nmmie 3a0e3nedye eQeKTHBHILIEC yIpPaBIiHHS
IPOIIECOM CIIIKaHHSA, ajlé ¥ TapaHTye BUILY SKICTh KIHIEBOTO MPOAYKTY IOPIBHSIHO 3
TPAaIUIIHHUMHU METOJIAMH CIIKaHHS CyMillli TOPOIIKIB.

Ils crarts 30cepemKyeTbcs Ha PO3pOOIl Ta aHami3i TEXHOJOTIi 3’€IHAHHS MIiTHUX
KOHTAKTiB 32 JIOMIOMOTOI0 EJNEKTPOICKPOBOTO CIIKaHHS MIJHUX MOPOLIKIB, 3 OCOOJIMBUM
aKIICHTOM Ha BUKOPUCTaHHI MOPIIKIB Mifi, IO MOKPUTI TOHKUM MPOIIAPKOM OJIOBa, IS
JIOCSITHEHHS ONTHMAJIbHUX XapaKTePUCTHK MIKKOHTAKTHOTO 3’ €qHanHs[11].

2. Onuc ekcnepuMeHTY Ta METOIB 10CTi/IKEeHHSA

Jist mpoBeIeHHS €KCIIEPUMEHTY T10 €JIEKTPOICKPOBOMY 3'€THAHHIO MiJHUX KOHTAKTiB
3a JIOTIOMOTOI0 MOJM(IKOBAHOTO OJIOBOM IOPOIIKY Miai, OyJiM IMOMepenHbO IMiIroTOBICHI
MiHI TUTaCTUHU po3MipoMm 5*5 mm Ta 3*3 MM Bignosiano. I[lpomec mumidyBaHHS 1
HOJIpYBaHHS MIJHUX IUIACTUHOK IPOXOJMB B JEKUIbKa eTamiB. byjlo BHKOpHCTaHO
nutidpyBansHi kpyru P180-P2400. Ilicis koxkHOTO eTamy MOJipyBaHHS 3pa3KH MifIaBalluCh
OUMILEHHIO B YJIbTPa3BYyKOBIM BaHHi. /{7 BUIOTOBJIEHHS IOKPUTOIO OJIOBOM MiJIHOTO
MOPOUIKY, OyJI0 BUKOPUCTAHO MiJHUN MOPOIIOK Po3MipoM 50 MKM Ta PO3YHH ISl XIMiYHOTO
OCa/KEeHHsI 0Ji0oBa. Moan(iKoBaHUI 0JIOBOM MiTHUM MOPOIIOK OyB OTPUMaHUN METOOM, 1110
omnucanwuii B [12].

Jns oTpuMaHHS MiTHUX KOHTAaKTHHX 3’€IHaHb 3a JOMOMOTOIO EJIEKTPOiCKPOBOTO
CHIKaHHS MIJHUX TIOPOIIKIB BHKOPHUCTOBYBAJIACh YCTAHOBKA JJISi KOHTAaKTHO—TOYKOBOTO
3BaproBaHHs TKC-1300. B mporeci eneKkTpoiCKpoBOTO CHIKaHHS HOMiHaJIbHI 3HAYEHHS
Hanpyru 1 cuim ctpyMy Oynu HactynHi: I= 1300A, U= 2B. Jlocniani ceHaBIUnoaAiOH1 3pa3ku
Oynu cdopMoBaHI HACTyMHMM 4YHHOM: HHW)KHS IIJJacTUHa Oyna po3mipoM 5*5 MM,
HEMPOBIIHUH 130/19TOp-MacKa 3 TOBIIMHOIO 250 MKM Ta OTBOPOM 3 JIIaMETPOM 2 MM, BEpXHs
MiJHa IJIacTMHa po3MipoM 3*3 MM. MiK mNjacTMHaMH B OTBOpI 130J5TOpa METOAOM
PIBHOMIPHOTO 3allOBHEHHS PO3MIIIYBaBCS MPOLIAPOK MIJHOIO IMOPOIIOKY, IO TMOKPUTHM
0JIOBOM TOBUIMHOK J10 2 MKM. [301sTOp-Macka OyB BUKOPUCTaHHMM JUIsl TOTO, II00 CTPyM
MPOXOJUB caMe uepe3 MiJHI MJIACTUHKU 1 MOAM(IKOBaHUN MOPOILIOK y BHM3HAYEHIA 30HI
crikanHs (auB. Puc.1).



