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YK 621.767
MOBBIINIEHUE Y®®EKTUBHOCTH YIIPOUYHEHUS JETAJIEM 3 TUTAHOBBIX
CIIJIABOB
badgoes /J1.X.

Byxapckuii cocyoapcmeennvlii mexHuuecKuil yHugepcumemn.

Almomauu}l. B npakmuke ucnoib3yromcs pasiudHvle Memoobl OJisl NOGLIULCHUSL NPOYHOCMHBLX XapaKmepucmukx
demaﬂed, makue Kak JjecupoeaHue, 3aKajika U nOBEepxXHOCmMHOe YnpoyHeHue. Tlocneonee 6 OCHOBHOM CBA3AHO C
HNpUMeHerHuem pasHblx Memooos NOBEPXHOCMHO-NIACMU4YeCcKo2o ()e(])opmupoeayuﬂ oemaJieli U3 MUMAaHoBblX CH1a608. B
cmamobe npueedeHbl mamepuailbl N0 OCHOBHbIM HAnpaeleHuem noeoblULeHUs HAOEIHCHOCIU U 00NI208EYHOCMU 0emdaell u3
MUMAHOBLIX CHIAB08 C NPUMEHEeHUeM  NHeBMOOpPObecmpyluHO20 YNPOUHeHUs, peKoMmeHOayuu O onpedeneHus
pPayuUoHal1bHbLX yCJZOGMﬁ YNPOUYHEHUSl NOBEPXHOCMHO20 CJ10A Odemaiiel U3 MUMAHOBbIX Cn1aeoes, pestcumvl u yciosus
NHeBMOoOpobecmpyliHO20 YIPOUHEHUs, obecneyusaoujue mpebyemvle napamempsl Kayecmsd NOBEPXHOCU Oemaiell.

Knrwuesvte cnosa: nnesMoopobecmpyiino2o YnpouHeHue, MUMAHOGble CNIABbl, NOBEPXHOCHHbBIN COl,
Nn0GepxXHOCMHOE YNPOUHEHUE, KOHYEHMPAMOP HANPAICEHUL, MUKPOTNEEPOOCMb, 0eMAau MAULUH.

INCREASING THE EFFICIENCY OF HARDENING PARTS MADE OF
TITANIUM ALLOYS
Bafoev D.Kh.

Bukhara state technical university.

Abstract. Various methods are used in practice to improve the strength characteristics of components, such as
alloying, quenching, and surface hardening. This article presents the main approaches to improving the reliability and
durability of titanium alloy components using shot peening, recommendations for determining optimal surface layer
hardening conditions for titanium alloy components, and shot peening modes and conditions that ensure the required
surface quality parameters.

Keywords: shot peening, titanium alloys, surface layer, surface hardening, stress concentrator, microhardness,
machine parts.

Beeoenue. B coppeMeHHOM MAIIMHOCTPOGHMH OCHOBHBIM HAIPABIICHHEM IOBBIIICHUS
HAJEKHOCTH U JIOJITOBEYHOCTH JeTaliell SIBJIsIeTCd MPUMEHEHHE TUTAHOBBIX CIUIaBOB. THTaHOBBIE
CIJIaBbl OOJIaZIAlOT BBICOKOM MPOYHOCTBIO M IUIACTUYHOCTBIO IO CpPaBHEHHMIO C paHee
MPUMEHSIEMBIMUA MaTepUaIaMHu.

B 1npakTuke UMCHONB3YIOTCS pa3jIMyHble METOAbl JUIsl TOBBIIIEHHS POYHOCTHBIX
XapaKTePUCTHK TUTAHOBBIX CIUIABOB, TAKHWE KaK JIETUPOBAaHUE, 3aKajIKa, CTAPEHUE U IIOBEPXHOCTHOE
ynpouHeHue. [locieqHee B OCHOBHOM CBSI3aHO C MPUMEHEHHEM Pa3HBIX METOIOB IOBEPXHOCTHO-
IJIACTUYECKOro J1ehOpMUpPOBaHMS JeTajled M3 THUTAHOBBIX CIUIABOB, MPU 3TOM HAWOOJBLIMHA
MOTEHIIUAJ IEMOHCTPUPYET Mpoiiecc apobdectpyitHoro ynpounenus (V).

[Ipomiecc apoGecTpyHOTO yHMpOYHEHHUs TMO3BOJSIET 00padaThiBaTh MOBEPXHOCTH JeTaliei
CIIO)XHOW (OpMBI, TpEeNOTBpaIasi TMOSBICHHE KOHICHTPAIMI HANpsDKEHUH U CTaOWIH3UpYs
IepOXOBAaTOCTh 00paboTaHHBIX MoBepxHOcTel. Kpome TOro, oH cmnocoOCTByeT CO3JaHUIO B
MOBEPXHOCTHOM CJI0€ HEOOXOJUMBIX CXKHMMAIOUIMX OCTaTO4HbIX HampspkeHuidl (OH) u yposHei
MJIACTHYECKOM 1eopMaIinm.

Jlist mpou3BOACTBA KPYMHOTA0APUTHBIX JeTallell MPEANOYTUTEIHHBIM BHIOOPOM SIBIISIETCS
TATaHOBBIM crutaB BT22. DTor Marepuan BBIAEISETCS BBICOKOW IPOYHOCTBIO M JOCTATOYHOM
IUTACTUYHOCTBIO, YTO JIETAET €ro MOAXOMAIIMM B KauecTBe 0a30BOro Marepuania Jyis UCCIeJOBAHUS
MIPOLIECCOB YIPOUHEHHUS.

