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Annomayus. Ilpounocms cyenienusi 1aKOKPACOUHO20 NOKPLIMUSL HA NOBEPXHOCU XOJOOHOKAMAHOU NOJOCHL A6~
emcs 8adNCHLIM noKasamenem 015 OanvHeluiel SKCIyamayuy 8 agmomoourecmpoenuu. Adeesus xapakmepuszyemcs npoyHo-
CMbIO CYenneHs MenHcOy NOKPbImuem U NOONOACKOI, KOMopas Onpedensiemcs Cunol, mpedyoujelics 0ns omoeneHus noKpbl-
mus om nooaoxcku. [Ipunamo cuumams, Ymo wepoxo8amocms NOGEPXHOCIU cO30aem Oaa2oNpusmHule YCi08Us Ol XOpo-
weti adeesuu. [Ipedcmasaenvl pe3ynbmamosl NPOEEOEHHO20 MOOETUPOSAHUS MUKDOBBICHIYHO8 HOBEPXHOCTIU C YeNblo onpede-
Nenus ycunus ompuigea. Modenuposanue npouzsoounocs Ha n0O20MOBIeHHbIX 00pazyax ouamempom 25 Mm uz OrpanoMuHus.
H16. C ucnonvzoganuem gpesepro2o cmauka u cneyuaibHO NH0020MOBNEHHBIX PEXCYWUX UHCMPYMEHMOos ObLIu chopmupo-
8aHbI MUKPONPOQDUILA PA3TUYHOU hOpMBL: 8 8Ude NUPAMUObL, CheputecKol Popmbl, 8 Ude YCeyeHHO20 KOHYCA U NPAMOY20Tb-
noti gpopmsi. Coenacno I'OCT 32702.2-2014 (ISO 16276-2:2007) na nogepxrHocmu, cMOOeIUPOBAHHbLE PA3TUYHBIMU MUKDO-
NPOPUAAMU HAHECEHO Kieeoe NOKpblmiue 0OUHAKOBOU MomyuHbl. i obecneyenus 0OUHAKOBBIX YCA0BULL NOO2OMOBKU K
npoeedeHuio UCHLIMAHUL O CKIeUBAHUS NOBEPXHOCMEN BbIOEPHCUBANOCH 0OUHAKOB0e npudicumtoe ycunue. Ilocie omeep-
Jrcoenus Kies, NpuKieeHHvle 3a20MosKU N008ep2alom UCHLIMANUI0 Ha pacmadcenue (ucnvimanue Ha ompuig). [ns gvinoane-
HUA NPAKMUYECKol 4acmu npo8ooOUMbIX UCCAE008aHUTL ObLIO UCNONLI0BAHO PA3PLIEHOE YCMPOUCNEO OJiA UCHBIINANUA HA OM-
povie TOCT 32299-2013. Ilo pesyromamam ucnolmanutl MOJNCHO CYOUmMb O GIUSHUU DOPMbL MUKPORPODUIISL HA A02e3Ui0
MedAHCOY NOBEPXHOCIBIO U NOKPHIMUEM, A MAKIHCE O BAUAHUU HA NPOYHOCHD CYenNeHUs QOPMbl MUKPOSLICHYNA U KOHMAKMHOU
nrowaou. Hcnoavsya kaaccuurxayuio ad2e3uoHHo20 paspyuieHus, onpeoenuny mun paspyuieHus ucciedyemvlx oopasyos.
H3-3a omcymemeus 6 aumepamype OAHHBIX 00 YCMAHOGIEHUU 83AUMOCEA3U MeXHCOY POPMOL KOHMAKMHOU NOBEPXHOCHU U
adeesuell, ABMoOpPamMu IKCHEPUMEHMATLHO ObLIO YCMAHOBAEHO BIUAHUE POPMbL MUKPOBLICHIYNOE HA NPOYHOCMb CYENeHUs C
NOKpbIMueM, nymem OnpeoeieHuss OmpbleHO20 YCULUA.

Knrwuesovie cnosa: aare3us, MPIKpOHpO(l)I/IHL, MPOYHOCTD CLCIJICHHA, OTPBIBHOC YCHUIINEC

Jna yumuposanua: 3paruna E.1O. OnpeneneHne NpoOYHOCTH CHEIUICHHS Ha MOBEPXHOCTAX, CMOJIECIMPOBAHHBIX
pazauyHBIME  MHKpoBbicTynamu // Hayko&mkume TtexHonornmm B MammHocTpoenuu. 2026. Ne 2 (176). C. 41-48.
doi: 10.30987/2223-4608-2026-2-41-48

Adhesion strength test for the surfaces modulated by various
microasperities

Elena Yu. Zvyagina, PhD. Eng.

