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MATEMATHUYHE MOJIEJTIOBAHHSA JIE@OPMAIIIl IOBEPXHEBOTI'O ILIAPY
MATEPIAJLY JETAJII IIPA O3JJOBJIFOBAJIBHO-3AYHIIY BAJIBHIM OBPOBII
METAJIEBUMMU KYJIBbKAMMUM HA OIIEPAIII BIGPOITIOJIIPYBAHHSA

Minuk A.B.

MATHEMATICAL SIMULATION OF THE DEFORMATION OF THE PART MATERIAL
SURFACE LAYER DURING ITS FINISHING AND GRINDING PROCESSING WITH METAL
BALLS IN THE VIBRATION POLISHING OPERATION

Mitsyk A.V.

Biosnaueno, wo na onepayisnx 6ibpononipyeants y akocmi po-
601020 cepedosuUa BUKOPUCTIOBYIOMbCS Memanesi noaiposa-
HI KYbKU Oiamempom 4...6 MM, 6UKOHAHI OJisL UAPUKORIOWUN-
HuKo6oi npomucnosocmi 3i cmani IIIX15. Onucano cymuicmo
onepayii 6ibpononipyéants ma 3a3HaieHo, Wo Ha NogepxHe-
6omy wiapi 06pobnoeanol demaii cmeopiocmvcs egekm Ha-
Kaeny. Biosnaueno, wo 0na cmeopennsa naxieny wupoko 3d-
CMOCOBYIOMbCA MAKI MexXHONo2iuni cnocobu, Kk 000y8anHs
Opobom, KapOysanHs ma iH., 8 AKUX GUKOPUCMOBYIOMbCI Me-
maneei NOMPOBAHI KYIbKU, MEEPOICMb AKUX 3HAYHO Nepesu-
wye meepoicms mamepiany o06pobnosanoi demani. Bioomo,
WO HaKien ymeopoemvcs npu niacmuyHit oegopmayii nose-
pxnesozo wapy mamepiany oemani. Ilnacmuuna konmaxmua
3a0aua na npakmuyi 8i6pooOpoOKuU eupiuena we HenoeHic-
mio, Xoua ompumano ii yacmkosi piwenns. Memoro cmammi €

cnpoba eusHaueHHs: 0ehopmMo8ano2o cmawy 6 30Hi deghopmayii

30 YMOBU HAACMUYHO20 KOHMAKNTY MEManesoi KyIbki pobouo-
20 cepedosunja ma nosepxui obpodmosaroi demani. Po3poo-
JIeHO MAMeMamuiny Mooenb usHaveHHsa depopmayii nosepx-

Heso2o wiapy mamepiany demani. Jlocnioxcenns Oegopmayii

YMOBHO NPUUHAMI Y YuniHOpuunil cucmemi koopounam. Iloc-
maenene 3a860AHHs BUPIULYEMbCA 3 BUKOPUCTIAHHAM 3A2ATbHUX
DI6HAHb MEXAHIKU CYYITbHUX Cepedosuy ma NoJis WeuoKocmel
nepemiujerv. 3a posmipamu nAACMU4YHO20 8i00UMKA 3HAUOEHO
enubuny nakaeny. Takooic 3a 00nOMO200 Memody NiHii KO83aH-
Hsl, O€3 YPAXy6aHHs CUll Mepmsi, 6CMAHOGIEHO 30HY NOWUPEH-
Hs Oehopmayii' y padiarenomy Hanpsamky. Bcmanoseneno none
weuokocmeli meuii memany 6 30Hi Oepopmayii. Busnaueno
weuoKocmi depopmayii, a maxoNc 6CMAHOGIEHO [HMEHCUB-
Hicmb Yux weuoxkocmetl nio yac degopmayii 8 memani 06poo6-
mosanoi demanni. Ipuiinamo, wo obnacme deghopmayii 3minio-
€mbcs y npocmopi ma yaci. Bcmanosieno, wo yac nouamxy
Odeghopmayii’ Ona KoK#cHOI MOYKU noeepxHi oOpodN06aHoi Oe-