[Tpu U3rOTOBIIEHUU KPYITHOTA0APUTHBIX AETaNeil CIOKHON (OPMBI U3 TUTAHOBBIX CIIABOB
npuMeHseTcs: mHeBMoipobecTpyitHoe ynpounenue (I1JIY), koTopoe He momyckaer GopMHUpOBaHHE
BBICOKMX OCTAaTOYHBIX HaNpspKeHUH MoBepxHOcTHOro cios. [Ipouecc IT/IY kpynHorabapuTHBIX
JIETaJIe OCYIIECTBISIETCSl HA MMHEBMOIpoOecTpyitHOM yctaHoBke ¢ UITY, koTtopas umeeT 4 TiIaBHBIX
JBUKCHHSI M TIO3BOJISICT TIEPEMENIAThCs COIUTY TaK, YTOOBI YIPOUYHSITh HAPYKHBIE TIOBEPXHOCTH TPU
CTaOWIJIPHOM IT0JI0’KEHUH yTJIa HakJIoHa coruia 60 — 90°,

[Tpouecc ITJIY ocymecTBisieTcss mpu CKOpOCcTH apobu 60 M/c 1 HEOONBIIKMX MMOAaYax APOOH,
MO3TOMY  TPYAOEMKOCTh  Ipollecca  YNPOYHEHUS  JOCTaTOYHO  BbIcOKas.  [loBblleHue
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IIPOU3BOJUTEIILHOCTH BO3MOXKHO JBYMsI CIOCOOAMM: 3TO HM3MEHEHHME PEXHMOB YIPOUHEHUS U
yBEJIMYEHHE KOJM4ecTBa 00paldaThIBAIOMIUX COMel. B mpou3BOACTBEHHBIX YCIOBUSAX KOJIUYECTBO
paboTtaromx comen — He Oosee OBYX, MOITOMY IOBBIIICHHE MPOU3BOAMTEIBHOCTH IPOLEcca
11e71eco00pa3HO OCYLIECTBIATh IIyTeM U3MEHEHUs PEKUMHBIX MapaMeTpPOB, B YACTHOCTH CKOPOCTHU
apodu. OneIT SKCIUTyaTallMd TaKMX YCTAHOBOK I10Ka3aJl, YTO IOBBIIIEHHE CKOPOCTH CTaJlbHOMN
npobu 6onee 90 M/c IPUBOAUT K packoiry apodu Ha Oosee Menkue (pparMeHThI, IPH ATOM dPdekT
YIPOUHEHHUsI NPU TAKMX CKOPOCTAX HAa TUTAHOBBIX CIUIaBaX He HccienoBaics. B To ke Bpems
yBEJIMYEHUE CKOPOCTH APOOU MOBBIIIAET SHEPTETUYECKYIO COCTABISIONIYIO Mpoliecca, U Tpedyercs
IIPOBEJICHUE KOMIUIEKCHOI'O HCCIIEIOBAaHUS IO BIIMSHUIO PEXUMOB YIPOYHEHMS] Ha KadeCTBO
MTOBEPXHOCTHOI'O CJOS.

Takum 00pa3oM, MpUMEHEHHE METOI0B MOBEPXHOCTHOTO IIACTHYECKOTO JAe(pOpMUPOBAHUS
JUIS YTIPOYHEHUsl JleTaled M3 TUTAHOBBIX CILIABOB TpeOyeT pa3paboTKH Hay4yHO-O0OOCHOBAHHBIX
pexkoMmeHmanuii 1o ympasineHuo d3¢dexruBHoctn II[Y KpymHO- TabapuTHBIX JeTane wu3
TUTAHOBBIX CIUIABOB 3a CUET OINPEICJICHUS PALMOHAJIBHBIX PEKUMOB YIPOUHEHHUSI U IMOBBIIICHUS
CKOPOCTHU JIpOOH.

IHlocmanoexka peutaemoii 3a0auu u npooaem. Jlis pelieHWs JAHHOW 3a7adyu
1enecoo0pa3Ho pa3padoraTh UMUTAIIMOHHEIE Mojenu 1Y, ycraHaBnuBaromye BIUsSHUE PEKUMOB
00pabOTKK Ha YCJOBHSI B3aMMOJCHCTBHS MOTOKA ApoOM Ha 00pabdaThiBA€MYyIO MOBEPXHOCTh U HUX
BJIUSHUS Ha KauyeCTBO IIOBEPXHOCTH (OCTATOYHBIE HAIPSDKEHUS, CTENEHb IUIACTUYECKOM
nedopMaluu M IIEPOXOBATOCTh) JeTalieil W3 TUTAHOBBIX CIUIABOB, II03TOMY MOBBIIICHHE
s dexruBHOCTH TIporiecca [TV kpynmHOrabapuTHBIX JIeTaIel SBISETCS aKTyallbHOU 3a/1a4uci.