ISSN 2076-5851. Bicuuk Yepkacwkoro yHiBepcutery. Bumyck Nel. 2023

JlocainHnii 3pa3ok

- J l
Ty
Mina
H
u.mcnm;\

[307151T0D ; .
I MouudikoBanuii
1HOPOLIOK

YcTaHoBKa CIICKTPO-KOHTAKTHOI'O 3BapKOBAHHA I

Puc. 1. CxematuuHe 300pakeHHs €JEKTPOICKPOBOTO CIIKAaHHS

Fig. 1. Schematic representation of electric spark sintering

[Ipormec enekTpoiCKpOBOTO CHIKaHHS MIJHUX KOHTAaKTIB BIIOYBaBCS 3a HACTYITHUM
AITOPUTMOM: 3pa3KH OyJIM 3aTUCHYTI 3 HE3HAYHUM 3YCHIIJISIM MIXK MPOBIIHUMHU €JI€KTPOJaMHU
MICIISL YOTO 3A1MCHIOBAIIOCH 5 KOPOTKOYACHHUX EJIEKTPOICKPOBUX IMIMYJBLCIB 13 HOMIHATaMHU
3Ha4YeHb, IO BKa3aHi Bume. Ilicns eIeKTpOiCKpOBOIO CIHIKaHHSA OTPUMAHO JOCTaTHBO
MEXaHIYHO MII[HI KOHTAKTHI 30HU M MIJTHUMH INIACTUHKAMHU.

[Ticns  eneKTpOICKPOBOTO CIIKaHHS MPOBOAMIOCH TEPMIYHHM BIiAMal JOCTIIHHUX
3paskiB mpotarom 15 roaun 3a Temnepatypu 220 °C B atMocdepi aprony.

JlocniakeHHs: KOHTAKTHUX 30H €KCIIEPUMEHTAJIbHUX 3pa3KiB MICHs eIeKTPOICKPOBOTO
CIIKaHHS Ta TICIAS TEPMIYHOTO BiJNay MPOBOAUIOCS HA PACTPOBOMY €IEKTPOHHOMY
mikpockori PEM-200 Tta 3aco0amu peHTreHIBCbKOi audpakToMeTpii 3 3acTOCYyBaHHSIM
mudpaxtomerpa JJPOH 2.0. Anami3 cTpyKTypH KOHTaKTHOI 30HHM, BU3HAUEHHS MOJIOKEHHS
MEX MPOILIAPKIB Ta HOP BUKOHYBAJIOCh HA OCHOBI pO3pOOJIECHOr0 MPOrpaMHOro 3a0e3MeueHHs.
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3. Pe3yJabTaTu A0CJTiI:KEeHHS] BUTOTOBJIEHHX 3pa3KiB
ExcrniepuMeHTanbHe MOCTIIKEHHS KOHTAKTHHX 30H ITICHS €JIEKTPOICKPOBOTO CITIKAHHS
3pa3KiB MPOBOJWIOCS Ha PacTPOBOMY eleKTpoHHOMY Mikpockorni PEM-200. 3nHimku
pobuincs 3a pizHOro 30iunbmeHHs: 3a 30inbiIeHHs B 40 paziB (Puc. 2-3) Ta 3a 30UIblIEHHS B
400 pa3iB (Puc. 4).

BSE COMPO 30.00kV " x40.0 3mm | BSE COMPO
Puc. 2. CEM-300paxeHHsI AOCIIITHUX 3Pa3KiB MICIs eNEKTPOICKPOBOTO CITIKAaHHS.
Fig. 2. SEM-image of experimental samples after electric spark sintering.

30.00kV_ x40.0 __ 2mm

JonaTtkoBo, m06 gociiautu npoiec (Ha3oyTBOPEHHS B KOHTAKTHIHM 30H1, 3pa3ku Oyio
3icTapeHo B aTMocdepi aprony mpotarom 15 roaus 3a temmneparypu 220 °C.

