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Ipusedenvl pezynrvmamvl UCcred08anusi MpUOOMEXHUYECKUX CEOUCME MEEPOOCMAZOUHBIX NOKPbIMULL
noayyenHvix Ha meepoom cniase BK6 (94 % WC, 6 % Co) 6 pe3ynbmame mepmocuopoxumuieckol 0opabomxu
(TI'XO). Bvinonnena onmumu3ayusi HAcblyaiowje2o Cocmagd U memnepamypHo-6peMeHHbIX Napamempos npo-
yecca TI'’XO no xosgpuyuenmy mpenusi nomyuennvix noxpvimui. Mcnonv3ys mamemamuyeckue mMooenu, no-
Cmpoenbl duazpamMmbvl «napamempsl npoyecca — c8oucmeoy. Paspaboman npocmoti u sxoHomuuHbll CHOCOO
MEPMO2UOPOXUMUYECKOT 0OPabOMKU MBEPObIX CNIAB08, UCHOIB308AHUE KOMOPO2O NO360SIem NOBbICUMb IKC-
HIYAMAyUOHHYI0 CIMOUKOCHb PA3IUYHBIX 8UO08 MEEPOOCNHIABHO20 PENCYIYE20 UHCIPYMEHMA NO CPAGHEHUIO CO
cmanoapmuvim. Obpabomka no onmumanvromy pesicumy TI'XO nosgonsiem 8 yciogusix omcymcmeust CMasku
CHU3UMb KOIPPuyueHm mpenus nosepxHocmu meepooco cniasa 6 3,6...4,0 paza no cpasnenuto ¢ Heobpabo-
MAHHBIM.

BeBenenue. YpoBeHb pa3BUTHsI COBPEMEHHOM TEXHUKH XapaKTEPU3YETCS BBICOKOM MHTEHCUBHOCTBIO JKC-
TUTyaTallil MHCTPYMEHTOB M IIMPOKUM MPHMEHEHHEM CJI0XKHOJETMPOBAaHHBIX M JIPYTHX TPYAHOOOpadaThiBae-
MBIX CTaJIell U CIUIABOB JUIsl U3TOTOBIICHUS JIeTalell MAllluH U y3JI0B. DTO TpeOyeT NPUMEHEHHs, BO-TIePBBIX, HH-
CTPYMEHTOB Ha OCHOBE MAaTE€pPHAIIOB C BBHICOKUMH M JIQKE CBEPXBBICOKUMH SKCIUTYyaTAallMOHHBIMU CBOMCTBaMH,
BO-BTOPBIX, YIPOYHSIOIINX TEXHOJIOTHH, B TOM YHCJIC TEXHOJOTHH HAaHECEHHs Ha TIOBEPXHOCTh HHCTPYMEHTOB
AHTU(PUKIIUOHHBIX TBEPJOCMA304HBIX MOKPBITHIA.

CorracHO COBpEMEHHBIM NPEACTAaBICHUSM B O0JIACTH TPEeHUs W M3HammuBaHus [1 — 8] qydmmmu aHTH-
(DpUKIMOHHBIMU CBOICTBaMHU B aTMOC(EPHBIX YCIOBHSAX 00JaJal0T MaTepualibl U MOKPBITHSI HA OCHOBE CYJIb(u-
JI0B 1 okcnaoB. OHAKO MPEIIouTeHNe MpH pa3paboTKe IOKPHITHH OTAAETCSI OKCHIaM, TIOCKOJIbKY OHH SIBIISIOT-
Csl TIOCTOSTHHOM COCTaBJISIFOILEH TPaHMYHOTO CJI0si, 0Opa3yrolllerocsi Npyu TpeHuwu Jroboro TBepiaoro Teia. [pu
(hopMHPOBAaHMN OKCHIHOW IIJIEHKH OIPEEJICHHOIO COCTaBa M CTPYKTYPHI MOKHO CO3/1aTh MOBEPXHOCTHOE YII-
pounenue (3ddext Pocko) 1 CHHUKEHHE CONPOTUBIICHUS CABUTY NpU TpeHuu (3ddekt Pedbunpaepa); mpudem 3¢-
(hexT PeOunnepa peanusyercst TONBKO B IPUCYTCTBUH NMOBEPXHOCTHO-aKTUBHBIX BemiecTB (ITAB). CoracHo Ba-
KaHCHOHHO-IU(P(y3MOHHOMY U are3MOHHO-Ie(OpPMAMOHHOMY MEXaHU3MaM TPEHUS IOBBIIIEHUS H3HOCOCTOM-
KOCTH TBEpJOTO Tella MOKHO JIOCTHYb NP COYETaHUH BBINICHA3BaHHBIX 3((EKTOB — IPH BBHICOKOW TBEPIOCTH
€r0 IOBEPXHOCTH U HU3KOM IPOYHOCTH aAr€3MOHHOM CBS3H.