VYBenuueHue TMPOYHOCTHBIX XapaKTEPUCTUK THUTAHOBBIX CIUIABOB, paboOTaloOUmMX Mpu
BbICOKMX TemmepaTypax 550-600 °C sBusiercs akTyasibHOHM 3aaauyeil. Ha mpaktuke npumensercs
psia crocoOoB, MOBBIIIAIOIIUX TPOYHOCTHBIE XapaKTEPUCTUKN TUTAHOBBIX CIUIABOB: JIETMPOBAHUE,
3aKajika, CTapeHUEe U TMOBEPXHOCTHOE yHpodyHeHHe. [I0BEpXHOCTHOE YNpPOYHEHHE B OCHOBHOM
CBSI3aHO C MPHUMEHEHHE pAa3IUYHBIX METOJOB IMOBEPXHOCTHO-IJIACTUYECKOTO J1e(hOpMHPOBAHHUS
MOBEPXHOCTU JETajeil M3 TUTAHOBBIX CIUIABOB, MPU ATOM HAUOOJIBIIMMHU TEXHOJIOIMYECKUMU
BO3MOKHOCTSIMM 00JaiaeT mporecc ApoOecTpyiHoro ymnpouHeHus. IIpouecc npobectpyitHOro
YOPOYHEHHsI MO3BOJIAET 00pabaThiBaTh MOBEPXHOCTH JI€Talel CII0KHOM (OPMBI, HCKIIOYUTH
MOSIBJIEHHE KOHILIEHTPAaTOPOB HAINpPsDKEHU Ha MOBEPXHOCTH JeTalell 3a cueT crabuiM3anuu
IIEpPOXOBAaTOCTU 00paOOTaHHBIX NMOBEPXHOCTEH, CO3/1aBaTh B TIOBEPXHOCTHOM CJIO€ HEOOXOIUMbIE
C)KMMAIOIIME OCTAaTOYHbIE HAINpPsDKEHUsT M CTENeHb IulacTHUecko nedopmanuu. CpoiicTBa
BBICOKOIIPOUYHBIX TUTAHOBBIX CIUIABOB OLIEHMBAIOTCA 4Yepe3 KOdQuuueHT crabmmmsanun B-dassl
(KB), kotopeiii mmeer cnemyromume 3Hadenus: BT16 — KB = 0,8, BT23 — KB = 0.9,
BT22 -Kp =1,2, BT35 - Kp = 1,45.

Ananuz IKcnepumenma u nOJYUEHHBIX pe3yabmamos. B COBpEMEHHBIX KOHCTPYKIUSIX
YCTPOMCTB  TEXHOJOTWYECKHX MAalllMH MPEIbSBISIOTCS BBICOKME TpeOOBaHUS K  KauecTBY
MMOBEPXHOCTEN, KOTOPBIE BIUAIOT HAa HAJECKHOCTD JIeTaleld MallliH ¥ 00€CIeunBal0TCs MPaBUIbHBIM
MOCTPOEHHEM orepauuit  ynpouHeHus. Haubonee mnepCcneKTUBHBIM METOJIOM  YIPOYHEHHUS
KpynHOraOapUTHBIX  JeTajled M3  TUTAHOBBIX  CIUIABOB, KOTOpPbIE  HMMEIOT  CIIOXKHbBIE
MIPOCTPAHCTBEHHBIE (POPMBI, SIBIISIOTCS MPOLIECCH THEBMOAPOOECTPYHHOTIO YIIPOUHEHHUS.

HeoOxoqumo uMeTh B BHUAY, YTO TEXHOJOTMYECKUH MPOLECC M3TOTOBJIEHUS JIaHHBIX
JeTajell JOCTaTOYHO CIIOXKEH, TaK KaK OHM M3TOTaBIMBAIOTCS M3 TUTAHOBBIX CIUIABOB B YCJIOBHAX
€IMHUYHOTO U MEJIKOCEPUIHOTO MPOU3BOJICTBA. YUEHBIMU HCCIIEOBaHbl yCTaJIOCTHBIE CBOMCTBA
JieTajell U3 TUTAHOBBIX CIUIABOB U BIMSHHUE KOHIIEHTPATOPOB HANPSDKEHUH HA DKCIUTYaTal[MOHHYIO
nonroBeyHocTh. [lokazaHo, 4To 06nacTh MPUMEHEHHsI AeTajeil U3 TUTAHOBBIX CIIJIABOB CHUXKAETCA,
TaK KaK TUTAHOBBIE CILJIaBbl OYE€Hb UyBCTBUTENIBbHBI K 3HAKOIIEPEMEHHBIM Harpy3kam, CBSI3aHHBIM
C paspylICHHSIMHU JeTajei, MO3TOMYy K KadeCTBY IOBEPXHOCTHOTO CJOSI MPEABSBISIOTCA
MOBBIIICHHBIE TpeboBanus [1].
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Heranu  MamuH  yOpoyHSETCA MO  HAPYXKHOM  TOBEPXHOCTH €  [OMOIIBIO
MHEBMOIpoOecTpyiiHOM 00pabOTKH, BHYTPEHHUE LWIMHIPUYECKHE OTBEPCTHS pacKaTbiBaioTcs. B
TOM cllydae, JOJs THEBMOJAPOOeCTpyitHOU 00paboTku cocraBisier 90 % OT TpymoeMKoCTH
YOPOYHSIFOIINX OTIEepaIiHii.

B nmpow3BOACTBEHHBIX YCIOBHSIX MPOMBINIICHHOCTH ITHEBMOJPOOECTPYWHOE YIPOYHCHHE
JieTajield MalllvuH U3 TUTaHOBBIX cIiaBoB BT22 ocymiectBisiinock Ha ycranoBke ¢ UITY AKH-0O-330-
30 A5-H nHa cnenyronmx pexxumMax:

~ Cxopoctb qpodu — 60 m/c.

~ ¥Yrona HaksoHa comta — 60 — 90°.