BSE COMPO ' im ll BSE COMPO 30.00kV " x40.0
Puc. 3. CEM-300paxeHHs JOCTIJHUX 3pa3KiB MiCJId TEPMIUHOTO BiAMAy NPOTAroM 15

royuH 3a Temneparypu 220 °C.
Fig. 3. SEM-image of the experimental samples after thermal annealing for 15 hours
at 220 0C.
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30.00kV x400
a §
Puc. 4. CEM-300pakeHHs] KOHTAaKTHOI 30HU JOCIITHUX 3pa3KiB Mics

€JIEKTPOICKPOBOTO CITIIKaHHA (@) Ta Mmicis TepMiuHoro Bignany (0)
Fig. 4. SEM images of the contact zone of the experimental samples after electric
spark sintering (a) and after thermal annealing (6)

[IpoBeneno ananis CEM 300pa’keHb KOHTAKTHMX 30H MDK MIJIHUMHU KOHTaKTaMH.
AHaltizyBanuch 300paKeHHS KOHTAKTHHUX 30H TICJS €JIEKTPOICKPOBOTO CITIKAHHS Ta IiCIsA
tepMiyHoro Bianaxy. CEM-300paxkeHHst Oyiu monepenHbo oOpoOsieHl TaKUM YHMHOM, 11100
MICTUTH JIMIIE €JIEMEHTH KOHTAaKTHOI 30HHW. CTaTHCTUYHHWM aHalli3 BKIIOYAE MiAPaXyHOK
IUIOILI TOP BiAHOCHO 3arajibHOi IUIOLII KOHTAKTHOI 30HM, aHali3 YacTKH MOp B KOHTAaKTHIH
30Hi. J{nst aHAMi3y MOpHCTOCTI Oyjla BUKOPUCTaHA PO3pOOJICHA MmporpaMa 3 BUKOPUCTAHHSIM
MOJIyJIsl KOMII FOTEpHOro aHani3y 300paxkenb OpenCV, a came, o0ropTka 1ib0ro MOAYJs JJis
moBHu mporpamyBanHs Python CV2. CEM-300pakeHHs1 KOHTaKTHOI 30HM KOHBEPTYBAIHChH B
300paXeHHs 3 TpajalisiMH CIporo 3 BIAMOBIJHOI MOOYJOBOIO TiCTOTPaMU PO3MOILTY
rpajarmiii ciporo koisopy it kKoxHoro CEM-300paxkenHs. 3 OTpUMaHOI TicTorpamMu OyJio
BU3HAYEHO MEX1 KOJIPHOTO Jliala3oHy, 1110 BiAMNOBIAA€ €JIeMEHTaM MYCTOTH Ha 300pakeHHSX
10 JOCITiJDKYBAITUCH.

BuxopucroByroun BOYJOBaHUIl alropuT™M MHOLIYKY KOHTYpiB Ta (ineTp 'abopa s
TEKCTYPHOI CeTMeHTallii 300pakeHb OyJI0 BHOKPEMIICHO 30HH ITOPUCTOCTI Ha 300pakeHHSX 3a
aITOPUTMOM, 1110 onucanuii B[13].

BoynoBanuii Meton monryky KoHTYpiB 0i6mioTekun OpenCV [14] no3Boisie 3HaAXOIUTH
KOHTYpPH Ta BU3HAYATH iX MJIONLY. 3@ KUIBKICTIO KOHTYPiB HEHYJIbOBOI IO OyJI0 BU3HAYEHO
KOHIISHTPAIIi}0 TIOp B KOHTAaKTHOMY iHTep(eiici, a 32 CyMapHOIO IIOMICIO — CITIBBITHOIICHHS
TUTOM] ITOP JI0 3arajbHOI TUIOMII TOPUCTOT KOHTAKTHOI 30HHU.

B tabmuui 1. MicTATBCS BiIOMOCTI PO pe3yNbTaTH aHajii3y 300pa)keHb JI0 Ta Micis
Binqnany. Pesynpratm aHamizy 300pakeHb MOKA3ykOTh, MO [0 BiANANy IMTyCTOTH OULIBII
JIOKaJi30BaHI Ta MalOTh 3HAYHO MEHIIY KOHIIEHTPAIl0 B KOHTAKTHIA 30HI MOPIBHSIHO 3
pe3yabTaTaMu MicIs BiAamy.
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Tabmuus 1. PesynbraT aHanizy HOpUCTOCTI KOHTAKTHOI 30HH MTiCIIS
eJIEKTPOICKPOBOTO CIIKaHHS Ta TEPMIYHOTO BiAMaIy.

Table. 1 Results of porosity analysis of the contact zone after electric spark sintering
and thermal annealing.