Cpenu pa3IH4YHBIX CIIOCOOOB IMOJYYEHHS TBEPIOCMAa304HBIX IMOKPBITUH CIIEIYeT BBLACIUTH METOJbI, KO-
TOpbIE MO3BOJISIOT CPOPMHUPOBATH HAHOCTPYKTYPY Ha OCHOBE aHTU(PUKIUOHHBIX MaTepuanoB [8 — 15]. Hano-
CTPYKTYPHUPOBaHHBIE TIOKPBITHS 00J1aJal0T CBEPXIUIACTHYHOCTHIO, OHU OOJIETYAIOT Pa3phiB aAT€3NOHHBIX COEIH-
HEHHUI B 30HE TPEHHS; B TO XK€ BpeMs TBEPAOCTh HAHOMATEPHAJIOB U3 METAUIOB U TYTIOIUIABKHX COCIWHEHHH
Bo3pacTaeT B 2... 3 paza [6]. HaubGonbmuii MHTEpeC B 3TOM acIlieKTe MPEACTABIIAIOT TBEPIOCMAa30YHbIC TOKPHI-
THS C HAHOCTPYKTYPOH, MOITydeHHBIE METOIOM TepMoruapoxummdeckorr oopadborku (TI'XO) [9 — 15]. Jannasie
TIOKPBITHSI MO)KHO HAaHOCHTH Ha TOTOBBIE K JKCIUTyaTalldl MHCTPYMEHTHI, IOCKONBKY B pesyabrare TI'XO co-
XPaHSIOTCS HE TOJIBKO MepBOHAYaNbHbIE (opMa U pa3Mepbl HHCTPYMEHTOB, a TaKXKe MX MCXOJAHAs CTPYKTypa.
[Ipu 3TOM MakcumaibHas Temneparypa TI'XO He mpeBbIlIaeT TeMIieparypy dKCIUTyaTallii HHCTPYMEHTOB HJIH
Hayaia pasylpoyYHSIONIMX NPEBPAICHUH B HHCTPYMEHTAIBHBIX MaTepualax, B YaCTHOCTH, IS YIIIEPOIHCTHIX
ctaseii oHa He BbIme 150 °C, myis ObICTpopexyInux craneil — He Boimie 560 °C, i TBepABIX CIIABOB — HE BBIIIE
1050 °C. C npyroi cTOpOHBI, HAWITYYIITHM CIIOCOOOM CHIDKEHHS KOd(duIeHTa TpeHns padodeil KpOMKH HHCT-
PYMCHTOB B JKECTKHUX U JaXKE KaTaCTpO(bI/I‘-ICCKI/IX YCIOBHAX UX SKCIUTyaTalliu, KOrJa B 30HE TPEHUA OTCYTCTBYET
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CMa3Ka WJIH €€ I0Jada OrpaHW4eHa, SIBISIETCSI HAHECEHHWE TBEPAOCMA309HBIX MOKPHITHH. TepMoruapoxummde-
ckast 00paboTka siBIsieTcsl HanboJiee POCTHIM U YHUBEPCATHHBIM MeToZIoM. C IOMOIIBIO 3TOT0 METOa MOXKHO
CO3/1aBaTh HAHOCTPYKTYPHPOBAHHBIE IMIOKPHITHS HA OCHOBE OKCHIOB, CYIb(UI0B, KapOUIOB, Npyrux aHTH(PUK-
IIMOHHBIX MaTepHaIOB U UX KOMITO3UIINH.

W3 mpuBeneHnoro aHanmusa ciexyer, yTo mnpomuecc TI' XO mMeeT 6ompIIne MepCneKTHBH U CBOETO pas3-
BUTHS, MIPEXKIE BCETO Ul BEICOKOIPOU3BOANTEIBHBIX HHCTPYMEHTOB, HCITBITHIBAIOIINX 3HAYNTEIHHBIC MEXaHH-
YyecKre M TeMIepaTypHbie Harpy3ku. Ocoboe BHUMaHHE B 3TOM IUIAHE CIIEAyeT YACIUTh HHCTPYMEHTaM U3 TBEp-
meix cruaBoB (Mapku BK, TK, TTK u gp.), koTopbie Omaromapst X BBICOKOM TBEPIIOCTH, H3HOCOCTOHKOCTH U
TETJIOCTOMKOCTH IIHNPOKO HCIIONB3YIOTCS ISl U3TOTOBIICHUS Pa3IUYHBIX BHJIOB PEXYIINX M MITAMITOBBIX MHCT-
pymeHTOB. OHaKO BOIPOCHI, CBS3aHHBIE C TEPMOTHIPOXUMHUYECKON 00pabOTKOW NMPAaKTUYECKH BCEX WHCTPY-
MEHTAJIFHBIX MaTepHaIOB Majlo U3yIEeHBbI.

[Momomp nccnenoBaTenio MpH TPYIOEMKOM BHIOOpPE ONTHMAIbHOTO BapHaHTa IPOBEICHUS Mpolecca
TI'’XO MHCTPYMEHTAIBHBIX MaTEpPHAIOB MOTYT OKa3aTh MareMaTHYECKHE METOJbI IIIAHUPOBAHUS AKCIIEPUMEH-
TOB, KOTOPBIE MTO3BOJISIOT ITOJTy4aTh MAaKCUMyM MH(OpMany Ipu MUHUMYME 3aTpar.

