Cexkuis 4. IIporpecuBHa TexHiKa Ta TEXHOJIOTisi MAIIMHOOY 1y BaHHS

VIIK 621.952

BUBPOYCTOWUYUBOCTDH TPEXCTYHNEHYATBIX KOHCOJIBHBIX
BOPHITAHI' ITPU TOHKOM PACTAYUBAHUU

bananiok A.B.
OHITY «Opnecckuii HAITMOHATBHBIN MOJIUTEXHUYECKUN YHUBEpCUTET», I'. Onecca, YKpanHa

Annomayun: B pabome usyuenvi Konebawus mpexcmyneHuamviX KOHCOMbHLIX OOpUIMAaHe Npu MOHKOM
pacmauueanuu. Pesynomamel sxcnepumenmog conocmasienvl ¢ paciemuvimu. Hcmounuxamu KoaebaHuil sA61aomcs
BO3MYUEHUSA, BO3HUKAIOWUE 8 ONOPAX WNUHOETLHO20 Y3, d MAKNHCE 63AUMHOe BIUAHIE Pe3Y08 NPU pe3anuu. YpasHenus,
onucvigarujue npoyecc pe3anus, COCMaesieHvl Ha 6a3e OCHOBHbIX NOIOHCEHUN OUHAMUKYU CMAHK08. H32ubHble Konebanus
bopwimane UMEPAIUCL AHATUIAMOPOM chekmpa eubpayuti modeau 795M, a makdce ¢ nOMOWbIO YCMPOUCMEd
cocmosawezo u3 4 meH30MempuyecKux OaAmyuKos, KOMopvle COeOuHeHbl Mexcoy coboli no MOCmosol cxeme,
muxpoxkowmponnepa Discovery STM32L0538-DISCO, menzoycunumens. Pesucmpupyemvlii aHano2o8vlii  cucHaul
nocpeocmeom 4 menzomempuieckux 0amuuKo8, 3anucbléaemcs 6 gude n naxemos oanuvix na microCD kapmy namamu,
KOMOopas 6 c6010 ouepedb YCMAHOBIeHa HA Mukpokonmpounepe Discovery, umo no3eonsiem HO8bICUMb CKOPOCHb
nepeoauy CueHand, peucmpupys npu dMOM e20 NOAHbI YACMOMHBIL CHneKmp. YCmAanoeneHo, 4mo amuiumyosl
KoNebanuti npu OOHOBPEMEHHOU U OMOeNbHOU pabome pe3yo8 npu USMEHeHUU ONUH CMYneHeu U3MeHAMmCs
HEMOHOMOHHO, A MUHUMAIbHbIE 3HAYEHUS aMIIUMyO0 Npu COBMECMHOU pabome mpex pe3yos peanusyemcs He npu
MaxkcumanbHou sxcecmrocmu. Vsmenenus amnaumyo Koiebanuil 8bl36ansl Oelcmsuem Kodphuyuenmos e1usanus mexicoy
pesyamu, a maxice 3a8UCUMOCHIBIO COOCMBEHHBIX YACMOm 6Opuimane om OAuH cnyneHell.

Knroueswie cnosa: bopwmanea, wnuHOenvbHblll y3el, 0nopd, 8ubpayuu, amMniumyod, Koiebanus

MHoropesnoBasi 00paboTka SBISETCS aKTyalbHbIM HPHUMEPOM CcHoco0a KOHLEHTpaluu
OTIepalii U TOBBIIICHUSI KadecTBa 00paboTku. OCHOBHBIMH OCOOCHHOCTSMH pacuera KoyieOaHuii
IIPU MHOT'OPE3LI0BOM 00pabOTKe SBISIOTCS:

1) HeoOX0AUMOCTH pa3pabOTKU JTUHAMUYECKOU Mozenu [1];

2) y4eT B3aUMHOTO BIMSIHUS BO3MYIICHHUI MeX Iy pe3namu [2];

3) y4yeTr mpenenbHBIX MONATIMBOCTEH OOPIITAHT, OOECIIEYMBAIOIINX BHOPOYCTOWYHBOCTD
nporiecca pe3anusi[3];

4) WCTONIb30BaHHE pE3NOB, OOECIEUMBAIOMIMX BBICOKYI0 H3HOCOCTOMKOCTH Ha pPa3HBIX
JMaMeTpax CTyNeHel Npu N3MEHEHUH CKOPOCTHU pe3aHusl.