~ Paccrosiaue ot comuta 1o nosepxHoctu — 150 — 200 mm.
~ uametp npodu — 0,3 Mm.

~ Cxkopoctb aBmwxkenus coria — 0,5 — 0,6 mm/c.

~ Marepuan 3arotoBKu — TUTaHOBBIH ciiaB BT22.

~ Marepuan gpoou — ASH-230 (55 — 62 HRC).

~ JlaBnenue Bo3ayxa — 1,8 + 0,2 Gap.

~ KomnuecTtBo conen — 2.

~ Pacxon npobu Ha kaxmoe coruio — 2,5 £ 0,25 kr/MuH.

JlonycTrMbIe TEXHOJIOTUYECKUE MMapaMeTphbl MOBEPXHOCTH ISl JAHHOW TPYIIBI eTalel U3
TUTAHOBBIX CIUIABOB MOCJIE THEBMOAPOOECTPYHHOTO YIIPOUHEHHS CIICIYIONIHE:

1. Homyctumas aedopmarius oopasuos-csuaereneit (C) — 0,1 — 0,2 mm.

2. Muxkpotsepaocts — HV 810 MIla.

3. I'my6una ynpounenus — 100 Mxm.

4. MakcuManbHOE 3HaUYe€HNEe OCTaTOYHBIX HarnpshkeHui — 800 MIla.

5. I'myOuHa 3aneranus ocTaTO4HbIX HanpspkeHuil — 100 Mm.

6. Jlomyctrumas mepoxoBaTocTh moBepxHoctu Ra = 1,6 — 3,0 MxMm.

Pa3zpaboTka mporecca MHEBMOJIPOOECTPYHHOTO YIPOYHEHHs SIBISETCS OTBETCTBEHHOMN
orepaiueii, koropas TpeOyeT aHaau3a BO3MOXHOCTEH IIOBBIIIEHUS MPOU3BOJUTEIBHOCTH U
obecrniedeHns KauecTBa MOBEPXHOCTH JIETaNIEH.

[Tyt noBeIenus npoussoautesnsuoctu [1/1Y:

1. O6ocHOBaHHBIN BBHIOOP PEKUMOB MIPOIECCa YIPOUHEHHsI, KOTOPBIE MO3BOJISAT JOCTUYD
TpeOdyeMoro ypoBHS U CTETICHH TUIACTUUECKON TedopMaliiu.

2. HaxoxaeHue paloHalIbHBIX YCIOBUN B3aUMOACHCTBUS IpoOH ¢ 0OpabaTbiBaeMOi
MOBEPXHOCTHIO (TIOMIA/Ib KOHTAKTa, THaMeTp APOOH, KOJIMUECTBO COMEN pacxo Apodu,
paccTosiHue OT COIlIa 10 MOBEPXHOCTH JI€TalIM, YToJl HAaKJIOHA COIJIa K TOBEPXHOCTH) MPHU
obecrnieueHnr TpeOyeMoro KayecTBa MOBEPXHOCTH.

3. [IpoexTrpoBaHNE ONTUMAIBHOU TPACKTOPHH JBMKEHHS COILIA, KOTOpas 00ecreunBaeT
TpeOyemMoe epeKPhITHSI 30H TUIACTUYECKON NehopMaIlii U CO3/1aeT TpeOyeMblil ypOBEHb U
IyOMHY OCTaTOYHBIX HAMPSKCHUH.

4. O6ocHOBaHUE MPABUIBLHOTO BHIOOPA CKOPOCTH ABMKEHHUSI COTLIIA JJIsI CO3IaHUs TpeOyemon
MUKPOTEOMETPUH C TOUKH 3PEHUS YIIPOUHEHUS TOBEPXHOCTH C KOHIIEHTPATOPaMHU HaIPSKEHUH.

CymHocTh MeToAa JpoOecTpYyWHOTO YIPOYHEHHS 3aKII0YaeTcs B TOM, UYTO JeTallb
Mo/IBepraeTcs BO3ACUCTBHIO MOTOKa ApoOu. JIpoOMHKHM, yBiIeKaeMble BO3AYLIHOW CTPYEM,
MIPOU3BOJIAT TTOBEPXHOCTHYIO 00paboTKy (YNpOYHEHHE) JNETald, MPU ITOM MEHSIOTCS (hU3HUEcKue
CBOMCTBA MOBEPXHOCTHOTO CJIOSI METaJlIa.

W3BecTHO, YTO MHEBMOIPOOECTPYWHOE YIMPOYHCHHE BBIMOIHICTCS ABYMsI METOJAMHU:
KEKTOPHBIA (CKATBI BO3AYX) U ApobeMeTHbIN (JomaTku). OCHOBHBIM METOJIOM NMPU 00paboTKe
CJIO’KHBIX TIOBEPXHOCTEH MOTOKOM Jpobu Ha cta kax ¢ YIIY sBisercs »kekTopHblid. B kauectse
pabouyero MHCTPyMEHTA HUCIOJIB3YeTCs KEKTOp (pHc. 1) — yCTpPOWCTBO, B KOTOPOM MPOUCXOIUT
CMEILIMBAHMUE BO3yXa, ABIXKYIIETocs C OONbIIeH CKOPOCThIO ¢ poObio. IloarorosnenHas cmech
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BbICTpenuBaeT yepe3 orBepcrue dg = 1 — 8 MM. Comio umeer yron packpeitus 8 — 10° Ha BIxozeE, B
pe3yabpTaTe AMHAMUYECKOE JIaBJICHHE MpeodpaszyeTcs B cratudeckoe [47].