B mMatepuanoBezeHny TpaJULIMOHHO PEIIAlOT MPsIMbIE 33/1a4H, KOT/1a Ha OCHOBaHWH MHUHHMAIBHOTO KO-
JIMYEeCTBa 3KCIICPUMEHTOB, IIPOBEACHHBIX 10 3apaHee 33adaHHBIM TeMIIepaTypHO-BPEMEHHBIM peXUMaM (corJac-
HO TUTaHy 3KCIIEPUMEHTOB) ONPEENSIOT CBOWCTBA MaTepHaa, 3aTeM CO3al0T MaTeMaTHIeCKHUe MOJIEIH, OITHCHI-
BaloIue BIUsSHUE (PaKTOPOB, M C IIOMOIIBIO TPahMIecKOi HHTEPIIPETalu BEIOMPAIOT ONITHMAIIBHBIE TTapaMETpPhI
npouecca [16]. Ho Takoif moaxo HE MOXET PELIUTh BCErO KOMIUIEKCA BOIIPOCOB, BOSHUKAIOIIUX TPU MPOEKTHU-
POBaHHU TEXHOJIOTWH, TTOCKOJIBKY (YHKIIMOHHPOBAHUE JIIOOOH TEXHOJOTHYECKOW CHUCTEMBI (B TAHHOM cCilydae
TakoBoi sBisiercst TexHoxorust TI'’XO tBepaoro crutaBa BK6) mponcxoaur B yCIIOBHSX ITOCTOSIHHOTO CITydaifHo-
TO N3MEHEHHS 3HAYCHUH MapaMeTpoB CHCTEMBI MO BIUSHUEM Pa3IMYHBIX BHEIIHUX U BHYTPEHHUX JECTaOWITH-
3upyromux GpakropoB. CaMu TEXHOJIOTHUECKHE CUCTEMBI KaKk OOBEKTHI MIPOSKTUPOBAHUS 00JIaIatoT PsIOM clie-
IUPHUIECKUX 0COOEHHOCTEH: MHOTOKPUTEPHAIEHOCTHIO, MHOTOIIApaMETPHUYHOCTBI0, CTOXaCTHYHOCTHIO (pacceu-
BaHME [TapaMEeTPOB), HAJTMYMEM HEJMHEHHBIX BHYTPUCHCTEMHBIX CBsi3ed M T.1. [Ipu nccnenoBannm, NpoeKTUpPO-
BAaHMU M OCBOCHUM TaKMX OOBEKTOB TPeOYeTCs pellleHHe He TOJBKO MPSIMBIX, HO M OOpaTHBIX 33j1a4, KOT/Ja Hc-
CclleIoBaTeNb 3apaHee 331aeT KOMIUIEKC HEOOXOAMMBIX CBOMCTB MaTepualla U C MOMOIIBI0 KOMITBIOTEPHOTO MO-
JIETUPOBAHMS HaXOAUT ONTHUMAaJIbHbIE TEMIIEPaTypHO-BPEMEHHBIE MapaMeTpsl mpolecca. [JJaHHbI MeTomonoru-
YeCKMH MOAXO/[l, MOIY4YHMBUINY Ha3sBaHHE MHOTOMEPHOIO MPOEKTHOTO CHHTE3a TEXHOJOTHUECKOW CHCTEMBI, yc-
MENIHO NPUMEHSETCSI IPU pa3paboTKe HOBBIX TEXHOJOTHUI 1 Matepuanos [15, 17 — 20].

Llenbto naHHOM pabOTHI UCXO/S M3 BBIIIEU3IOKEHHOTO SBUINCH MCCIIEIOBAHIE U KOMITBIOTEPHOE MPOEK-
tupoBanue texHosoruu TI'XO TtBepporo crasa BK6 ¢ npumeneHueM MeTo1a MHOTOMEPHOTO IIPOEKTHOTO CHH-
Te3a TEXHUYECKUX OOBEKTOB, MAaTEPUATIOB M TEXHOJIOTHIA.

OO0beKTHI M METOAMKA HccaeA0BaHuil. TepMOTruIpoXUMHYECKOl 00paboTKe MOJABEpraiu TBEp-
neiii cma BK6, KOTOphIl HIMPOKO MCMONB3YeTCsl Ha MPaKTHUKE Ui YEPHOTo TOYEHUs, (pe3epoBaHusi, pac-
CBEpJIMBAHUS, 36HKEPOBAaHUS YyI'yHOB, KapOIPOUYHBIX U I[BETHBIX CIUIABOB M HEMETAJUIMYECKUX MaTepualos [0,
7]. Cam mporece TI'XO ocyImiecTBIsIIN IyTeM IPOBEACHUS ABYX OTIEPALIUii:

- ruapoxuMudeckor 06padotku (I'’XO) noBepxHocTH MHCTpYMEHTa IpH Temneparype 95...100 °C B Te-
yenue 10...120 MUHYT B criennajgbHO MTPUTOTOBJICHHOW BOAHOW CyCHEH3WH Ha 0a3e ynbTpa- U HaHOpa3MEpHBIX
MOPOIIKOB OKCH/IOB THTAHA M MOJIO/IEHA;

- mocnenytomeit Tepmudeckoit oopadorku (TO) nmpu Harpese B 3aUTHON (O€30KHCINTENBHOM) cpefie 10
temneparypsl 1000...1050 °C, Beigepkke B TedeHre 10 MHHYT U OXJIQKICHUH.

CrienMajibHyI0 BOJHYIO CYCIIEH3HIO IPEIBAPUTENLHO TOTOBUIIM 10 CIIEIUAIILHON TEXHOJIOTHH ITYTEM I10-
CJIEIOBATEIBHOTO BBEJCHUSI U MEXAHHYECKOI'0 CMEIIMBAHUS yIbTpa- U HAHOPA3MEPHBIX OKCHAOB METAJUIOB B
OIpe/IeNIeHHOM COOTHOIIGHWM M no0aBieHHH 5 % akTHUBaTOpa Ipolecca: BOIOPACTBOPHMOIO Cyib(aHona
(ITAB). I'oToBBIM cumTazics paboUmii COCTaB C KUCIOTHOCTBIO pH 6...8, KOTOpYIO YCTaHAaBIUBAIIN U MOIICPIKU-
BaJIK MyTeM J03upoBaHHOTO BBenenus NH,OH.

[Ipn npoBeneHnn XuMHIeCKoil 00paboTKK 00pa3Lbl IOMENATN U BBIICP)KUBAIIM B BAaHHE C TOTOBBIM CO-
CTaBOM BOJHOM HACHIMIAIOIEH Cpepl, HATPETOH 0 TeMIepaTypsl mpoiecca. [loBepxHOCTs 00pa3IoB IpenBa-
PHUTENBFHO 00€3KUPHUBAIN 1 JIEKanupoBain B 5 %-HOM pacTBOpe cepHOI KMUCIOTH B TedeHue | MuHyTHI. [locie
KaXKIOH omepanuy XUMUIecKoi 00paboTKu 00pa3Isl IPOMBIBAIH B BOJIE.