Nosov Magnitogorsk State Technical University
Magnitogorsk, Russia

zviagina_mmf@mail.ru

© 3Bsaruna E.10., 2026


mailto:zviagina_mmf@mail.ru
https://orcid.org/0009-0001-4948-5366
mailto:zviagina_mmf@mail.ru

KauecTBO NOBEPXHOCTHOIO €105, KOHTAKTHOE B3aUMoJeiicTBHe, TPeHUe U U3HOC ieTaleil MallluH
Surface layer quality, contact interaction, friction and wear of machine parts

Abstract. The adhesion strength of the paintwork on the surface of the cold-rolled strip is an important indicator for
further use in the automotive industry. Adhesion is characterized by cohesive resistance between the coating and the substrate,
which is determined by the force required to separate the coating from the base surface. It is generally accepted that surface
roughness creates favorable conditions for good adhesion. Simulation results of microasperities within the surface in order to
determine the tearing force are presented. The simulation was performed on prepared samples with a diameter of 25 mm made
of duralumin D16. Using a milling machine and specially prepared cutting tools, microprofiles were composed diversiform: a
pyramid, a spherical shape, a truncated cone and a rectangular one. According to the State Standard 32702.2-2014
(ISO 16276-2:2007), a glue-coating of the same thickness is applied to surfaces modulated with various microfilaments. To
ensure the same conditions of preparation for the tests, the same clamping force was applied for bonding surfaces. After the glue
has cured, the glued work materials are subjected to a tensile test (tear-off test). To carry out the practical part of the research,
a pull test machine was used for the tear test (State Standard 32299-2013). According to the test results, it is possible to make
conclusions about a microprofile shape effect on the adhesion between the surface and the coating, as well as the effect on the
adhesion strength of microasperity shape and the contact area. Using the classification of adhesive fracture, the type of fracture
of the studied samples was determined. Due to the lack of data in the references concerning the relationship between the shape
of the contact surface and adhesion, the authors experimentally found out that the effect of the microasperities shape on the
adhesion strength to the coating by determining the tear-off force.
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BBenenue ONOpHOU moBepxHOCTHU [1 — 3], U onpeneneHHoro
Ararra3oHa 3HA4YCHUI BEICOTHBIX U IIATOBBIX napa-
METpPOB IIEPOXOBATOCTH [4, 5].

Jns n1akoKpacCOYHBIX TMOKPBITHIM aare3ust

onpeacisICT Ka4CCTBO CHCIICHUSA C TTOBCPXHO-

OT kauecTBa MOBEPXHOCTHOTO CJIOSI 3aBH-
CST HE TOJBKO HKCIUTyaTallMOHHBIE CBOMCTBA (CO-
NPOTHBIICHHE YCTAJIOCTH, H3HOCOCTOHKOCTh, KOP-

PO3UOHHAsA CTOMKOCTb, COIPOTUBIICHUE KOHTAKT-
HOM yCTaJIOCTH) HO W aare3us MOKphITHs. B cBsi3n
C UHTEeHCU(DUKAIMEH YKCIUTYaTaI[MOHHBIX TPOIleC-
COB, YBEJIMYEHUEM CKOPOCTEW MepeMelieHus pa-
00YMX OpPraHOB, TOBBIIIICHHEM TEMIIEPATYP U J1aB-
JIEHUM POJIb Ka4eCTBAa MOBEPXHOCTHOTO CJIOS 3HA-
YUTENbHO BO3pacTaeT. CBsA3b XapaKTEPUCTHUK Ka-
YeCTBa MOBEPXHOCTHOTO CIIOSI C AKCIUTyaTaluOH-
HBIMU CBOMCTBAMM JETAJEN CBUIETEIBCTBYET O
TOM, YTO OINTHMajlbHasg MOBEPXHOCTh JIOJKHA
OBITH TOCTATOYHO TBEPIOM, TOKHA UMETH MEIIKO-
JTUCIIEPCHYIO CTPYKTYpPY, CIIIaKeHHYI0 (opmy
MHUKpPOHEPOBHOCTEH C  OONBINONH  TUIOIMIAIBIO