mani mamume 3Hauenus. JJosedeHo, wo gocHuwe deghopmayii

MOJICHA 0OMeNcUmu elinmuyHor nosepxtero. Ompumano 6u-
pas y YuriHOPUYHUX KOOPOUHAMAX, WO OO0360IAE BUIHAUUMU
inmeHcueHicmo Oegopmayii nosepxui 06pobI0eanol demani
Memanesumu Kyibkam y 0yOb-saKuti MOMEHM Yacy Yukiy one-
payii 8ibpayitinoi 030001106a1bHO-3AUULY8ATLHOI 0OPOOKU.
Knrouosi cnoea: onepayis eibpononipysants, no-
JPOBaHi Memanesi KynbKu, HAaK1en, 30HA Oegopmayii,

WBUOKICMb PYXY KVIbKU, HONE WEUOKOCHEl, iHMeHCUs-
HICMb WeUOKocmel, IHMeHCUsHICms deopmayii.

Beryn. OcTtasHIM 9acoM Ha METal000pOOHUX ITi-
JIIOPUEMCTBAX MOIINPEHa TEXHOJOTisI 0OpOOKM MOBep-
XOHb JIeTalell METOIOM BiOpomomipyBaHHs. Y SKOCTI Bi-
JILHOTO OOpOOIOBAJIFHOTO CEPENOBHINA, MO0 3aBaHTa-
KYEThCSI B pe3epByap BiOpoBepcTaTra, HpH LOMY, SIK
MIPaBHUJIO, BUKOPHCTOBYIOTECA METaJeBi MOJIPOBaHi Ky-
JIBKU fiaMeTpoM 4...6 MM, BUKOHAHI JJIs IIIAPHKOTIITIIIH-
MTHUKOBOT nipomucioBocti 3i cram 1IX-15 TOCT 3772-
81. 1li TexHOMOrI1 JOKIAIHO OMUCAHI KIAaCHKAMH METO-
Iy Biopooopooku [1, 2].

CyrtnicTte omnepauii BiOponoaipyBannsa. IIpu
orepariii BiOpONoIyBaHHS Ha MOBEpXHEBOMY IIapi 00-
pOOITIOBaHOI ieTalli CTBOPIOETHCS edekT Hakemy [3, 4].
J1yist CTBOPEHHS HAKIISITY TAKOX IIMPOKO 3aCTOCOBYIOTh-
Csl TaKi TEXHOJIOTiYHI CIIOCOOM, K OOMyBaHHS APOOOM,
KapOyBaHHsI Ta iH., y SIKHX BUKOPUCTOBYETHCS 1HCTPY-
MEHT 31 C(hepUIHOI0 MMOBEPXHEI0, 30KpeMa MeTajeBi Mmo-
JpoBaHi KyJbKH, TBEPHICTb SIKUX 3HAYHO IEPEBUIIYE
TBEPIICTh MaTepiaiy o0pobiroBanoi netai [5 — 8.

Binomo, 1110 Hakien yTBOPIOETHCSI BHACIIAOK IjIa-
CTHYHOI Jedopmallii OBEPXHEBOrO IIapy MaTepiary
netani [9]. TlnmacTiyHa KOHTAKTHA 3a/a4a HUHI MOBHIC-
TIO HE BUPIIICHA, X0Ya PSJIOM JOCIITHHKIB OTPUMAHO
Ba)KITUBI Pe3yJbTaTH, AKi JO3BOJSIOTH JOCITTH Ii 4acT-
KOBHX PIllIEHb.

Mertoro poboTH € cripoba BH3HAYUTH AedopmoBa-
HUIA CTaH y 30Hi Jedopmallii 32 yMOB IIACTUYHOTO KOH-
TaKTy METaJIeBOI KYJIbKM pOo0OOYOro cepeloBHIa Ta Jie-
(hopMOBaHOTO HAIIBIPOCTOPY HA MOBEPXHI 00pPOOIIOBa-
HOT JeTaji 3 BUKOPUCTAHHSIM OKPEMHX alpiopHHUX pe-
3yabTaris [10].
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Po3podxa mareMaTH4HOI Mojei. YMOBHO TpHii-
MEMO JIOCHiDKeHHsT AedopMarii y HMNIHAPUYHINA CcHC-
TeMi koopauHar (puc. 1).