Jns  ompeneneHust TPHOOTEXHWYECKUX XapaKTEPUCTUK TBEPAOCMA30YHBIX TEPMOTHAPOXUMHUECKUX
(TI'’X) moxpeITHI HA MEKpOTpHOOMeETpe (prc. 1) mpuMeHsIH 00pa3Ibl CTAHAAPTHBIX TBEPIOCIUIABHBIX PEXKYIIUX
TUTACTHH.
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[Ipu mpoextupoBannu TexHONIOTHUIEecKOro mpormecca TI'XO TBepaoro cmaBa BK6 mpumensnm cuaTes-
TEXHOJIOTUH METOJja MHOTOMEPHOTO ITPOEKTHOTO CHHTE3a TEXHOJIIOTHYECKUX 00BEKTOB, MAaTEPUANIOB U TEXHOJIO-
it B Buae 6a30Boii kommeroTepHoii mporpammel CUHTE3 MK [17].

[pemnaraemplii METO TIO3BOJISIET OIIEPUPOBATH HE TOJBKO MATEMAaTHIECKUMH, HO U TEXHUYECKUMH KPH-
TEpUSIMH ONTUMAIBHOCTH. [ peanusanum mporeayp MHOTOMEPHOTO MPOEKTHOTO CHHTE3a TEXHOJIOTHIECKON
cucremsl nipu nposeneann TI'XO TBepaoro crutaBa BK6 mcmons30BaH KOMIUIEKC HOBBIX METOAOB, Hambolee
3HAYUMBIMH U3 KOTOPBIX SIBIISIOTCSL:

- METOJ peleHns OOPaTHBIX MHOTOKPHTEPHAIBHBIX 3a/1a4;

- METOJ1 KOMITBIOTEPHOTO BBIOOPA TEXHUYECKH ONTHMAIBHOTO BAPHAHTA,;

- METOJI BBIICNICHHS 00JacTell yCTOMUMBOCTH HCCIEyeMON TEXHOJIOTHIECKOW CHCTEMBI B MHOTOMEPHOM
MIPOCTPAHCTBE TEXHOJIOTHYECKUX MTapaMeTPOB;

- METOJI TIOCTPOCHUS TPpadIecKoro H300paKeHNS COCTOSTHUHM TEXHOJIOTHYECKOI CHCTEMBI.

Puc. 1. MukpoTpuboMeTp BO3BpaTHO-TIOCTYATEIBHOTO THIIA
¢ MaKkCHMalbHOH npuiiaraeMoii Harpyskoii 1 H (mpousBonctsa UMMC, 1. ['omens, benapycs)

MeTto/1 MHOTOMEPHOTO TIPOEKTHOTO CHHTE3a TEXHOJIOTUYECKOH CHUCTEMBI B OTJIMYUE OT M3BECTHBIX METO-
1oB [16] mmeer Irydire BO3MOKHOCTH H TTO3BOJISCT:

- BEIOMpaTh TEXHUYECKH ONTHUMAaJIbHBIA BapUaHT, 00JIaAroIINil HAanOOJIbIIeH YCTOHUYMBOCTBIO K BO3JIEH-
CTBHIO JIeCTaOMIIM3UPYIOMHNX (DAaKTOPOB TPON3BO/ICTBA;

- OTHOBPEMEHHO peliaTh 00paTHbie MHOTOKPUTEPHAIbHBIE 33/1a4U — BBIJICNIEHHE B TIPOCTPAHCTBE COCTOSI-
HUH oOnacTeil ycTOHYMBOCTH, TAE «CYIIECTBYIOT» BapHaHTHl MaTepualia C 3aJaHHBIMH CBOMCTBAaMH M BBIOOD
TEXHUYECKH ONTHMAIBHOTO BapUaHTa TEXHOJIOTHUECKOH CHUCTEMBI B OJHOW M3 o0nacTeil yCTOHYMBOCTH NpHU
obecrieyeHnH TpeOyeMOro ypoBHs BOCIIPOM3BOANMOCTH CBOIMCTB MaTepHaa;

- BBIOUpATh B IIPOCTPAHCTBE TEXHOJIOTHYECKHUX MAapaMeTpoB 00JIacTh YCTOHYUBOTO COCTOSIHUS CHCTEMBI, B
KOTOPO OJJHOBPEMEHHO JIOCTHTAIOTCSI M CTAOMIIBHO BOCITPOM3BOIATCS 3aaHHbIE CBOMCTBA MaTepHaa.

PesyabTaTsl npoektupoBanus TtexHosorun TT'XO Teepaoro crutapa BK6. [l noctukenus 31oro
TBEP/BIN CIUIAaB MOABEPTajid THAPOXUMHYECKONH 00paboTKe B KUISAIIEH BOJOIMCIIEPCHON CYCIIEH3UH Ha OCHOBE
TiO,—Mo0O; ¢ nobasienuem 5 % I1AB (cynbdanona) B Teuerne 10...30 MUHYT, a 3aTeM OCYIIECTBISIH €ro Ha-
rpeB 1o Temriepatypsl 1000...1050 °C, mOCKONIBbKY B TAaKHX YCIOBHUSX (DOPMHUPYIOTCS MOKPBITHS C HAMIYYIINMHU
aHTU(PUKIIUOHHBIME cBOMcTBamu (puc. 2). [lpudem onTuManbHble A ctanu [15] BpeMsl THAPOXUMUYECKOMN
obpabotku (1...2 4) u Temneparypa Tepmoodpadotku (100...200 °C) He oOecnednBalOT 3HAYUTETHLHOTO CHIDKE-
HUs KoopduimenTa TpeHus 11 TBEpIOro cruiasa (puc. 2, a). CTpykTypHblil ananu3 noBepxHoct TI'X ynpod-
HEHHOTO TBepaoro ciutaBa BK6 cBuneTenscTByeT 0 ToM, YTO MOJTydEeHHBIE HAHOCTPYKTYPHPOBAaHHbIE TOKPHITHS
IIPY TPEHUU Xopoulo miactuduuupytores (puc. 3). [Ipu ontumuzanuu nporecca BapbupoBaIH TOIBKO TeMIepa-
TYPY U BpeMsI THIPOXHUMHUYECKOUW 00pabOTKH, 10JIeBOE COllepKaHie OCHOBHOTO KOMIIOHEHTA XUMUYECKH aKTHB-
HOW CpEeIbl ¥ TEMIIEPaTypy TePMOOOPaOOTKH.