Ha puc. 1 npuBenena pacueTHasi cxeMa TPEXCTYIIEHYaTONH OOPIITAHTH C TPEMS OJTHOBPEMEHHO
paboTaoUMMH pe3LaMH.
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Puc.1. Cxema pacueTHo#i Moaeau

rae b, — JUIMHA KOHCOJIbHOM YacTH WIIUHAES, ISl KOTOPOH ompeieseHa MoBOpOTHAs kKeCcTKOCTh C,
XapaKTEepHU3yIollas COMPOTUBIIEHUE OTIOP U3TUOY U TIOBOPOTY.
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OTa 4acTh pacyeTHON CXEMbI XapaKTepU3yeTCsl Maccoil mo, a Bcs Macca OOpIITaHTH PUBEEHA
K ceueHuIo 3-ro pesua (mnp). Kaxkaas ctynens OOpIITaHr XapakTepu3yeTcsi CBOMMH BbuieTamH (L,
L>, L3), nmametpamu (di, dz, d3) n xectkoctamu (El1, ED, EI3, E — Moayns ynpyroct, / — MOMEHT
nHepuun). Macca mo HarpyskeHa cujou Fr, KoTopas NpeACTaBIIseT OTAEIbHbIE TADMOHUKH CIEKTPA
BO3MYLICHHA OT HIAPUKONOAIUMIIHMKOB IIPM XOJIOCTOM BpAalllCHUW INNUHAEHA. PaccunmraHbl
KOX(QQUIMEHTH BIUSHUS JUISI CEYEHHUH, IZie yCTaHOBJIEHbI pe3usl 1, 2, 3. B pacuer BBOmsATCS
JMHAMUYECKHUE XapaKTepUCTUKH ITpoliecca pe3anus. Takum o0pa3oM, KoneOaH!s ONUCBIBAIOTCS 2-X-
MacCOBOM MOJEIIBIO, 3aMKHYTOM Ha IIPOLIECCHI pEe3aHusl.

YpaBHEHMs ABMKECHHUS C YYETOM JUHAMHMYECKON XapaKTEPUCTHKHU IPOLEcca pe3aHus UMEIOT
BUJ:

b o o F snmot oo, —a,.a OOy, — Ol O
- N 33 03 0 337701 0313 337702 03723
Wt Wt Yo~ V3 = + P+ P,;
m, o m,o m, myo m,o
a, P A Oy — O O, oo
__z3 0013 017703 00423 02 03
Vs +_¢3__ = + P, P,;
a m ma ma
. a
Tple+P K —3; (1)

2.
TIC & = QlyyOlyy — Oy
m, - KOHCOJIbHAsl Macca MpUBEICHHAs K (aHIy;
P,,P, n P, - cunbl pe3aHus Ha pe3lax;

m - IpUBE/IEHHas K 3-My pe3lly Macca OOpIUTaHIH;
T, - ”HEPUMOHHAS TIOCTOHHAS CTPYKKOOOPA30BaHHS;

K = - xoaddumnuent pezanus, (n=1,2,3);

pn

o, - koaduumentsl BnusHus, (1=0,1,2,3), ( j =0,1,2,3).