Puc. 1. Koncmpykuusa rcekmopa:
1 — cmennoe conno c omeepcmuem
Beumypu,
2 — kanan nooauu opoou;
3 — kaHa nodavu 8bICOK020 OABIECHUSL,
4 — opobecmpyiinoe conno,
5 — kamepa Hu3K020 0asneHus Ons
cMeutenus 6030yxa u 0poou

Cmech BO3Ayxa € JpoObI0 TpU BBIXOJIE M3 COMJIA IMEpPEMEIIaeTcs B MPOJOJIBHOM U
MOTICPEYHOM HAIPABICHUSAX, IOITOMY IIONEPEYHOE CCUYCHHE CTPYH YBEIWYMBACTCS 110 MEpe
NPUOJIMKCHUST K TIOBEPXHOCTH JETalM, W3MEHsSl CKOPOCTh JIBIDKCHHS CTPyH. B mpakTHueckux
pacuerax s Kpyrioro CeueHusl CTPyH yrojl OJHOCTOPOHHErO PAacUIMPEHHS CTPYH KOJIEONETCs OT
al =7° no al = 15° (puc. 2) [2].

Ha navanmpHOM yyacTke (CM. pHC. 2) CKOPOCTb JBWKEHHS 1J,, BO3JyXa M CMECH Ha
a’pOIMHAMHUYECKOM OCH paBHA CKOPOCTU MCTeYeHHs 1), U3 OTBepcTHA comna. Ha ocHOBHOM yuacTke
CKOPOCTb 1J,,, CHHIKACTC, a XapakTep e€ pacpeneNieHus 10 CEYEHUAM ONUCHIBAETCS Oe3pa3sMEPHBIM

ypaBuenueM lIInmuxTunra:
342
9 y \?
—=1-|5— €Y
U Ry,

rac: 9 — CKOPOCThb KaKOM-Tn00 BBI6paHH01>i TOYKH CCUCHUAI, HaXOIAIICHCS Ha YAAJICHUH )y OT OCH;
Rrp — paanyC BHCIIHCHU I'PAHULIBI CTPYH B TOM K€ CCUCHUH, BBIYHUCIISICMBIN 10 (bOpMy.]'IeZ
R

rp as
— = (3,4— + 1) (2)
To To

Puc. 2. Cxema ceo600noii cmpyu
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YMeHbIIeHHEe Macchl JApOOM CHHXKAET CKOPOCTh (B TOPU3OHTAJIHLHOM HAIIPABICHHH).
Pacuérbl mpoBeieHbl MpU HETOABMXKHOM CoIlIe, 6e3 ydyera nuaMeTrpa ApoOu, yria HakKJIOHA MOTOKa
apoOu, HM3MEHEHUS CKOPOCTH M HalpaBlCHHUs JBWXKEHUS ApoOM TpU B3aUMOJCHCTBHU C
oOpabaTeiBaeMON MOBEPXHOCTHIO, OJIHAKO OHU IMOATBEPKIAIOT, YTO B IMpeAesaX HCIOJIb3yeMbIX
paccTossHUH OT coruia 10 oOpabaTeiBaeMbIX mMoBepxHocTeld B mpeaenax 100 — 200 mm cuna
COINPOTHUBIICHUSI BO3yXa Maja U MOXXHO TOBOPUTH O PAaBHOMEPHOM MPSMOJIMHEWHOM JIBHKEHUU
MHUKpPOYACTHI] B TOPU30HTAIILHOM HampasiaeHuH [3].

VY4eHbIMH TpeUIokKeHa MOJENb IMpollecca HAKOIUICHUS IMOBPEXKIECHHOCTH B MeTajuie U
pa3paboTaHa METOJUKA OIpPENCIICHUS  MPENeNbHOM  IIACTUYHOCTH  TPU  CTATHUYECKOM
Harpy’>KeHWH, 4YTO HE YYUTHIBAET TUHAMUYECKHE IMPOLECChl B3aWMOJAEUCTBUS MOTOKAa APOOHU ¢
MOBEPXHOCThI0. B nmuHamMuueckux poueccax mIyOuHy aedopMaly — ONpeNeNsioT — uepes
reoMeTpUUYecKre mapaMeTpsl oTnevarka. [Ipy MHOTOKpaTHBIX ynapax, npeanoxkena ¢opmyny (1.3),
CBS3BIBAIOIYIO TIOyOMHY JnedopMandd C JHaMETPOM JpoOM ¥ (U3HKO-MEXaHHYECKUMU
XapaKTepUCTHKAMU MaTepuaa

hH = Knnd' (3)
rae: K, — ko3 dunment, i cranu paBHbii 1,5; d — quameTp apoou, MM.

[lpy nuHAMHYECKOM KOHTaKTe ApoOM ¢ 00pabaThIBaeMON IMOBEPXHOCTHIO AedopmMaruu
BBI3BIBAIOT B 30HE KOHTAKTa MHTEHCUBHOE CMATHE MeTajlla B paauansHOoM HampasieHuu [18]. Kak
BuauM (puc. 3), B Tporecce JAMHAMUYECKOro ynmapa (ckopoctb apodbu 50 m/c) HaOmromaercs
cTabunm3anus AuaMmerpa otnedarka (d) marepuana nocie 10 ynapos.