B tabnune 1 mpencraBieHsl pe3yabTaThl TPUOOTEXHUYECKUX HcnblTaHuil TI'X ynmpoYHEHHOTo TBEpJO0ro
crutaBa BK6, momydenHsie nipu peanusanuu 11 ombiToB miaHa sxcnepuMenToB [16]. Ha ocHOBaHWM TaHHBIX
9TOH TaOJIMIIBI pacCUNTAHBI JIMHEHHBIC U HEJIMHEHHbIE MaTEMaTHUECKHE MOJICIIH, ONMCHIBAIOLINE BIUSHUE Baph-
UpYyeMBIX IMapaMmeTpoB mporecca Ha Kodddumuent tpeHus TI'X mokpertuif. OnHAKO afeKBaTHBIM TPH3HAHA
TOJILKO HEJIMHEIHAs MaTeMaTH4YecKast MOJIeNb CIIEAYIOLIEro BUA:

Y;=—-0,223 - 12,14-10* X; — 20,84-10* X, — 18,34-107* X3 + 9,59-107* X, — 9,62-107" X, +
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+6,93:10° X2 — 4,86:107 X2 +2,08:107° X1 X3 — 1,04-107° X,Xs,

rae Y1 — Ko3hPUIUEeHT TpeHus; X; — TeMIleparypa XUMHUIeCKo 00padboTku; X, — BpeMsi XUMHUUECcKoil 00paboT-
ku; X3 — oyt MoOj3 B cMecH OKCHIIOB; X4 — TeMIIeparypa OTITyCKa.

W3-3a MHOTOKpPHUTEPHATIBHOCTH, CTOXaCTHYHOCTH W HEIMHEHHOCTH TEXHOJIOTHYECKON CHCTEMBI «IIPOIIECC
TI'XO tBepaoro crmaBa BK6» nporno3upoBanue e€ moBeeHUs YCIOKHIETCA. Y KaXI0ro pealbHOro o0bekTa
3HAUEHHMS MMapaMeTPOB OTIMYAIOTCS OT PACUETHBIX M CIIydaifHBIM 00pa3oM pacrpesieieHbl B MOJIe PacCEHBAHMA.
BcneactBre 3TOro HET rapaHTHM ITOJHOTO ITOTIAJaHMs TOYEK ONTUMH3ALUK PealbHOW CHCTEMBI B 00JIacTh yC-
TOWYHMBOCTH, T.€. HE BCET/Ia MOKHO YJIYYIINTh CBOMCTBA MaTepraia 0 3aJaHHOTO ypOBHsI CBOHCTB. UTOOBI Tako-
ro HE NPOU3O0ILIO, NMPH NPOSKTUPOBAHUU TEXHOJOTMYECKOrO Ipoliecca MpeaycCMOTPEH OMpEAEICHHbIH 3amac
YCTOHYMBOCTH CHCTEMBI, KOTOPBII ITO3BOJISIET M30€XKaTh yXyAIIEHHUS KadecTBa (YyHKIIMOHHNPOBAHHS CHCTEMBI 110
KpUTEPHUIO BOCIPON3BOIUMOCTH CBOMCTB MaTepuana.
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Puc. 2. Bmstaue napamerpos npouecca TI'XO
Ha K03 duimeHT Tpenus TBepaoro ciiasa BK6 npu cyxoM TpeHHN CKOJBXEHNS.
Pesxum TI'XO: cocras Bognoi cpernl 1wt XO Ha ocHose TiO, + M0Os;
a — KHHETHKa 10 TeMIieparype Tepmoodpaborku (t = 10 mun) mpu X0 T=100°C,t=1...2 4;
0 — KMHETHKa [0 BpeMeHH TunpoxuMuaeckoit 0o6padorku (7= 100 °C) mpu TO 7= 1000 °C, t = 10 mun;
yCIIOBHS MCHBITaHW: Harpy3ka 1 H, mmna xona (Tpexa) 3 MM, cKopocTh 4-MM/c;
rapa TpeHus: yIpOYHEeHHBIH TBepablii ciuiaB BK6 (tmockocts) — ctans HIX15 (chepa nuamerpom 4 mm)
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0 100 200 300  40.0,m um
a) 0) B)
Puc. 3. Mopdonorus nosepxHoctu TBepaoro cmiaBa BK6, monsepruytoro TI'XO,

10 (a, 6) n nocne ucneITanui Ha Tperue (B) pexxum TI'XO:
XO B onrtumanbHOM coctaBe TiO,—MoO3 mpu 7= 100 °C, t= 15 mun; TO npu 7= 1000 °C, T = 10 Mmun

TaGumna 1
Pesysbrath! nccnenoBanus Kod(duLHeHTa TpEeHUs MOKPBITHIA, MOIy4YeHHBIX Ha TBepaoM ciuiaBe BK6
nytem TI'’XO B BomoauctiepcHoM coctase Ha ocHOBe TiO,—M0O3
PakTopbl [TapameTpsl
T'ugpoxummyeckas o0paboTka TepmooOpaboTka ONTUMHU3AIUU
Howmep ormbita temmeparypa I, | BpeMms T, nosst MoOs temnepatypa T, °C | Koaddunuent
°C MHH B CMECH OKCHJI0B, % Tpenus, f
VcnoBHOe 0003HaUEHNE X1 X, X3 Xy Y,
OcHoBHO#1 ypoBeHb (0) 95 20 50 1025
WHrepBan BapbHPOBaHUS 5 10 25 25
Bepxuwuii yposens (+1) 100 30 75 1050
Hwxkuuii yposens (—1) 90 10 25 1000
1 + + + + 0,105
2 - + + - 0,121
3 + + + 0,107
4 - - + + 0,110
5 + + - + 0,108
6 — + — - 0,135
7 + — — - 0,114
8 - - — + 0,113
9 0 0 0 0 0,108
10 0 0 0 0 0,109
11 0 0 0 0 0,111