y

PaccunThiBaroTCst aMIIIUTY 1Bl KOJIeOaHUit Ha HanboJiee yIaJeHHOM OT OTOphI pesie (peserr 3)
IpU OJHOBPEMEHHOH paboTe Bcex Tpex pe3loB, WM MPH HMX IOCIEI0BaTeNIbHONW pabdore mpu
W3MEHEHHH JUTMH CTyIIeHeW. B pesynbraTe pemeHus CUCTEMbl ypaBHEHH OINPENENSIOTCS TaKkKe
3HA4YCHHA TCPBLIX COGCTBCHHBIX qacToT KOHGGaHHﬁ, a TAKXKXC PC30HAHCHLIC 3HAYCHUS aMIUIUTY
BBIHY)KJICHHBIX KoJjieOaHWil. J[st oOecrieueHHss ONTUMAbHOW CKOPOCTH pe3aHusi Ha HamOoee
yIAJICHHOW CTYINEHH, a TaKKe€ H3HOCOCTOMKOCTH pe3LOB Ha JAPYTruX CTYNEHSX C OONbLIIMMHU
JIMaMeTPaMH MCIIOJIb30BAIMCH COUYETAaHMSI PE3IOB C IIACTUHKAMU M3 TBEPJIOTO CIUIaBa U 3Ih00pa.

Ha puc. 2 NPUBCACHLI PC3YJILTATBI 3KCIICPUMCHTOB M PACUCTOB aMINIMTYJA BBIHYXICHHBIX
KoleOaHuii NpH  TaKMX  3HA4eHUAX mapameTpoB:  d, =60mm, d, =40mm, d, =30mm,

T, =2-10°H/m, F=5H .
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0,60 0,=40. d,=30
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Puc. 2. 3aBUCHMOCTh AaMILIUTY/ KOJICOAHUI OT JVIMH CTyNeHeil
NPH PACTAYMBAHUH CTAJH 45 (PesKMMBI pe3aHUs OAUHAKOBBI), ¥ —pacyeT,

1,2,3 — otaenbHas padoTa pe3loB; z — OHOBpeMeHHasi paboTa pe3loB.

BeiBOABI:

1) AHanmu3 SKCHEpUMEHTANbHBIX PE3yJbTAaTOB IOKAa3bIBAET, YTO MPU IOCIEI0BATEIbHON
paboTe pe3loB aMIUIMTYAbl AOCTaTOYHO Manbl (1o 0,3 MM), a mpu OAHOBpEMEHHOW padoTe
aMIUTUTYAbl W3MEHSIOTCST HEMOHOTOHHOM MHMHMMAJbHbIE HMX 3HAYCHMs PpEaNM3yIOTCsl He Npu
MaKCUMAaJIbHON JK€CTKOCTH OOPIITAHTH.

2) Hcnonb30BaHNE HACTPOECHHBIX BUOpOTracuTeNei yMeHbIIaeT aMILTUTYAbI KojeOaHuii B 1,5
— 2 pa3a, HO TaKXe He 00eCIeYBaeT X MOHOTOHHOTO U3MEHEHHS.

3) [na ymeHblieHHs KoJeOaHUN M MOBBIIMIEHUS KayecTBa OOpabOTKHU ClEyeT BBINOJIHATh
JTMHAMUYECKHUE PACYEThI TEXHOJIOTHIECKON CUCTEMBI.

Cnucok JuTepaTypsbl:

1. Bananwx A.B. Konebanus NByXCTYNEHYATHIX KOHCOJIBHBIX OOPIITAHT IPH TOHKOM pacTaunBaHuu. Ctp. 131 — 139. "
30ipHUK HAYKOBHX Ipaib ( raxy3eBe MalIMHOOYAyBaHHS, OymiBHUITBO) / [lonTaBchkuil HallOHATBHUHN TEXHIYHAN
yniBepcuteT iMeHi IOpist Kongparioka."”

2. Opeusin A.A. Ocobennocmu xonebaHuii OopiuTaHr Ui TOHKOro pactaymBanus./ OprusitH A.A., bamanrox A.B./
"CyuacHi TexHoJjorii B MammHoOyryBanHi [Tekcr]: 30. Hayk. npais. — Bum. 9 / peakon.: B.O.®enoposuu (rosiosa)
[Ta in.]. — XapkiB : HTY «XI1I», 2014. — 323 c. — Ykp., poc., auri. moBamu. Ctp. 111 — 124.