17 |

Puc. 1. Cxema nedopmanii noBepxHi B 30HI KOHTAKTy
METaJICBOI KyJIBKH Ta JAeTali Ha oIeparlii BiOpomosipyBaHHsI

[TocraBneny 3ajna4y BHPIIIyBaTUMEMO 3 BHKOPHC-
TaHHSM 3arajbHUX PIBHSHb MEXaHIKM CYLIIBHHX cepe-
JIOBHII] Ta MOJISI MIBHAKOCTeH mepemimenns [11]. dedo-
PMOBaHMI CTaH 3HaXOAMMO 32 YMOBH, IO BIJIOMO I10JIe
MIBUAKOCTEH rpaHya poOOYoro cepemoBHIla B BOTHHILI
nedopmarii, TpaHyAH SKOTO BH3HA4Ya€EMO 3 poOIT
[12, 13]. TnubuHy Hakiemy 3a po3MipaMu IIACTUIHOTO
BimOWTKA 3HaimeMo 3a Gpopmyroro (1):

h~k, (1)

e k — KoeQillieHT MpH CTENCHI HAKJeNy, MCHIIE HiXK
0,5, mpubnu3HO gopiBHIOE 3; / — po3Mip 30HHM BIPOBa-
JOKEHHSI KyJIbKH poO0UYOoro cepefioBHIIa y pagiabHOMY
HAIpPSIMKY.

3ony mommpeHHs AedopMarii B pagialbHOMY Ha-
MpSIMKY, 3HAiIeHy 3a OIOMOTOI0 METOAY JiHilf KOB-

3aHHS 0€3 ypaxXyBaHHS CHJI TE€PTS, BU3HAYMMO 3 PiBHOC-
i [13]:

b=2I. @)

MoHa TPHIHATH TiNOTe3y, M0 B CHIY OChOBOI
CHUMETpIi Mpolecy Ta BIJICYTHOCTI CKPY4yBaHHS Ta Iie-
PEKOCIB y mporieci qedopmallii TAHTCHIlIaTbHA CKIIa0Ba
IIBUKOCTI 10PiBHIOE Hy0, To6TO Vg =0 .

BeprukaneHy cknagoBy V, TpencTaBiIseMo y BHU-

TSIl TBOPiB NBOX (DYHKIIH, KOKHA 3 SIKUX 3aJIC)KHUTH
JIMIIE BiJl OHOTO apTyMEHTY:

Vo=1(r)e(z). 3

Ae f(r) — qyHKuis, WO XapaKTepU3ye 3aKOH 3MiHH py-

Xy YaCTUHOK METajly 3a KOOPAWHATOIO 7 , BU3HAYAETHCS
(dopmoro rpaHyIH poOOYOro CepeloBHIA, 30HOK IIO-
mupeHHs aedopmarnii ta ¢GopMoro TpebiHI HABKOJIO
JIYHKH, 1110 MO)Ke OyTH 3aIMCaHoO y BUIIISI:

f(r) =V, Az sinT, (4)

Uepes Te, 1m0 IpY MIHOWHI MPOHUKHEHHS TPAHYJIN
poboyoro cepemoBuIna, TOOTO METajeBOi KYJbKH,

H<0,3R 1o | ~+2RH . Pasom 3 tum, xomu H =Vt ,

otpumaemo [ = 2RVt .