Puc. 1. ®pe3epuslii cranok ¢ UITY:
a — o0mwii BUA; 6 — yIpaBiIgromas mporpamma

Fig. 1. CNC milling machine:
a — general view; b — control program

CTBIO, TITyOMHY NMPOHUKHOBEHHUS B MOPHI U CPOK
CiIy>)kObl  TIOKpBITUSA. Yem BbIIIE aAre3MOHHBIC
CBOMCTBa, TeM IpOYHEEe M JOJTOBEYHEe OyaeT
okpacka [6 — 8]. Ecnu criienienue cnaboe, moKphI-
THE MOXKET OTKAJIBIBATHCS MIIM PACXOAUTHCS TOH-
KHMHU CIIOSIMU, YTO MIPUBOAUT K KOPPO3UHU U YXY-
LIEHUIO XapaKTEpUCTUK OCHOBaHUs [9].

MeToanKka npoBeieHNs IKCIIEPUMEHTOB
ITonroToBneHHblid o0pasen IuaMeTpoM

25 MM u3 nopamomunus 16 3akpenssiicsa B TU-
cax (pesepnoro cranka ¢ UITY (puc. 1, a, 6).
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[To 3apanee cocCTaBJIICHHOW Mporpamme MUKpOTIpod b pazauaHor popmbl. Cxema oopa-
(puc. 1, 6) Kk MoOBepXHOCTH 00pa3la MOJBOIUICS OOTKU MpeicTaBlIeHa Ha puUC. 2, 6.
PeXYIIUA HHCTPYMEHT (puc. 2, a) GOpMUPYIOIIHA

|

Puc. 2. IIpouecc popmupoBanus Mukponpodus:
a — TIOJIBOJT PEXYIIIET0 HHCTPYMEHTa K 00pabaTeiBaeMoii TOBEPXHOCTH 00pasiia; 6 — cxema 00paboTKu

Fig. 2. The process of microprofile formation:
a — the supply of the cutting tool to the treated surface of the sample; b — cut-map

CMonenupoBaHHbIE MUKPOTIPO(UIIS TOBEPXHOCTH MPEICTABICHBI HA pHC. 3.
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Puc. 3. MopeanpoBaHue pa3IfgyHOro nNpoguiisi Ha o6pasuax:
a — B BUJIe MHUpaMubl; 6 — cepudeckoi GOpMBL; 6 — B BHJIE YCEUEHHOT0 KOHYCA; & — NPSIMOYTOJIbHON (opMBbI

Fig. 3. Modeling of various profiles on samples:
a — in the form of a pyramid; b — spherical shape; ¢ — in the form of a truncated cone; d — rectangular shape
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Cormacho T'OCT 32702.2-2014 (ISO
16276-2:2007) «Marepuansl JaKOKpacO4HbIE.
Omnpenenenue aare3suu METOIOM OTPBIBA IIPOAYKT,
[IOJIBEPTa€MbIil HCIIBITAHUIO, HAHOCAT Ha IUIa-
CTHHBI OJMHAKOBOM TOJIUMHBI M TEKCTYpBI IO-
BepxHOocTH. Ilocne cymku JIaKOKpacO4HOW CH-
CTEMBI, LWINHIPUYECKHE 3arOTOBKH IPHUKIICH-
BalOT HENOCPEACTBEHHO K OKpPAlIEHHOW IOBEpX-
HOCTH IUIACTHHBI € IIOMOIIBIO  KJIESILEro

2

BenlecTBa. [locne oTBepxkaeHus Kies, MPUKIICeH-
HbIE 3aTOTOBKU IOJBEPralOT UCIBITAHUIO Ha pac-
TSOKEHUE (MCTIBITAHWE HAa OTPBIB) TIOJT KOHTPOJIEM,
U3MEPAIOT YCHIINE, TOTpeOoBaBIIeecs sl OTPhIBA
nokpbITUA 0T noBepxHocTu [10]. Cxema yctpoii-
CTBa JJIsl UCTIBITAHUS Ha OTPBIB MpE/ICTaBIeHa Ha
puc. 4.