Biacorok mmomi mycror B | CepenHs KUIBKICTh ITyCTOT B
00’eMi  KOHTaKkTHOi  30HHU | 00’€Mi KOHTAKTHOI 30HU 3pa3KiB
3paskiB, %

IMicis 0,48 150
EJIEKTPOICKPOBOTO

CITIKaHHS

[Ticns Bimmamy 0,71 860

Takoxx oTpumaHi 3pa3ku Oynu gociimkeHi Ha peHtreHogudpaxtomerpi JPOH y
monoxpomarnuyHoMy FeKo-BunpomintoBanni. [Iudpakrorpamu eranoniB ¢asu e-CusSn
Opasnuch 3 6a3u nanux International Committee of Diffraction Database [15].

JlocniaHuit 3pa3ok nicias Bianany
20 - | = Cu3Sn

BigHocHA IHTEHCHBHICTH

b

0 T T T T T T 1
46 48 50 52 54 56 58 60

Kyt nuBpaxkuii 20

Puc. 5. Jludpakrorpama KOHTaKTHOI 30HHU JTOCIITHUX 3pa3KiB MIiCHs BiAMamy.
Fig. 5. Diffractogram of the contact zone of the test samples after annealing.

SxicHuii aHaniz audpaxTorpam, 306paxkeHHs Puc. 5, 103Bossie 3poOUTH BUCHOBOK, IIIO B
30HI KOHTAaKTy MICIIs TepMI4HOTO Bimmamy mpucyTHs ¢asza e-CusSn. Ha CEM-300pakeHsix
KOHTaKTHOI 30HU J0cigHuX 3pa3kiB (Puc. 4.) 13 rpagamii BiATIHKIB CipOro BUIHO, IO B MICII
cnaiiku icHye mpormapok jaBodaszHoi 30au Cu Ta CusSn 3 MOPUCTICTIO, IO HE BiAPi3HAETHCS
BiJl 00’ €MHOI.

4. BHCHOBKH
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B poboti ans onTuMmizaii TEXHOJOTIT 3 €IHAHHS MiJHUX KOHTAKTIB 3aCTOCOBAHO
METO/I €JIEKTPOICKPOBOT0O CIIKAaHHS MK IIMMU KOHTAKTaMH MPOIIAPKiB MiJHUX MOPOIMIKIB, 110
HOKPUTI TOHKHM IPOIIAPKOM OJIOBA.

[IpoBenenwuii ananiz CEM 300pakeHb KOHTAaKTHHUX 30H €KCIIEPUMEHTAJILHUX 3Pa3KiB
MICIISL IEKTPOICKPOBOTO CITIKAHHS Ta IMICs TEPMIYHOTO BiJIady 3pa3KiB IpoTAroMm 15 roauH
3a Ttemmepatypu 220 rpanyciB Ilenscis B armocdepi aprony. B pesynbTati
TU(HPaKTOMETPUYHUX JTOCHIKEHb JOCHIIHUX 3pa3KiB BCTAHOBJICHO, IO KOHTAKTHI 30HU
HiCJI €JIEKTPOICKPOBOTO CHIKaHHS MiICTATh juiie mnpoMixkHy ¢(asy Cu3Sn. BcranosieHo
TaKOX, 10 BCEPEANHI KOHTAKTHOI 30HU ICHY€E JOCTATHHO OJHOPIAHHNA PO3MOJLI MOp, YACTKA
SKUX 3pocTae micis audys3idHoro Biamamy. Mae Miclie TakoXX MPoLec Mepepo3noairy mop
miciis [udy3iHHOTO BiAmaty, BEIMKI KOHIJIOMEPATH MOp MOAPiOHIOIOTHCS, OAHAK IPOCTOPOBO
MOPH CTAIOTh OUTBII PIBHOMIPHO PO3MOIIICHUMH.