[lpy TpaguuMOHHONH METOIOJOTMH ONTHMHU3AIMN TEXHOJIOTHYECKUX IapaMETPOB CHCTEMBI PEUICHUS
3aJad  TEXHOJOIMYECKOTO IPOEKTHPOBAHUSI CHCTEMbl HE COBCEM KOPPEKTHBI, ITOCKOJIBKY IIPOLIECCHI
paccMaTpuBalOTCSl Kak JCTEPMHUHHPOBAaHHbBIC, T.€. MPOXOMAAIIME NPU COOJIOAECHWH TOYHBIX 3HAUYCHUH
[apaMeTpOB TEXHOJOTHYECKOW CHUCTeMBI. B JEeHCTBUTENBHOCTH AETEPMUHHPOBAHHBIX CHCTEM HE CYIECTBYET,
TaKk Kak 3HAUCHHs MapaMeTPOB PEAbHBIX TEXHOJOTMYECKHUX CHUCTEM BCETNa SIBISIIOTCS CIIy4allHBIMH, a CaMu
CHCTEMbI CTOXaCTHYECKMMHU. BpIOOp TexHudecku onTuManbHoro Bapuanta TI'XO TBepmoro craBa BK6
OCYIIECTBISUTM  METOAaMH  KOMITBIOTEPHOTO  NPOEKTUPOBAHUS  TEXHOJIOTHYECKUX  CHCTEM, KOTOpBIE
MIPeAHAa3HAYEHB! I PEIICHHUs] HEMMHEHHBIX M CTOXACTMYECKHX 3a/ad IPH HAIMYUHU B3aUMOCBSI3aHHBIX, YaCTO
MIPOTUBOPEYMBBHIX TPEOOBaHUI K CBOWCTBaM Marepualia M IMOKa3aTelsiM KadecTBa cUcTeMbl. KommbroTepHoe
npoektupoBanue TexHoiornu TI'XO tBepmoro crutaBa BK6 ¢ momompro mporpammsel CMHTE3 MK
OCYIIECTBISUTM B HECKOJNBKO OJTalmoB. Pe3ynmbTaTsl BhIOOpa ONTUMAJIbHOTO BapHaHTa HW3yd4aeMOM
TEXHOJOTUYECKONU CHCTEMBI CBEIEHBI B TAOIUIIEI 2, 3.

Tabmmma 2
Onrumansasie TapameTpsl nporecca TI'XO tBeproro cmmasa BK6 u moinst nx paccemBanms
HauMeHoBaHHe MapaMeTpa npouecca HomuHanbHOE 3HaUCHHE PaspernieHHbIe MO PACCEHBAHUS
Temmepatypa ruipoxummuaeckoit 06padoTk, °C 100 9
Bpewmst ruppoxumMmuaeckoit 00paboTKH, MUH 19 10
Jonst MoOg3 B cMecu OKCHIoB, % 59 28
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B

| Temneparypa repmoo6paboTku, °C | 1035 | 28 |
Tabmuma 3

OnTuManbHbIE TOKAa3aTeN CBOWCTB MOKPBITHIA, TOJYYCHHBIX Ha TBepAoM ciuiaBe BK6
nyteMm TI'’XO B BoonucnepcHoM cocTtaBe Ha ocHoBe TiO,—M0O3

HanmeHnoBaHue ONTUMAILHOTO ITOKA3ATENS CBOMCTB

HomunansHOE 3HaUYeHHE

[Tone paccenBanus

Koadument tpennst, f

0,106

0,006

[lpu pemiennn oOpaTHOW MHOTOKPHTEPUATIBHOM 3a/auv ObLTH 3aJIaHbI JKeJlaéMble YPOBHH IOKa3aTelei
CBOMCTB TBEPJIOCMa30YHBIX MOKPHITHH, mosydeHHbIX TI XO TBepmoro cruraBa BK6 (Tadmn. 4).

Tabnuma 4

3aaHHBIE TPAHHLIBI CBOWCTBA MMOKPHITHH, TIOJTy4YEHHBIX Ha TBepAOM ciuiaBe BK6
myteM TI'’XO B BomoaucmepcHOM cocTaBe Ha ocHOBE TiO,—M00O3

HaunmMeHnoBanue sxenaemMoro 1oKaszaress CBONCTB

MuHumanpHOE 3HAYCHUE

MakcumaiibHOE 3HAUYCHHE

Kosddurment tpenust, f

0,10

0,11

Pe3ynpTaThl BUPTYaIbHBIX UCIBITAaHUH PabOTOCIIOCOOHOCTH CHCTEMBI B YCIIOBUSIX BIIMSHUS JI€CTaOMIIH-
3UPYIOIMKX (PaKTOPOB MPOU3BOICTBA IPUBEACHBI B TAOIHLIE 5.

TaGnmma 5
OmnpeneneHue 3amaca paboTocnocOGHOCTH TEXHOJIOTHIECKON CHCTEMBI [0 BXOAHBIM apamMeTpam
3naveHie 3HavyeHne [one Koadpdurment
HaunmeHoBaHue mapamerpa npouecca Hapaverna | PO3BOCTBEHHONO | MPOH3BOJICTBEHHOIO paboTocnoco6-
P P JIOTyCKa JTOTyCKa HOCTH
Temneparypa THIPOXHMHYECKOH 00pabOTKH
e patypa ruap P | 100 +1 2 45
Bpewmst ruipoxumudeckoil 00paboTKH, MUH 19 +1 5,0
Jonst MoOj3 B cMecu OKcuzioB, % 59 14,0
Temmneparypa TepmMoo6padoTku, °C 1035 + 10 2,8

st rpadmueckoit MHTEpIpeTaluy pe3ybTaToB, MOJYYEHHBIX IIPH PEICHUH 331a4 UCCIIE0BaHU U TIPO-
extrpoBanus TexHonorun TI'XO tBeproro crutaBa BK6, moctpoens! nuckperHsie mopTpeTs (puc. 4).