Puc. 4. CxemaTnyeckoe u3o0pakeHne pa3pbIBHOro ycrpoiictsa aisa ucnbitanuii FOCT 32299-2013:
1 — omopa; 2 — mapoBoe coeAMHEeHUE; 3 — 3arOTOBKH; 4 — ITAKOKPACOYHOE MOKPHITHE; 5 — OKpallBaeMask IOBEPXHOCTb

Fig. 4. Schematic representation of a bursting device for testing State Standard 32299-2013:
1 — support; 2 — spherical joint; 3 — blanks; 4 — paint coating; 5 — painted surface

O0paboTka pe3yJbTaTOB

IIpo4HOCTB IPU OTPBIBE PACCUUTHIBAEM I10
dbopmyire:

o=P/g, ¢))

raoe P — paspeiBHOe ycunue, H; F — mmomanb
TIOTIEPEYHOTO CEUEHHUS, MM? .

Pe3ynbpTar ucHbITaHUS MPEACTaBISET CO-
00if pacTATUBAIOIIECE YCHUINE, HEOOXOIUMOE IS
paspylieHus: caMoil Cia0oil TpaHUIIBI paziena
(HapyIIeHue aare3uu) Wik caMoro ciaboro Kom-
MOHEHTa (HApyIICHWE KOTE€3WH) B HCIBITYEMOM
obpasme. Takke MOXKET MPOU3OWTH CMEIIAHHOE
paspylieHue Kjesi U TPUKICEHHOTO KOMITOHEHTA.
3HauYeHNI KOHTAKTHOM IIomaau F B 3aBUCUMOCTU
oT 3Ha4YeHui R, P, mpeacraBieHsl B Ta0I. 1.

1. 3HayeHue KOHTaKTHOI Miomaau F npu 3navenun R,P. =1,0

1. The value of the contact area F at the value R.P.=1,0

. 3HaueHne
Ne PacuerHast popMynia KOHTaKTHO#M o
MonenupoBaHue MUKPOBBICTYTIOB KOHTaKTHOM IIJIO-
o0pasia TUTOIIAIH

manu F
1 B BU/JIC MUPaMHU/JIbI F, = 2\/1 + 0,04(R, - P.)? 10200
2 chepuaeckoii hopmbl F, =1+0,01n(R, P)? 1031,4

i
= - P2 —

3 B BHJIE YCEUEHHOTO KOHYCa Fi=1+ 4 (\/1 +0,04(R; - o) 1) 1004,8
4 IPAMOYTOJIBHOH (OPMBI F, =1+ 0,2R,P. 1200
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Ha pa3pbIBHO# MamiHe, 001Iuii BU] KOTO- pa3phIBHBIX TYOKax, MpeayCcMaTpHBaIN BKpPyYHBa-
pOii TIpEICTaBIICH Ha PUC. 7., UCTIBITHIBAIA HA OT- HHUE B TOpel 00pa3lia METALIHYECKUX CaMOpPE30B
pbIB o0pasnel 1 — 4. Jlna ¢ukcanmuu oOpasioB B 6x80 MM.

1

Puc. 7. PazpbiBHas MalIMHA /1J151 NPOBeJAeHUs UCNIBITAHUI HA OTPHIB

Fig. 7. Pull test machine for conducting pull-off tests

IIpu npoBeieHNM HCTIBITAHUS HA OTPBIB aB- HeoOXxonuMmasi Uil OTpbiBa oOpasua. PesynbraTsl
TOMAaTHYECKU bukcupyercs Harpyska, Pa3pBIBHBIX YCWINN IIPEJICTaBICHBI HA PUC. 8.
/’}" — £
a) 0)

) e s 2)

Puc. 8. KpuBas pacnpeneneHusi HATpy3KH IpU pa3pbiBe 00pa31oB:
a — obpaser Ne 1; 6 — obpaszery Ne 2; ¢ — obpasen Ne 3; 2 — obpazerr Ne 4

Fig. 8. Load distribution curve for specimen fracture:
a —sample Ne 1; b — sample Ne 2; ¢ — sample Ne 3; d — sample Ne 4
HaykoéMmkue TeXHOJOTHHM B MAalIMHOCTpoennu, Ne2 (176) 2026
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3Ha4eHMsI IPOYHOCTH IPHU OTPBIBE MPEICTABICHBI B Ta0M. 2.
2. OnpenesieHne NPOYHOCTH HA OTPBIB, H

2. Determination of peel strength, H

Howmep obpasua 1 2 3 4
o, H 1599 161 85 157

VYcnoBHOE 0003HAYCHUE TUIIOB Pa3pyIICHUN TMPEACTaBICHO Ha puc. 9. ABropamu paboTs! [10]
OJPOOHO OCBEIIECHO aIre3UOHHOE U KOTE3UOHHOE Pa3pyILICHHE.