5. Cnucok BUKOPHCTAHOI JiTepaTypu:

1. Rogeon P. Characterization of electrical contact conditions in spot welding assemblies
/ P. Rogeon, P. Carre, J. Costa, G. Sibilia, G. Saindrenan // Journal of Materials
Processing Technology. — 2008. —Vol. 195, No. 1-3. — P. 117-124.— PexxumM I0CTyITy:
https://doi.org/10.1016/j.jmatprotec.2007.04.127

2. Walker I. R. Spot welder for making small electrical contacts / I. R. Walker, C. J.
Moss // Review of scientific instruments. — 1998. — Vol. 69, No. 7. — P. 2747-2756.—
Pexxum nmoctymy: https://doi.org/10.1063/1.1149010

3. Babu S. S. Empirical model of effects of pressure and temperature on electrical
contact resistance of metals. Science and technology of welding and joining / S. S.
Babu, M. L. Santella, Z. Feng, B. W. Riemer, J. W. Cohron // Science and technology
of welding and joining. — 2001. — Vol. 6, No. 3. — P. 126-132. — Pexxum goctymy:
http://dx.doi.org/10.1179/136217101101538631

4. Chang B. H. Comparative study of small scale and'large scale'resistance spot welding /
B. H. Chang, M. V. Li, Y. Zhou // Science and technology of welding and joining. —
200. - Vol. 6, Nob5 - P. 273-280. - Pexum jgocrymy:
https://www.researchgate.net/profile/Yixiang-Zhou-

/publication/233709906 _Comparative study of small scale and 'large_scale' resista
nce_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-
scale-and-large-scale-resistance-spot-welding.pdf

5. Wei P. S. Electrical contact resistance effect on resistance spot welding / P. S. Wei, T.
H. Wu // International journal of heat and mass transfer. — 2012. — Vol. 55, No. 11-12.
— P. 3316-3324. — Pexum JOCTyTY:
https://doi.org/10.1016/j.ijheatmasstransfer.2012.01.040

6. Walker I. R. Further considerations on the preparation of small electrical contacts by
spot welding / I. R. Walker, C. J. Moss // Review of Scientific Instruments. — 2000. —
Vol. 71, No. 5. —P. 2228-2232. — Pexxum mocrymy: https://doi.org/10.1063/1.1150611

7. Feulvarch E. Resistance spot welding simulation: a general finite element formulation
of electrothermal contact conditions / E. Feulvarch, V. Robin, J. M. Bergheau //

10


https://doi.org/10.1016/j.jmatprotec.2007.04.127
https://doi.org/10.1063/1.1149010
https://www.researchgate.net/profile/Yixiang-Zhou-%20/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-%20/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-%20/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-%20/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://doi.org/10.1016/j.ijheatmasstransfer.2012.01.040
https://doi.org/10.1063/1.1150611

Cepist «®Di3uKo-MaTeMaTH4Hi HayKm», 2023

10.

11.

12.

13.

14.

15.

Journal of Materials Processing Technology. — 2004. — No. 153. —P. 436-441.— Pexxum
nocrymy: https://doi.org/10.1063/1.1150611

Wang S. C. Modeling dynamic electrical resistance during resistance spot welding / S.
C. Wang, P. S. Wei // J. Heat Transfer. — 2001. — Vol. 123, No. 3. —P. 576-585. —
Pexxum noctymy: https://doi.org/10.1115/1.1370502

Na S. J. A theoretical study on electrical and thermal response in resistance spot
welding / S. J. Na, S. W. Park // Welding Journal-Including Welding Research
Supplement. — 1996. — Vol. 75, No. 8. — P. 233-242. — Pexxum noctymy: https://s3.us-
east-1.amazonaws.com/WJ-www.aws.org/supplement/WJ 1996 08 _s233.pdf

Zhang X. Effect of electrical load on contact welding failure of silver tin oxide
material used in DC electromechanical relays / X. Zhang, W. Ren, Z. Zheng, S Wang
/I IEEE Access. — 2019. — No. 7. — P. 133079-133089. — Pexum mgocrymy:
https://doi.org/10.1109/ACCESS.2019.2940966

Neuhaus A. R. Influence of electrical and mechanical parameters on contact welding
in low power switches / A. R. Neuhaus, W. F. Rieder, M. Hammerschmidt // IEEE
Transactions on components and packaging technologies. — 2004. — Vol. 27, No. 1. —
P. 4-11. — Pexxum noctymy: https://doi.org/10.1109/TCAPT.2004.825777

Hikonenko 0. B. BrumuB ynbTpa3ByKy Ha mpolec XiMiYHOTO OCQ/DKEHHS OJIOBAa Ha
migauil nopomok / FO. B. Hikonenko, B. B. Mopo3osuu, FO. O. Jlsmenko // Bicauk