3. Hopmamugbl peXrMOB pe3aHUS] U I'€OMETPHUSl PE3LOB /Ui TOHKOro pactaunBaHus. OOpaboTka Ha OTAEIOYHO-
pacTouHsbIX craHkax. KpymnHocepuiinoe u maccoBoe npoussoactso. HUMmam., Mocksa 1979. — 93c.

4. Tumowenko C.II. Konebanus B wHXeHEepHOM neine. [lepBas pemakius (U3UKO — MAaTeMaTHUECKOW JHTEPaTypHI
mnatenscTBa «Haykay, 1967, 444ctp.

5. O6opckuii I'.A., Obobuenue peACTABICHUI 0 TMHAMHYECKON XapaKTepHCTHKe Tporecca pe3anms. [.A. OGopckwid,

A.A. Oprusm, I1.A. JIunueBckuii, P.A. Maneii. Ilpani Onecskoro mosnitexHigHOTO YHiBepcuTety, 2012. Bun. 1(38),
cTp. 66-70.
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YK 621.375.826:621

BUCOKOE®EKTUBHHUI CITIOCIE OTPUMAHHS ATIOMO-CTAJIEBAX
BIMETAJIIB 3 3ACTOCYBAHHAM KOHUEHTPOBAHUX
JUKEPEJI EHEPI'II UIA 3°€IHAHHI IX IIVIACTUH

I'onoBko JI.®., Pomanenko B.B., baomumun M.C.
KIII im. I.Cikopcskoro, M. KuiB, Ykpaina

Anomauin: B ocmanuiii yac 6 bazamvox 2any3sax nPoMUCIOB0CHI 3ACMOCOBYIOMbCA DiMemany - Mamepian, sKi
OMpUMYIOmb 34 PAXYHOK HAOIUHO20 3 €OHanHs 060X Memanis. Taxi mamepianu NOECOHYIOMb MONCIUBOCTI 36UYALIHUX
cmanetl (OCHOBU) 3 OCOONUBUMU BLACMUBOCMAMU Mamepiany nokpumms (po6ouozo wapy). Ocodiueo2o 3HaueHHs 6
O0EAKUX 2aNY3X NPOMUCIO80CTI HADYBAE MONCTUBICMG OMPUMAHHS ANIOMO-CMANe8UX OIMemanis, 8 SAKUX MIyHiCMb
CManvbHol 0OCHOBU NOEOHYEMBCSL 3 EKCNILYAMAYIUHUMU XAPAKMEPUCIMUKAMU ATIOMIHIIO, 5IK pO60U020 wapy.

Knwowuosi cnosa: 6imeman, cmanv, mexHono2is, enekmpooy2o8e 36apiogantsl, NIACUNA.

Pa3oM 3 TuM, B OCTaHHIH Yac AJi1 OTpUMaHHs OiMeTaliB, 1100 3a0e3MeYnTH HaAiiHE 3YEeTUICHHS
MK CO00I0 HOTO CKJIAZIOBUX TUIACTHH, BEIyThCS IHTEHCUBHI POOOTH IO BUKOPUCTAHHIO MOTYKHUX
okepen eHeprii. OfHaK BUHHMKA€ MHUTAHHS MiABOAY C€HEprii Oe3rocepeaHbO B MiCLs 34ETUICHHS
TUTACTHH OiMeTalry JUTsl iX HaiMHOTO 3’ €THAHHS.