Temep Bupas (4) HaOyne BUIY:

)ZVO./zRVOt . omw

S

nr N

ne t — yac nedopmyBanHs; V) — IBUIAKICTL PyXy Ky-

f(r

)

JILKA POOOYOTO CEPeIOBUIIA.
DyHKUIA ¢ (z) XapakTepusye 3aKOH 3racaHHs 3a

KOOpJMHATOK z . Ha miacTaBi eKCrepruMeHTaIbHUX JI0-
CII/DKEHb PO3MOALTY Aedopmaliiii 3a IMOMHOK METO-
JIOM MIKpOTBEPJIOCTI Ta 3 ypaxyBaHHAM piBHSIHHA (1) 115
¢yHK1ist MOXe OyTH Ipe/cTaBIeHa y BUL:

2

o(5)=|1-% 2RVt | ©

CxnanoBy mBUAKOCTI ¥, Bu3HAYaeMo 3 PiBHAHHS

HEpPO3PHBHOCTI!

Py Ve Ve

0
o r 0oz ' @

[one mBuaKocTeil Teuii Merany B 30HI gedopma-
il Mae HaCTYNHUI BUA:

2
N2RVyt vl z )

V.=V sin -
20w 2RV K2RV

J2RVt
v, =2V, Ol-—=

r =

X

ke | k2RVyt (®)

wr

2RV |

x| 1—cos

Buznauenns mBuakocreil negopmanii Ta ix iH-
TEHCHUBHOCTI B MeTaJIi 00p0o0/1I0BaHoI AeTaJi. 3HaI09n
MoJie MIBUAKOCTEH MepeMillleHb MaTepialbHUX YacTH-
HOK, BU3HAYAEMO MIBUAKOCTI AedopMariiii 3rigHo 3 au-
(hepeHIiaTbHUMHE CITiBBITHOIICHHAMHU:

ov, ov, 14

€, = = 5 &y :_r; €00 :_r;
Oz or r )
ov, ov,

€, = ” +E; €,.9=0; g9, =0.
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——2V0 1- z Sin——e—;
= K2RV ) 2RVt
. _2V0\12RV0f 1 z AR N .
" w2k’ k\2RV J2RVyt 2RVt 2RVt |
2o 2RVt z -
g = 3 1- 1-cos———|; (10)
w2 kr kyJ2RVjt J2RVt
2
VO 2R Vot z r r . r 2Vo w
g, = 1- 0S —sin 5 1—cos ;
o K2RVt | | J2RVyt — \2RVyt 2RVt | m?k?r J2RVt

€,9=0; €5, =0.

BukopucroByroun piBHsHHS (8) 1 poOnsiun 3a3Ha-
4eHi y criBBiHOUICHHsIX (9) ail, OTPUMYyeEMO HACTYITHI
BUpa3M IS MBHIKOCTEH aedopmartiit (10).

Jlani BH3HAYa€MO IHTEHCUBHICTH MIBUAKOCTEH JIe-
dhopmarrii B MeTasi 00po0IIOBaHOT aeTalIi.

[HTEeHCHBHICT MBUAKOCTEH nedopmariii MoxHa
BU3HAYUTH, BUKOPUCTOBYIOUH BUpA3, IKUU y [[bOMY BHU-
najgKy Mae BHI:

-2 Je.-

BusnaveHHs ckJaaoBux Aedopmaiii y matepia-
Jai oopooaoBanoi merami. CxiamoBi nedopmarii 3a-
3BUYAil BU3HAYAIOTHCS Yepe3 CKIIAMOBI LIBUAKOCTEH Je-
thopmarii:

3
+ (899 —E )2 +58§r

(I

€, —€gg )2

t t t
€= J‘SZZ dt; €y = J.Srr dt; €op = J.SGG dt;

! f !
? 0 0 (12)
e, = jszr dt; e.g =0; ey, =0.
10

2RVt (22— 2RV, )

J2RVt

UYepes e, 1m0 o6nacTh nedopmariii 3MIiHIOETBCS Y
npocTopi Ta B 4aci, TO yac mo4arky aedopmarii mis
KO)KHOI TOYKM MaTHUME CBO€ 3Ha4eHHS. ExcnepumeHTa-
JIBHO JIOBEJICHO, 110 BOrHHIE aedopmariii MOXHA 00-
MEKHUTH CIIITHYHOIO TTOBEPXHEIO 3 MIBOCSIMH:

a=k2RVyt; b=2J2RV ¢t .