Puc. 3. H3menenusa ouamempa omneuamka Puc. 4. Bruanue meepoocmu na cmenets
npu ouamempe opoou: 1 — 10 mm, 2 — 8 um noeepxunocmmuoit degpopmayuu npu d = 1 mm
[10]: 1 — ckopocmv V =50 m/c; 2—V = 30 m/c

[Ipy nuHAMHYECKOM B3aMMOJAEHCTBHM JApOOM YBEIMUYEHHE Yucla yaapoB ¢ 5 go 12
yBEIMYUBAET pazMep ornedarka B 1,25 — 1,55 pa3a.

B nuTepaTypHBIX HCTOYHMKAX OTCYTCTBYIOT CBEJIEHHMS O B3aHMMOJACHUCTBUH JApOOH C
TUTaHOBBIM cIutaBoM BT22; kpome Toro, B MCCI€10BaHUU HE YUUTHIBAETCS M3MEHEHUE (PU3NYECKUX
CBOMCTB MaTepHaja nocie KaxJ0ro yaapa.

Cnenyromas (opmyna XapakTepu3yeT CTENeHb [OBEPXHOCTHOM nedopManuu P Kak
OTHOIIEHUE AuaMeTpa otnedarka d 1 k quamerpy apobn d:

Y =dy/d 0)
rae: d, = A-d?, Au B — smmmpuueckue k03pGHUIHUEHTBI, 11 THTaHOBBIX craBoB A = 0,34, B =
0,9.

CreneHbp MOBEPXHOCTHOM JegopManuu 1P CBA3BIBACTCA CO CKOPOCTBIO JIpodU U ¢

TBEPJIOCTHIO 00pabaThiBaeMOro MaTepuana (puc. 4).
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YBenuuenue ckopoctu Apodu Ha 40-50% moBeIIIaeT CTENEHb MOBEPXHOCTHON JeopManuu
Y B 1,3 pa3a. B uccienoBaHusx He M3y4eHO B3aUMOJACHCTBHE C BBICOKOTIPOYHBIMU THTAHOBBIMHU
CILJIaBaMH.

M3BecTHO, 4TO TUIOMIa s OTHEYATKA 3aBHCUT OT JUAaMETpa ApOOH, PacCTOSIHHUS OT COIUIA JI0
MOBEPXHOCTHU M YIJIOB HAKJIOHA COILIA B IMIPOOIBHOM U TONIEPEYHOM HAIPABICHUSIX.

ABTOp 0OOparaeT BHUMaHKE, YTO Ha (YOPMHUPOBAHHE CTPYKTYPHI CTPYH OKa3bIBAIOT BIIUSTHHE
MoKa3aTeny Mpolecca ynpouHeHus. Onupasch Ha CXeMy, NPHUBEICHHYIO Ha pHUC. S5, MOXKHO
paccuuTaTh pa3Mep KOHTaKTHOTO oTnevarka mo gopmyie (1.5).

Puc. 5. Cmpykmypunasa cxema c60600H01 cmpyu

Takum 00pa3oM, MmIOmaAb KOHTAaKTa CTPYH C MOBEPXHOCTHIO paccuuThIBaeTcs Mo (opmyie:

_ E do 2 . . 1 _ 1
Forn = 2 (ztgﬁ + S) siny - tgp [tg(y—ﬁ) tgy+p) 1’ ()

rae: d, — AMaMeTp COoIia, MM; S — PacCTOSHHE OT COIUIA J0 MOBEPXHOCTH AETAIH, MM; 2tgf —
YIoJ1 pacIiipeHust OTOKa; Y — yToJl HaKJIOHA COILIA.

[TpoBeneHHOE HcclielOBaHUE HE YYHUTHIBAaeT (POpPMY HOBEPXHOCTH, CKOPOCTh IBMIKEHUS
comja, JuameTrp JApoOu, H3MEHEHHE CKOPOCTH W HalpaBl€HUE [BUKEHHUS JpoOU IpHU
B3aMMOJIEHCTBUU ¢ 00pabaThiBaeMON TOBEPXHOCTHIO.

[Tocne apobGectpyiiHol 00paboTKM TUTaHOBBIN ciiaB BT22 coxpaHseT MiacTUYHOCTh U
IIPOYHOCTh NPU AOCTATOYHO BbICOKMX Temmeparypax 400 — 550 °C, mpu IIJIY neraneir u3
TUTAaHOBBIX CIJIABOB TeMIieparypa nporuecca He npeBocxoaut 100 — 110 °C, noatomy Temmeparypa
HE MOXKET OKa3aTh CYLIECTBEHHOE BIMAHUE Ha (POPMUPOBAHNE OCTATOUHBIX HANPSHKEHUH.

Ha QopmupoBanue ocCTaTOYHBIX HANpsDKEHUH OKa3blBAlOT — BIMSIHUE IIACTHUYECKUE
nedopmarui, KOTOpbIe 3aBUCIT OT PEKUMOB 00pabOTKH. YCTaHOBIEHO, YTO BEJIMYMHA U IITyOHHA
pacrpocTpaHEHHs] OCTATOYHBIX HANPSDKEHUN  3aBUCIT OT  (DPU3MKO-MEXaHMYECKUX CBOMICTB
TUTAHOBOTO CIUIaBa, TUIONIAAN KOHTAKTa, CKOPOCTU ApoOu, nuamerpa ApoOH U Apyrux (akTOpOB.
[Tpu pazpaborke Texnomoruu I1J[Y BakHO 3HATH TIIyOMHY HAKIENAHHOTO CIIOS huw W CTENeHb
MOBEPXHOCTHOH nedopmanuu P [4].