N
3]
=
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1 0 =)
90
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B pesynbTare pemenus 3agaun npoekrupoBanus texHongoruu TI'XO tBepaoro ciaBa BK6 ycranoBieHbt
(haxTHUYECKHE MTOKA3aTeId OCHOBHOTO €r0 TPHOOTEXHHMYECKOTO CBOMCTBA (Tabil. 6), CTONPOLIEHTHAs BOCIIPOU3BO-
JIUMOCTH KOTOPOTO JTOCTUTACTCS TIPU TOYHOM COOJFOJICHUH MapaMeTPOB TPOIlecca B Mpe/eiaX MPOU3BOICTBEH-

HBIX JIOIYCKOB (CM. TaOII. 5). DTO MOATBEpAMIIN U PE3YABTATHl UCIBITAaHUN (pHC. 5).

dakTHUecKue 1moKasaTesu cBOUCTB TBepaoro cruaa BK6 nocie TT'XO

Tabnuua 6

1 TPaHUIBI UX PACCEMBAHMUS MO Pe3yIbTaTaM BUPTYaIBHBIX UCIBITAHUH TEXHOJIOTHIECKOH CHCTEMBI

I'panuipl paccenBanust
HamvmenoBanmne HomunansHOE HOKa3aTeNeil CBOHCTB
IMOKAa3aTelisi CBOWMCTB 3HAYCHUE
HMOKHSISI BEPXHS
Koaddurmenr tpenus, f 0,1063 0,1058 0,1067
0,6 Teepabin cnnas BK6 ¢ Ti-Mo-V UcxopHbit TBepAabI cnnaB BK6
KapOuAHbIM NoKpbITUEM nocrnie XTO (6e3 o6paboTkM)
0,5 l k
f o WAT A SPNTRIT T
g ‘ WW!«LW sl i '
T 04 B
o
™=
= f
3
§. 0,3 Teepabin cnnae BK6 nocne TFXO
-§- B ONTUManbHOM pexume
g
o 0,2
z
0,1
0 T T T T T T T T T 1

0 200 400 600 800 1000 1200 1400 1600 1800 2000

KonunyecTBO LIMKNOB CKOMbXeHUsi

Puc. 5. CpaBHuTENBHAS JUarpaMMa U3MeHeHHs KoddduumenTa tpeHns TBepaoro casa BK6 1o 1 nocie ynpounenus.
YcnoBus UCHBITAHUI: CyXoe TpeHue, Harpy3ka 1 H, ninmnaa xona (Tpeka) 3 MM, ckopocTh 4 MM/c;
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ontumanbHbii pexxuM TIXO: XO B coctae TiO,—M0O3; pu T =100 °C, 1= 19 mun; TO npu T = 1035 °C, 1= 10 mun

PaccmarpuBasi Bonpoc yiaydiieHHss H3HOCOCTOMKOCTH MHCTPYMEHTA B Pe3yNbTare €ro TEPMOTHIPOXUMH-
YecKoi 00pabOTKM C MO3UINK COBPEMEHHBIX TEOPHH TPEHHS M M3HOCA, MOXXHO HaWTH OOBSCHEHHE B pean3a-
uun dpdexra Pedunaepa, xorna cHmwkaercs kodpunnent Tpenus [1 — 5]. Dddext Pebunaepa Hocur aaresu-
OHHBIN XapakTep B3aWMOJECHUCTBHUS TIOBEPXHOCTH JIIOOBIX TBEPABIX TEJ C MOBEPXHOCTHO-AKTHBHBIMH BEI[ECTBA-
MHU.

B namem cimywae npucyrcteue [IAB B TOKPBITHH TIO3BOJISIET HA HAYaIbHON CTaMU W3HOCA HHTCHCH(U-
UPOBATh MPOILIECC MOBEPXHOCTHOTO JUCIEPTUPOBaHHs, 00pa3ys YCTOWYHMBYIO JUCIIEPCHYIO CHCTEMY Ha OCHOBE
MHUIIEIJI, KOTOPBIE CIIOCOOHBI HAIPaBJIEHHO JIBUTATHCSA B 30HY KOHTaKTa M CHIDKATh cHIIBI aare3nu [1 — 3]. B pe-
3YyJbTATE 1O NPUHIUITY JII/Iq)q)ySI/IOHHO-BaKaHCI/IOHHOFO MEXaHU3Ma IMMPOUCXOAUT CKOJIbXKCHNE BHYTPU ITOKPLITHUS,
HO C MaJIBIMH 3aTpaTaMM SHepruu. Takoe cBOOOAHOE IepeMeIIeHHEe CII0EB MOKPBITHS B MPOIECCEe N3HAITUBAHUS
obecrieyrBaeT eMy TBEpPI0CMa3bIBatOIINi AP PEKT.

IIpumeHeHne pe3yibTaTOB MCCIeI0BaHUMH. Pe3ynbTaThl IPOM3BOACTBEHHBIX UCIIBITAHUN [T0KA3aJId, YTO
TI'XO ¢ ucnonb3oBaHNMEM Pa3pabOTaHHBIX BOAOAMCIIEPCHBIX COCTABOB ITO3BOJISIET YBEIUYHUTH CTOMKOCTH pa3-
JIMYHBIX BUJIOB TBEPJIOCINIABHOTO HHCTpyMeHTa B 1,3...4,0 pa3a 1o cpaBHeHHIO ¢ HeoOpaboTaHHbIM (Talum. 7).