Yepxkacbkoro yHiBepcurety. Cepis: «Pi3zuxko-maremMaTnuHi Hayku» — 2021. Nel. — C.
90-99. Pexxum nocrtymy: https://doi.org/10.31651/2076-5851-2021-90-99
Nurhadiyatna A. Gabor filtering for feature extraction in real time vehicle
classification system / A. Nurhadiyatna, A. L. Latifah, D. Fryantoni // In 2015 9th
International Symposium on Image and Signal Processing and Analysis (ISPA). —
2015. — P. 19-24. — Pexxum nmoctymy: https://doi.org/10.1109/1SPA.2015.7306026

Xie G. Image edge detection based on opencv / G. Xie, W. Lu // International Journal
of Electronics and Electrical Engineering. — 2013. — Vol. 1, No. 2. — P/ 104-106. —
Pexum JOCTyIy:
https://www.ijeee.net/uploadfile/2013/0702/20130702104409134.pdf

International Centre for Diffraction Data (ICDD), 12 Campus Blvd., Newtown Square,
PA 19073-3273 U.S.A., 2011.

References:

Rogeon, P., Carre, P., Costa, J., Sibilia, G., & Saindrenan, G. (2008). Characterization
of electrical contact conditions in spot welding assemblies. Journal of Materials
Processing Technology, 195(1-3), 117-124. Retrieved from
https://doi.org/10.1016/j.jmatprotec.2007.04.127

Walker, 1. R., & Moss, C. J. (1998). Spot welder for making small electrical contacts.
Review of scientific instruments, 69(7), 2747-2756. Retrieved from
https://doi.org/10.1063/1.1149010

11


https://doi.org/10.1063/1.1150611
https://doi.org/10.1115/1.1370502
https://doi.org/10.1109/ACCESS.2019.2940966
https://doi.org/10.1109/TCAPT.2004.825777
https://doi.org/10.31651/2076-5851-2021-90-99
https://www.ijeee.net/uploadfile/2013/0702/20130702104409134.pdf
https://doi.org/10.1016/j.jmatprotec.2007.04.127
https://doi.org/10.1063/1.1149010

ISSN 2076-5851. Bicuuk Yepkacskoro yHiBepcureTy. Bumyck Nel. 2023

10.

11.

12.

13.

Babu, S. S., Santella, M. L., Feng, Z., Riemer, B. W., & Cohron, J. W. (2001).
Empirical model of effects of pressure and temperature on electrical contact resistance
of metals. Science and technology of welding and joining, 6(3), 126-132. Retrieved
from http://dx.doi.org/10.1179/136217101101538631

Chang, B. H., Li, M. V., & Zhou, Y. (2001). Comparative study of small scale
and'large scale'resistance spot welding. Science and technology of welding and
joining, 6(5), 273-280. Retrieved from https://www.researchgate.net/profile/Yixiang-
Zhou-

2/publication/233709906_Comparative_study of small scale _and 'large_scale' resis
tance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-
scale-and-large-scale-resistance-spot-welding.pdf

Wei, P. S., & Wu, T. H. (2012). Electrical contact resistance effect on resistance spot
welding. International journal of heat and mass transfer, 55(11-12), 3316-3324.
Retrieved from https://doi.org/10.1016/j.ijheatmasstransfer.2012.01.040

Walker, I. R., & Moss, C. J. (2000). Further considerations on the preparation of small
electrical contacts by spot welding. Review of Scientific Instruments, 71(5), 2228-
2232. Retrieved from https://doi.org/10.1063/1.1150611

Feulvarch, E., Robin, V., & Bergheau, J. M. (2004). Resistance spot welding
simulation: a general finite element formulation of electrothermal contact conditions.
Journal of Materials Processing Technology, 153, 436-441. Retrieved from
https://doi.org/10.1063/1.1150611

Wang, S. C., & Wei, P. S. (2001). Modeling dynamic electrical resistance during
resistance spot welding. J. Heat Transfer, 123(3), 576-585. Retrieved from
https://doi.org/10.1115/1.1370502

Na, S. J., & Park, S. W. (1996). A theoretical study on electrical and thermal response
in resistance spot welding. Welding Journal-Including Welding Research Supplement,
75(8), 233-242. Retrieved from  https://s3.us-east-1.amazonaws.com/WJ-
www.aws.org/supplement/WJ_1996_08_s233.pdf

Zhang, X., Ren, W., Zheng, Z., & Wang, S. (2019). Effect of electrical load on contact
welding failure of silver tin oxide material used in DC electromechanical relays. IEEE
Access, 7, 133079-1330809. Retrieved from
https://doi.org/10.1109/ACCESS.2019.2940966