3alponoHOBaHAa TEXHOJOIISl OTPUMaHHS alIOMO-CTAlIEeBUX OIMETaiB MpU HaJiiiHOMY
3YETUICHH] TUTACTHH EHEPri€l0 MOTYKHOTO JPKEperia, KOJMU EHEprilo MOAaloTh B 30HY KOHTAKTY
IJIACTUH OIMEeTaly 4epe3 TEeXHOJIOTIYHI OTBOPH B IJIACTHHI HOro ocHOBH. Tak, B IIACTHHI CTaIbHOI
OCHOBH | B TOTPiOHMX MICISIX BUKOHYIOTh TEXHOJIOT14HI 0TBOpH 2 miamerpoM D (Puc.1, a). Sxmio B
SKOCTI JKepelia eHeprii BAKOPUCTOBYIOTh €JIEKTPOIYyTOBY 3BapKy, TO ilaMeTp OTBOPY 2 MiAOUpPaIOTh
JIEKiJIbKa OUTBIIHMM JiaMeTpa 3BapIOBAIBHOTO €JIEKTPO/Ia TakK, 00 OCTaHHIN BUIBHO 3aXOJHB B IICH
otBip. Ha kpato rutactunm 1, B piBeHb 3 ii Kpaem, 31 CTOPOHH KOHTAKTy 3 pOOOYOIO IUIACTHHOIO B
OTBip 2 BCTABISIOTH JIBi 3aTITYIIKHU: TIepury 3 i3 JaTyHi 4 OpOH3M - Ha Kparo, Ta B KOHTAKTI i3 EPIIOI0
3arnymkor - apyry 4, cransny (Puc.l, 6). Ilpu npomy niamerpu 3arinymok 3 Ta 4 NMOBHMHHI
3a0e3neuyBaTy iX BXOJDKCHHS B OTBIp 2 3 JIEIKHM HATSITOM, 00 BOHU MIIIHO TPUMABCS B IIbOMY
OTBODI.

ToBuHY cTanpHOi 3araymku 4 MigOUparoTh TaKok, MO0, MPU TeMIepaTypi Ha BEPXHIH ii
IIOBEPXHI, PIBHIM TeMIiepaTypi B 30HI1 Jii MOTYXHOIO JDKepesa eHeprii, HalpuKiIaj, eIeKTpUIHOT
ayru (npubausHo, 7T, oye. ©2500°C ), TemIeparypa Ha ii HWXKHIM 4acTUHI BiANOBiana TeMreparypi

o . . ~ o
mnasnenns 7, ii marepiamy (ctam) (mpubmusso, 7, , ~1500°C). lle 3abe3ne4nTh HOBHE

HPOIUIABJICHHS 1Ii€] CTaJbHOT 3arJIyIIKH B IIpoLieci 3BaproBaHHs. TOBIIMHA 3aryIiku 4 /1, Moxe OyTH

po3paxoBaHa 1o Gopmyi:

hl =(D/4)(Tc)y2,/Tn/z.1_Tn/z.l/Tdye.)‘ (1)
Marepian e 3artyiiku 3 (Hanmpukiaa, JaTyHb Y OpoH3a) BUOMPAIOTh 3 TUX MIpPKyBaHb, 1110

TEMIIEpaTypa IUIaBIeHHs BUOpanoro marepiany 7, , (B nanomy Bunaaky 7, , ~ 1000°C ) Oyna 6

B Jiama3oHi MK TeMriepaTyporo IutaBieHHs craini (~1500°C ) Ta TemrepaTyporo IUTaBICHHS
pobouoi miacTuHu Oimerany i3 amowminio (=650°C ). Ilpu upOMy TOBLIMHA 3ariymiku 3 7,

MOBHMHHA 3a0e31e4uyBaTH MOBHE ii IUIaBJIeHHS 1 MOXe OyTH po3paxoBaHa 1o Gpopmyiri:
h2 = (D/4)(Tn.f1.1/Tn/l.2 - Tn.fl.2/Tnﬂ.1) : ()
B mopganpmioMy cTanbHy IJIaCTHHY OCHOBH | BCTAaHOBJIIOIOTH Ha aJIOMIHIEBY pPoOOUY

IUTACTHHY 5 OiMeTaiy, OpieHTYI0UH i TAKMM YMHOM, 1100 3ariymika 3 BUsBUIIacs 31 CTOPOHU poOOYOi
MJIacTUHU (IuB. puc. 1, 0).
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Cexkuis 4. IIporpecuBHa TexHiKa Ta TEXHOJIOTisi MAIIMHOOY 1y BaHHS

a)

h4

%7

r)