Ananmzupys Tadbnuiy 7, cliefyeT OTMETHTh, YTO HaWBBICIINE TIOKA3aTeN W3HOCOCTOWKOCTH TBEPIOCTIIaB-
HOTO PEXYIIEro HHCTPYMEHTA JOCTUTHYTHI IIPH YEPHOBOM TOKapHOI 1 Gpe3epHOii 00paboTKe CTaseil 1 IBETHBIX
crutaBoB. Texnonorus TI'’XO BHeapeHna B benapycu Ha npennpusatusax «benA3y», «MT3», «MotoBeno» u ap.
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MNe 8

Tabnuua 7

Pe3yipTaThl HCIBITaHMI TBEPIOCIUIABHOIO MHCTPYMEHTA, oaBeprayToro TI'XO

Bun Marepuan O0pabaTpIBaeMBbIi [oBrIeHHE CTOWKOCTH
MHCTPYMEHTA MHCTPYMEHTA MaTepuan HHCTpyMeHTa, Ky
O «benA3»
Pexyiye miacTuHbl Ui YUCTOBOMH Teepabiit
TOKapHOU 00pabOTKH criaBT15K6 Cram; 40X (HB217) >2
PVYII «Ky3neunblii 3aBoa TskebIX mramnosy (K3TLL)
Pemymni: MUTACTHHE JUIA SHCTOBOU Tsepasrii crmas T15K6 Crains 20 18...1,9
TOKapHOH 00paboTKH
ATl « MuHCKHIi TOTIINITHAKOBBIH 3aB01»
TopueBbie Gpe3bl COOpHBIE 2,1
P $p P Taepsiit cruias T15K6 KoHcTpykimoHHbIE 1
Pe3upl ransTelbHbIE HMHCTPYMEHTAJIbHBIE CTAIN 2
PYIIII «ABToruapoycuimurennby» (AI'Y)
Pexylue mIaCTHHEL I MHCTOBOM | oo T15K6 Crams 30XT'T (HB229) 2
TOKapHOH 00paboTKI
PVYII «benopycckuii MeTa/Ltyprudeckuii 3ason» (bM3)
Topuessie (pe3sl cOOpHEIE Teepaplii cnaB MKS8 Mennslii crias M1PO 16...2
Pe;xyumev: TLTACTHHEL JUBT 4CPHOBOH Tsepapiii crias PT40 Crams 20 2,6...3,3
TOKapHOU 00paboTKH
Pe)Kyumf TUIACTHHBI TSI YHCTOBOM Thepaetii cruias MP4 Crams 3 13
TOKapHOH 00paboTKI
Bonoku TBepable cruaBbl METaJUIOKOP/T 14...18
OAO Munckuii MmoToBesiozasoa (MMB3 uiin MotoBeJio)
Pexxymye miacTUHBL U1 Y€pPHOBOH Taepsiit crutas T15K6 Crane IIX15 1 3 4

(dhpe3epHOit 00pabOTKH

craib 4X5SMOC

BrIiBOALI

1) BBITIOITHEHO MaTeMaTHYECKOe MOJECIMPOBAHME M KOMIIBIOTEPHOE TIPOeKTHpoBaHue mpoiecca TI' XO
TBepaoro ciaBa BK6 ¢ momMomsio KOMIBIOTEPHBIX CHHTE3-TEXHOJOTHH METOJja MHOTOMEPHOTO TPOESKTHOTO
CHHTE3a TEXHUYECCKUX OOBEKTOB, MATEPHAIIOB M TEXHOIOTHN. ONpeielIeHbl TEXHHUSCKI-ONTUMATBHEIC PEXKUMBI
JUTS pean3aliiil Tporecca B IMPOU3BOJCTBE C TapaHTHPOBAHHBIM JIOCTIDKECHHEM 3aJaHHBIX CBOWCTB TBEPIO-
CIUIaBHBIX HHCTPYMEHTOB, moABeprHyTHIX T XO;

2) obpaboTka mo ontuMmaibHOMy pexkumy TI'XO mosBomsteT cyriectBenHo (B 3,6...4,0 pasa) CHU3UTD

KO3(1)(1)I/IIII/IGHT TPEHHUA TBEPAOTIO CIlJIaBa BK6 B YCJIOBUSX CyXOI'0O TPCHUS CKOJIbIKCHUSA

3) paspaboTaH MPOCTOH M SKOHOMHUYHBIH CHOCOO TEPMOTHAPOXUMHUYECKOH 0OpabOTKU TBEPABIX CILIA-
BOB, UCIIOJIB30BAHUE KOTOPOT'O MO3BOJIIET MOBBICUTh IKCIUTYaTallMOHHYIO CTOMKOCTb Pa3IMYHbIX BHIOB TBEPIO-
CIUIaBHOTO PEXYILEro HHCTpyMeHTa B 1,3...4,0 pa3a no cpaBHEHUIO CO CTaHAAPTHBIM.
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INVESTIGATION AND COMPUTER DESIGN OF THCT PROCESS
FOR HARD ALLOY BK6

A. SHMATQV, O. ZHILINSKY, T. LAKTJUSHINA,
G. ZHAVNERKO, A. SOLOMJANSKY

The results examination of the frictional properties of solid-film lubricant, obtained by thermo-hydro-
chemical treatment of hard alloy BK6 (94 wt. % WC, 6 wt. % Co), are presented. Optimization of the active
composition and temperature — time parameters of the process was performed for the friction coefficient of the
films. The diagrams “property vs. process parameters” were plotted using the obtained mathematical
expressions. Treatment with optimal regime permits decreasing the friction coefficient of the hard alloy surface
in 3,6...4,0 as compared with untreated.
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