Ha uiit noBepxHi BennunHa nedopmarii 1opiBHIOE
HYIIIO, a yac 1o4arky aedopmanii 3HaleM i3 piBHIHHA
€T TTOBEPXHi:

(13)

b 4z% + k%7 (14)
[
8kRV,

B pesynbrari iHTErpyBaHHS BUpa3iB y 4aci OTpH-
Ma€eMO Taki cKiIanoBi ii gedopmartiii:
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2,2 2
Wy (3R 2RVt -3k 2 2RVt

s

2k wtkr 3%k Rr

+

cosS

2RV, ’
t
0°0 (18)

3
[(3+n2k2)r2 +3zz]/2RV0t0 +k2(J2RVgty )|~ 6kRV,t -

3k R

Bupa3 inTeHcuBHOCTI Aedopmanii y maTepiami
o0poOaoBanoi nerani. IaTeHCHBHICTH Aedopmarii
MOYKHA BU3HAYWUTH 3 BUPA3y, SKUH Y HWIIHAPUYHUX KO-
OpJIMHATaX Ma€ BUI:

\/E 3
g = T\/(Szz _8”‘)2 +(8rr _899)2 +(899 Bz )2 +58§r .
(19)

BucHoBku

TakuM 4YMHOM, BUKOPHCTOBYIOYHM HaBEIEHI 3aJIeK-
HOCTi, MO)KHa BiATBOPUTH MPOCTOPOBY KapTHHY PO3IMO-
ity aedopMariiit B Metani mpu oOpoOIIi reTaii Ha orre-
paii BibpormosipyBaHHS METaJIeBUMH KyJIbKaMH B Oy/b-
SKHA MOMEHT Yacy IIMKIIy ormepaii BiOpariiiHoi 03100-
JIFOBAJIbHO-3a9UIITyBaIbHOT 0OPOOKH.
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Mitsyk A. Mathematical simulation of the defor-
mation of the part material surface layer during its finish-
ing and grinding processing with metal balls in the vibra-
tion polishing operation

It is noted that polished metal balls with a diameter of
4...6 mm, made for the ball bearing industry from 100Cr6
(DIN 17230-1980) steel, are used as a working medium in vi-
bration polishing operations. The nature of the vibration pol-
ishing operation is described and it is indicated that the effect
of surface cold working is created on the surface layer of the
processed part. It is noted that such technological methods as
blowing with shot, caulking and others are widely used to cre-
ate work hardening. In this operation the metal polished balls,
the hardness of which significantly exceeds the hardness of the
material of the processed part, are used. It is known that work
hardening is formed during plastic deformation of the part
material surface layer. The plastic contact problem in the
practice of vibration treatment has not yet been fully solved,
but its partial solutions have been obtained. The purpose of

the article is an attempt to determine the state of strain in the
deformation zone under the condition of plastic contact be-
tween the metal ball of the working medium and the surface of
the processed part. A mathematical model has been developed
for determining the deformation of the part material surface
layer. Deformation studies are conventionally accepted in a
cylindrical coordinate system. The problem posed is solved us-
ing the general equations of continuum mechanics and the ve-
locity field displacements. The depth of work hardening was
determined from the dimensions of the plastic imprint. Also,
using the slip line method, without taking into account friction
forces, the zone of deformation propagation in the radial di-
rection was established. The field of metal flow velocities in
the deformation zone is established. The strain rates are de-
termined, and the intensity of these rates during deformation
in the metal of the processed part is established. It is assumed
that the deformation zone varies in space and time. It has been
established that the start time of deformation for each point of
the processed part surface will have its own value. It is proved
that the deformation zone can be limited by an elliptical sur-
face. As a result, an expression in cylindrical coordinates is
obtained. It allows one to determine the intensity of defor-
mation of the processed part surface by metal balls at any time
of the cycle of the vibration finishing and grinding processing.

Keywords: vibration polishing operation, polished metal
balls, work hardening, deformation zone, ball motion speed,
velocity field, velocity intensity, deformation intensity
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