Puc. 1. BapiaHT BUKOHYBaHHS TEeXHOJIOTIYHUX OTBOPIB B CTAJIbHIN INIACTHHI OCHOBH (a), 3anajJeHHS
€JIeKTPUYHOI AYTH Mi’K BCTABJIEHHM B TeXHOJIOTiYHUI OTBIip eJIEKTPOAOM Ta CTAJIBHOI0 3arIylIKoIo (0), mpouec
(¢opMyBaHHSI BAHHH PiIKOr0 MeTaJIy B TEXHOJIOTiYHOMY OTBOPIi (B) Ta mepeTHH 0araTOKOMIOHEHTHOTO
3BapHOIO LIBA 3YelIeHHs MJIAacTHH OimMeTauy (T)

Jnst 3nificHeHHS 3BapIOBaHHsI €JIEKTPO/] 6 BCTAHOBIIOIOTH B UEPrOBUI TEXHOJIOTIYHU OTBIp 2 /10
KOHTaKTy 3 3ariaymkoro 4. BinOyBaeTbcst yTBOPEHHSI €IIEKTPHYHOTO PO3PSAAY MIXK €IeKTpoaoM 6 Ta
3arnyuikoro 4 (nuB. puc. 1, 6). B pe3ynbTari mnaBineHHs enekTpoaa 6 Ta 3ariymky 4 po3irpitTuid 10
Temneparypu IuiaBiaeHHs ctaimi (=1500°C ) pigkuit mMetan posirpiBae (3a paxyHOK MeXaHi3My
TEIJIOMPOBITHOCT) PO3MIIICHY HIDKYE 3ariaymiKky 3 3 JaTyHI 4d OpOH3H, MPU3BOASYH TEX 10 il
TUIaBNeHHA. B pe3ynbraTi 3a paxyHOK JMBApHOTO MPOIECY CTBOPIOIOTHCS JB1 BAaHHU 7 Ta 8 piAKOTrO
MeTaly, B SKUX CTaJbHa Ta JJaTyHHa (41 OpOH30Ba) KOMIIOHEHTH MTEPEMINITYIOTHCS Mk c00010. BanHa
8 3a paXyHOK TEIUIOMPOBITHOCTI YACTKOBO ITi ITIABJISE TIOBEPXHIO ATFOMiHIEBOT pOOOUOT ITACTUHHU 5,
CTBOPIOIOUM BaHHY pO3IUIaBy 9, a BaHHA 7 — MOBEPXHIO OOKOBUX CTOPIH TEXHOJOTIYHOTO OTBOPY 2
(Puc. 1, B). 'nbuna miannapiaeHHs sy poO040i IIacTHHK 5 MOke OyTH po3paxoBaHa 1o (Gopmyii:

h3 = (D/4)(Tnﬂ.2/Tnﬂ.3 - Tnﬂ.S/Tnﬂ.2) > 3)
ne T, , - TeMIeparypa IUIaBJICHHs MaTepialy amoMiHieBOi poO0OYOi IIIaCTUHY OiMeTaIy.

Po3paxyHku moka3yioTh, 1110 TTMOMHA MPOIJIABICHHS B allFOMIHI€BIM poOO0Uiii MIaCTHHI CKIIagae
3Ha4yeHHs1 /1;=0,88...1,75 MM, 1o 3abe3nedyro HaiifHe 34EIUICHHs IUIACTHH OiMeTay.

[Ticns 3amaBiI€HHST BCHOTO TEXHOJIOTIYHOTO OTBOPY 2 Ta 3aTBEPiHHS BCIX CKIAJOBHX PiIKOTO
metany 7, 8 Ta 9 oTpuMyeMo OaraTOKOMIIOHEHTHMH 3BapHHMM OB 10, sSKkuil HaAIMHO CKPIILIIOE
wiactuan Oimerany 1 ta 5 (Puc. 1, 1). 3arampHa X KijbKiCTh 3BapHuX mBiB 10 1 3a0e3mednth
noTpiOHUI piBeHb MILHOCTI 3UeIUIEHHs INIaCTHH OiMeTany. B kiHIll 6a)kaHO MOBEPXHIO 3BapHUX IIBIB
10 mpouutihyBaTH ypiBeHb 3 CTAIBHOIO MIOBEPXHEIO ITACTUHH OCHOBH 1.