Puc. 9. YcaoBHbIe 0003HaAYEHHS] TUIIOB Pa3pylIeHUs:
a — aAre3roHHOE;. O, 8 — KOTE3NOHHOE; 2 — CMEIIaHHOe; | — MeTajl; 2 — KiIel

Fig. 9. Symbols of types of fracture:
a — adhesive; b, ¢ — cohesive; d — mixed; / — metal; 2 — glue

CornacHo kJIacCH(pUKAIMK TUIIOB PAa3pyLICHHs MO pe3yJbTaTaM UCHBITAHUHN, MPEICTaBICHHBIX B
Tab1. 3 onmpeneNnsuIi THIT pa3pyIICHHs UCClIeTyeMbIX o0pasmoB 1 — 4.

3. Tun pa3pymeHnus uccjienyeMbix 00pa3uoB

3. The type of fracture of the studied samples

Buemnuii Bug 00pasnos Howmep
Tun paspymenus Onucanune o
1ocJie UCIIBITAHUN oOpasua

Koresnonnoe paspyreHue — 3To
Koresnonnoe 4

pa3pyllIeHue KJIEeBOro COeANHe- -
paspylieHue

HUS 110 KJIEEBOMY IIBY.

Anre3noHHOE paspyiie- Anre3uoHHOE pa3pylleHHe — 3TO
HHUE MeXJy OKpalliBae- paspyllIeHue KIEeBOro COeANHe- 2
MO MOBEPXHOCTBIO U HUS Ha TPaHUILE KJIeH — CKIIeuBae-
CJI0€M MOKPBITUS MBI MaTepHuai.

Koresnonnoe paspymeHne cios
Koresnonnoe paspyue- 3

KJIes — 3TO pa3pylICHNE KJIEEBOTO
HHE CII0S Kiest

COEIMHEHUSI [0 KIIEEBOMY IIBY.

CMenianHoe paspyiie- CMerIaHHOE pa3pyILIeHHe — 3TO
HHUE MeXJy KJIeeM U 3a- YaCTUYHOE pa3pylleHHe KIEeBOro 1
TOTOBKOM COEIMHEHHS.
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BriBoabl

I[To pe3ynbraTam SKCIEPUMEHTOB U OIICHU-
Bas IOJyUYEHHBIE PE3yJbTaThl, MOXKHO CJEJaTh
BBIBOJ O BIUSHUU (YOPMBI MUKpOTIpO(UIIS Ha aj-
Te3UI0 MEXAYy TOBEPXHOCTBIO U TOKPBITHEM.
HaunGospiiee oTphIBHOE yCHIIWE TOHAIOOMIOCH
IPH pa3JIeIeHU MUKPOIIPODHIIS, CMOJEIUPOBAH-
HOTO B BHUJIE IMUPAMUJBI, YTO MOKET CBHJIETENb-
CTBOBATh O JYYIIMX aJr€3MOHHBIX CBOMCTBaX U3-
3a HakJIOHa MUKpomnpodwuisi moBepxHoctu. Ilpu
paspsiBe oOpasua 3, cMOAETUPOBAHHOTO B BUIE
YCEUEHHOT0 KOHYyCa, BIUSHUE HAKJIOHHOW OOKO-
BOI TOBEPXHOCTHU HE HA0JIIOJAJIOChH, 3-32 KOT'€3H-
OHHOTO paspyiieHue cios kies. O6pa3ubl 2 u 4
UMEIOT OJJUHAKOBBIC OTPBIBHBIE YCHIIUS, HO U3-32
MOJICIUPOBAHUS MHUKPONPOGUIs pazHOH (HOPMBI
BUJ pa3pylieHus oTinyaercs. [lpu paspymienun
oOpasua 2 HabmonaeTcs aJre3sMoHHOE paspylie-
HUE MEXy KJIeeM M 3aroTOBKOH, a oOpaser 4 —
KOT€3MOHHOE pa3pyllIeHHE.

[TomydeHHBIE JKCIEpPUMEHTATbHBIC JaH-
HbIE MOTYT CYAUTh O BOBHUKHOBEHUH Pa3IMUHBIX
BUJIOB pa3pyIICHUS TPU OMPEACIICHUN are3UOH-
HOTO B3aUMOJICHCTBUSL MEXKIY IMOBEPXHOCTSIMU,
CMOJICTTMPOBAaHHONW PA3IMYHBIMU MHUKPOBBICTY-
NaMu U cj10eM HaHocuMoro kies uiu JIKM.
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