Ompacne npumenenus noIy4eHHBIX pe3yabvmamos. B HacTosiiee Bpems MOSBUIOCH
3HAYUTEIbHOE KOJMYECTBO HCCICNOBAHUNA C IETbI0 ONpeJeNeHHUs] TIyOHMHBI IJIaCTUYECKU
ne(OpPMUPOBAHHOTO CJIOSI TpPH YINPOYHEHHH IOBEPXHOCTHOrO ciosi JpoOwto. MccnepoBanue
BIMSIHUS PEXHUMOB YIPOYHEHHS HAa KAuyeCTBO IIOBEPXHOCTH KPYMHOTAOAPUTHBIX JeTaje
MPOBOAMIIOCH HAa OMBITHBIX oOOpa3nax, YTO CHH)KAeT, B KAaKOH-TO CTENEeHH, JOCTOBEPHOCTD
MIPOBOJIUMBIX UCCIICOBAHUHN U HE €T PeaTbHOr0 0OOCHOBAHUS BHIOOPA PEKUMOB YIIPOUHEHHUSI.
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Ha nmoBepxnocTtsx neraneit B pesyinbrare [1/Y o0pasyrorcss MUKpOHEPOBHOCTH, KOTOPHIE B
W3BECTHOM CTENEHU SABIISIOTCS KOHIICHTpATOpaMH HaIPsDKEHUH, NMPU 3TOM pacyeThl MMOKa3bIBaIOT,
910 KOA(h(PUIMEHT KOHIEHTpAlMU HaNpspKeHUH kojebnercs ot 2,0 10 3,5 U 3aBHCHUT OT PEKHMOB
YOpPOYHEHHsS] U AuaMerpa JpoOu. bompinoe 3HaueHHe NpHOOpPETArOT BOIPOCHI TEOPETHUYECKOIO
onpeJieJICHUs TapaMeTPOB MIEPOXOBATOCTH MOBEPXHOCTHOTO CJIOSI.

Ha puc. 6 moka3zaHo B3aMMOJCWCTBHE CAMHUYHOW JpoOW ¢ oOpabaThiBaeMOit
MMOBEPXHOCTHIO.

Puc. 6. Cxema oeghopmayuu muxkpopenvegha nogepxnocmu odopadamvieaemozo
Mamepuana é 30He KOHMAKma c padoyei cpeooi (0poovio)

Ha ocHOBaHUMM TNPOBEIEHHBIX MCCIEJOBAHUN MOXHO CJAeJIaTh BBIBOABI O TIyOuHe
IIPOHUKHOBEHUS APOOHU:

1. TIpu yBemueHnn MHAMUYECKOrO JIARTICHHS pa3Mephl OTTICUATKA YBETMUHMBAFOTCSL.

2. 1lpu yBemueHn [uameTpa M Macchl JpoOr pasMepbl OTIIEYaTKa YBEITMUUBAIOTCSL.

3. Ipu yBemueHnH rpeieria TeKy4ecT! Marepraia IETATH pa3Mepbl OTTeYaTka YMEHbIIIAIOTCSL.

4. Ha pasmepbl OTTIeUaTka TAoKe OKa3hIBACT RIFSHIE TUIOTHOCTD IMJIBITBL, KOTOPast B CBOKO OYEpE/lb 3aBUCHT OT
KOHLIEHTpalMH B Helt poou. [ Tpy yBerueHnn KOHLIEHTpar i ApoOH CKOPOCTb IPOOU CHIDKAETCS, YTO MPUBOIMT K
YMEHBIIICHHIO Pa3MEPOB OTIIEYATKOB.

5. Pa3Mepbl MIIacTHYecKOro OTIIeYaTka, a CleIoBaTelbHO, A(D(HEKTMBHOCTL 00pabOTKY TpH Hcronb3oBaHu [11Y
3aBHCHUT OT JIMHAMUYECKOTO COCTOSIHHSI MAacCHBA TEXHOJIOTMYECKOM JIPOOH, ICHCTBYFOIIEH Ha 00pabaThBacMyro
TIOBEPXHOCTb.

Ha mepoxoBarocte noepxHoctu mnocie [IJ[Y oxa3blBaeT BIMSHHE IIEPOXOBATOCTb,
MOJIyYeHHasl Ha Mpeblaylied TeXHOIorn4yeckoil omnepauuu. MccnenoBaHusMu yCTaHOBJIEHO, YTO
MOJT yJapoM ApoOu BEpIIMHBI MUKPOHEPOBHOCTEH CMUHAIOTCS, TIPY 3TOM IPOMCXOAUT 00pa3oBaHHE
HOBOM MHUKPOHEPOBHOCTH, OCOOCHHO Ha YUCTOBBIX omepanusax. OueHb BaXXKHO, YTOOBI apaMeTphl
IIEPOXOBAaTOCTH JIO M TOcie 00pabOTKHM coBHajaid. JTOTO MOKHO JOCTHYh PETyIUPOBAHHEM
PEeXUMOB 00pabOTKU U JuaMeTpa Apodu (puc. 7) [5].