B sikocTi MOTYKHOTO JpKepena eHeprii MOKJIMBE TaK0)XK BUKOPUCTAHHS 1HIIOIO BHJY €HEpTii,
HATPUKIIA]], Ta3ePHOT'O BUITPOMIHIOBAHHS.

TakuMm 4MHOM, 3ampONOHOBAaHUI CHOCIO BUTOTOBJIEHHS alllOMO-CTajleBUX OiMeTalliB iCTOTHO
PO3IINPIOE MOXKIUBOCTI CBOTO 3aCTOCYBaHHS 332 paXyHOK CIIPOIICHHS 1 3/ICIIEBICHHS TEXHOJIOT{
OTpUMaHHs OiMeTalty, 3abe3rneuye HajliiiHe 3’ €JHaHHS HOTo MIacThH.
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YK 629.423.3:681.518.54

BU3HAYEHHS IHAUKATOPIB TEXHIYHOI'O CTAHY KOJIICHO-
PEJYKTOPHUX BJOKIB EJEKTPONOI3/IIB

Muxaakis! C. B., Byan6a? B. 1., Xogakiscbkmii' A. M.
1 — VYkpaiHCchKuii nepKaBHUN YHIBEPCUTET 3aJI3HUYHOTO TPAHCIIOPTY, M. XapKiB, YKpaiHna
2 — PerionanbHa ¢inis «IliBgenna 3anizauns» [TAT «Ykp3anizauig», M. Xapkis, Ykpaina

Anomauin: [{ns nposedenHst BIOPOMOHIMOPUHEY MEXAHIMHUX 8V3]1i6 KONICHO-PEOYKMOPHUX OIOKI6 eeKmpPOonoiz0ie
3anponoHosano eusnavamu cxauspti inoukamopu CK3, kpecm-ghaxmop, excyec uacosoi gpopmu 6ibpayii cuenanig y
wuporxouacmomuomy oianazouni 0 — 9 kl'y, a maxodic y HU3bKO-, cepedHbo-, gucokouacmomuomy oianazonax 0 — I kl'y
i 7— 9 kl'y, ki nonepednvbo UOLIAIOMbCA 3a OONOMO20H0 OUCKPEMHO20 6el8em-pPO3KIA0anHs getigiemom [lobewi 4-20
NOpPsIOKY 3 GIOHOBNIEHHAM ANPOKCUMYIOUUX KOeQiyieHmie Ha 5 pieHI pO3KIA0aHHs | Oemanizo8anux Koe@iyicumie na 1
pisHi posknadanus. Buaenena gucoka uymausicms iHOUKAmMopie 00 iMnYIbCHO20 Xapakmepy 8i0payiiHux peanizayiil, o
V NesHUX BUNAOKAX CHPUSE BUKPUBTIEHHIO Pe3yTbmamie MOHIMopunzy. Jo0amxkoeo 3anponoHo8ano ooyucieamu Hosi
inouxamopu TALAF, THIKAT 0ns 6usnayeHHs nopozy, wo CUSHALI3YE NPo 3aD0POHY NOOATbULOL eKCnLyamauyii.

Knwuoei cnosa: siopayis, konicHo-pedykmopHuii 610K, iIHOUKamop, 8etignem-po3xiao, eiekmponoizo