Neuhaus, A. R., Rieder, W. F., & Hammerschmidt, M. (2004). Influence of electrical
and mechanical parameters on contact welding in low power switches. IEEE
Transactions on components and packaging technologies, 27(1), 4-11. Retrieved from
https://doi.org/10.1109/TCAPT.2004.825777

Nikolenko, Yu. V., Morozovych, V. V., Lyashenko Yu. O. (2021). Effect of
ultrasound on the process of chemical deposition of tin on copper powder. Visnyk
Cherkaskoho Universytetu. Seriia «Fizyko-Matematychni Nauky» (Bulletin of
Cherkasy University. Series "Physics and Mathematics™), (1), 90-99. Retrieved from
https://doi.org/10.31651/2076-5851-2021-90-99

Nurhadiyatna, A., Latifah, A. L., & Fryantoni, D. (2015, September). Gabor filtering
for feature extraction in real time vehicle classification system. In 2015 9th

12


https://www.researchgate.net/profile/Yixiang-Zhou-2/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-2/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-2/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-2/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-2/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://doi.org/10.1016/j.ijheatmasstransfer.2012.01.040
https://doi.org/10.1063/1.1150611
https://doi.org/10.1063/1.1150611
https://doi.org/10.1115/1.1370502
https://doi.org/10.1109/ACCESS.2019.2940966
https://doi.org/10.1109/TCAPT.2004.825777
https://doi.org/10.31651/2076-5851-2021-90-99

Cepist «®Di3uKo-MaTeMaTH4Hi HayKm», 2023

International Symposium on Image and Signal Processing and Analysis (ISPA) (pp.
19-24). IEEE. Retrieved from https://doi.org/10.1109/ISPA.2015.7306026

14. Xie, G., & Lu, W. (2013). Image edge detection based on opencv. International
Journal of Electronics and Electrical Engineering, 1(2), 104-106. Retrieved from
https://www.ijeee.net/uploadfile/2013/0702/20130702104409134.pdf

15. International Centre for Diffraction Data (ICDD), 12 Campus Blvd., Newtown Square,
PA 19073-3273 U.S.A., 2011.

Yu. V. Nikolenko
Post-graduate student of the Department of Physics,
The Bohdan Khmelnytsky National University of Cherkasy, Cherkasy, Ukraine,
nikolenkoyu960@gmail.com

V. V. Morozovych
Post-graduate student of the Department of Physics,
The Bohdan Khmelnytsky National University of Cherkasy, Cherkasy, Ukraine,
vladmorozua@gmail.com

A. R. Honda
PhD-student,
Educational-Scientific Institute of Informational and Eduational Technologies
The Bohdan Khmelnytsky National University of Cherkasy, Cherkasy, Ukraine
andriy.gonda@vu.cdu.edu.ua

Yu. O. Lyashenko
doctor of physical and mathematical sciences, professor,
Educational-Scientific Institute of Informational and Eduational Technologies
The Bohdan Khmelnytsky National University of Cherkasy, Cherkasy, Ukraine,
lyashenko.yurij@gmail.com

STUDY OF THE CONTACT ZONE OBTAINED BY ELECTROSPARK
SINTERING OF COPPER POWDERS COATED WITH TIN

Powder metallurgy and the sintering of metal powders play an important role
in the production of copper contacts. However, the choice of sintering method has a
significant impact on the quality and reliability of the contact zone. In the context of
copper contact production, it is particularly important to consider the advantages of
electrospark sintering compared to traditional temperature sintering methods.

This article focuses on the development and analysis of a technology for
joining copper contacts using electrospark sintering of copper powders coated with a
thin tin layer to achieve optimal interconnect characteristics. In this article, the contact
zone of the experimental samples after electric spark sintering and thermal annealing
was studied using a scanning electron microscope REM-200.

From the results of the analysis of pore formation in the contact zone, it can be
said that after thermal annealing, the concentration of voids per unit surface area of the
contact zone of the sample increases significantly. There is a process of pore
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redistribution, large conglomerates of pores are crushed, but the pores are more evenly
distributed spatially.

The analysis of diffractograms and SEM-images allows us to conclude that a
two-phase zone of Cu and Cu3Sn is formed in the contact zone of the test samples.
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