Hexodhog wepoxobamocims

Wepoxabamacme Ha nporexemoyHoN
Imane oopabomky

\ Yrmarobubwasra wepoxobamocms

Puc. 7. Cxema oeghopmuposanusn nosepxnocmu nociae Iy
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VYupasmss pexumamu [TY, MokHO MOBBICUTH 3()(peKTUBHOCTD IpoIIecca MPH COOTIOACHUN
TpeOyeMbIX TEXHHUYECKHMX YCJIOBUHM IO KayecTBY NOBEpXHOCTH. HaxoxaeHue pannoHaIbHBIX
pexumoB IIJIY 1o3BONS€T yCTaHOBUTH KOJMYECTBEHHBIE CBSI3M MEXIY TEXHOJIOIMUECKUMU
(hakTOpaMH U IMIEPOXOBATOCTHIO TTOBEPXHOCTH [5].

Ocobennoctu hopMHUpPOBaHKSI MEKPOHEPOBHOCTEH Tipu 00padoTke [V cnemyromue:

® pPaBHOMEPHOCTH IIEPOXOBATOCTH B IPOJIOJIBHOM U ITONIEPEYHOM HAIIPABIICHUSX;

e YBEIMYEHHE paguyca 3aKpyrjeHUs BO BIaJWHAX MHUKPOHEPOBHOCTEH M CHM)KEHUS
kod(uimenTa KOHIEHTPAIIMK HANIPSHKEHUH Ha JTHE 00pa0O0TaHHBIX PUCOK;

® CBSI3b MEXKIY CKOpPOCTBIO JBIJKEHHUS COIUIA, AMAMETPOM JpOOM U CpPEeJHUM IIarom
MUKpoHepoBHOcTel npu [TJ1Y.

Buvieoowsl. Takum 00pa3oM, Ha MOBEPXHOCTH JIeTalie W3 THTAHOBBIX cruiaBoB mpu [1[Y
HaOMIOaeTcss  HaIW4Yhe  KOHLEHTPATOPOB  HAINpPSsDKEHHWH, 0Opa3oBaHME  BBICOKHX  KakK
paCTITMBAIOIINX, TaK U CKUMAIOIIUX OCTATOYHBIX HAIPSHKEHUM, HEJOMYCTUMBIX IUIACTUYECKUX
nepopmanuii. Kpome Toro, gaHHble JeTanuM  KpyNHOraOapUTHbBIE, HMEIOT  CIIOKHYIO
MPOCTPAHCTBEHHYI0  (OpMy, TOATOMY OCHOBHBIM  IPOLIECCOM  YIPOYHEHHS  SIBISIETCA
mHEeBMopoOecTpyiiHas o0paboTKa.

B kauecTBe KJIIOUEBBIX MapaMmeTpoB mpu omucanuu mpouecca 11V ucnonb3yroTes Takue
nmapaMeTphl, Kak MaTepuajl U €ro TBEPIOCTh, pa3Mep €AMHUYHON IpoOU, CKOPOCTH Apodu M 1p.
Onupascb Ha TO, 4YTO (UHHUINHOE APOoOECTpyHHOE YNPOUHEHUE SBISETCS OTBETCTBEHHOMN
omnepauuei, moJIe3HO UMETh BO3MOKHOCTh aHAJIM3UPOBATh UMUTALIMOHHYIO MOJIelb Tiporecca [1Y
10 HECKOJIbKUM MPUYUHAM:

" yMeThb IPOTHO3MPOBATh COCTOSIHUE MaTepuana I[oclie YIpPOYyHEHUs Oe3 MpOoBEeACHUS
KPYIMHOMACIITa0OHBIX (PU3NYECKUX UCIIBITAHUN;

® yMeTh pa3pabarbhiBaTh MpPOLECCHl OOpPaOOTKH, YNPOUHEHUS U JEKOPHUPOBAHUS, KOTOpHIE
MIO3BOJISIT JOCTUYb JKEIAEMOT0 YPOBHS OCTaTOYHBIX HANPSKCHU;

* u3yuuTh nocneactsus II[Y marepuana, k KOTOpOMY HPEIBABISIOTCS 0COObIE TEXHUUECKUE
OTpaHUYEHUS 10 KAYECTBY ITOBEPXHOCTHOT'O CJIOSI.

Br16op pexumon I1J[Y nmpenycmarpuBaeT nmocTpoeHHE MMUTAIMOHHBIX MOJEIeH mpoiiecca
B3aUMOJIeHCTBHS JpoOu ¢ 00padaThIBa€MOi TOBEPXHOCTBIO.

[Tpouecc nBUXKEHHS MOTOKA APOOM B CKOPOCTHOM BO3IYIIHOW CTpye M UX TUHAMHYECKOE
BO37IeHicTBHE Ha 00pabaThIBaeMyl0 MOBEPXHOCTh HEOOXOIUMO MMUTHPOBATH B MapaMETPUUYECKOM
BHUJE C NOMOUIbIO MPOrpaMM, OCHOBAaHHBIX Ha HCIOJB30BAaHUU METOJA KOHEYHBIX 3JIEMEHTOB.
JlaHHBINA MeTOJ TAET BO3MOXHOCTh PACCMOTPETh MOAPOOHYIO XPOHOJIOTHIO HANPsKEHUH BO BpeMs
BO3JICUCTBUS yAapa, pa3BUTHE TOJIEH TutacTuueckoi nedopmaiuu B oOpabaTsiBaeMOM MaTepHalie
U, CJIENOBaTEJIbHO, OIEHKY IIOJs OCTaTOYHBIX HANpPSDKEHHUH, CO3JaHHOIO  €IMHUYHBIM
B3aUMO/JICVICTBUEM.
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