3BUYHMM BiOpalifHUN MOHITOPUHI 00EpPTAIBHOrO OOJaJHAHHS Yy IPOMHUCIOBOCTI MOXKeE
MPOBAIUTUCH OE3MepepBHO W TOTpPeOye 3amydeHHS HABUYCHUX CICHIATICTIB JUIS YXBAJICHHS
eKCHEepPTHUX pillleHb LIOJ0 MOTOYHOTO TEXHIYHOTO CTaHy. MOHITOPMHI CKJIaJHUX O0epTaJIbHUX
MaIH 3 0ararbMa i IIMITHUKAMHA MOKE 3/1IHCHIOBATHCH BEJTUKAM YHCIIOM BiOpaIifHIX JaTYUKIB i
CYNPOBOJIKYETbCSI 3HAUHUMHU 00’emaMu iHQopmalii, mo € Bkpail oOTspkiauBUM. Lle crmonykasno
NOUIMPEHHIO MPOCTIIIOrO MiAX0My 10 BiOpalifHOTO MOHITOPHHTY 31 3HaYHO MEHIIMM YHCIIOM
BiOpamiifHUX JaTYMKIB 13 JOJATKOBUM YMIPOBAIKEHHSM TEMIIEPATYpPHOTO MOHITOPUHTY, IO
KOMIICHCY€ MPUOPaHi TaTYNKH, TPOCTIIIHMIA B OI[IHIOBAHHI PE3yJbTATIB i € MeHII TOYHUM [1]. Bynm
3aMporoOHOBaHI TEBHI 1HIUKATOPW MJs 3AIMCHEHHS «IIBHIKOD» TIarHOCTUKUA 3 aOCONIOTHUM
MOpOTOM, sIKa HE MOTpedye pe3ynibTaTiB TOMEPEeAHIX 3aMipiB Juisi moOyaoBH TpeHAIB. Takox
CTBEPAXKY€ETHCS, 110 €KCLEC MOXKE BUSABIATH MOIIKOAKEHUH MiIINIHUK 32 J0IOMOTO0 0Y/1b-SIKOTO
3HA4YCeHHs, BUIIOTO 3a 3. € OYeBHUIHMUM, IO MOAIOHI BEMYMHU € 3aHAATO CIPOUICHUMH ISl TOTO,
1100 3amnpoIoHyBaTH «IIBUIKY» AIarHOCTHKY 3 Oaratbox npuuuH. Ilopir mae obupatuck s
KO>KHOTO KOHKPETHOTO BUTIAJIKy i MOYKE BCTAHOBIIIOBATUCH JJISI MAKCUMAIILHOTO PIBHS €TaJOHHOTO
CUTHAJTy TaKOX YUCJIO TIOPOTiB MOKe OYTH O1blie OAHOTO IS PI3HOMAHITHHX ITiiel [2].

YMOBH ekcruTyaralii Ta HasiBHE MOKOJIIHHS MOTOpBaroHHoro pyxomoro ckiany (MBPC) na
3aJI3HULAX YKpaiHU YHEMOXIIMBIIIOIOTh YIIPOBA/PKEHHS Oe31epepBHOT0 MOHITOPUHTY MEXaHIUHUX
By3JiB KoJicHO-peaykTropHux Oi0kiB (KPB), mo mpamoroTs y BaXKMX yMOBax 1 BIUTMBAIOTh Ha
Oe3neky pyxy. Jlume Ha TexHiuHMX o0cimyroByBaHHAX (TO) abo HemIaHOBHX 4YM TNOTOKOBHX
pemonTax (I1P) MmoxkmuBo 3aiiicHIOBaTH BiOpaIliiiHi BUMIpH 3TraIaHUX BY3IIiB.

VY BiOpauiiHOMYy MOHITOPUHIY OCTAaHHIMHM JECATUPIYYSAMHU JUIsI CIOCTEpEKEHHS Halyso
MOIIMPEHHS] BUKOPHUCTAaHHS IHAMKATOPIB, SKi KIAcH(IKyIOTBCS 3a JBOMa TOJIOBHHUMH
kareropisimu [3]:

— CKaJSIpHI 1HIUKATOPH, SKI CHIJKYIOTh 32 PO3BHTKOM IapaMmeTpy, L0 NpPUB’S3aHUN 10
aMILTITYAu BiOpaliifHOro CUTHaNy y 4aCOBOMY IPOCTOPI;

— CHEKTpaJIbHI 1HIUKATOPH, 110 aBTOMATUYHO CIIJIKYIOTh 32 PO3BUTKOM IOIIKO/KEHHS 32
aMIUTITY JHUMU 1 YaCTOTHUMU CKJIaJJOBUMHU.

CkanspHuil iHAUKATOP, 1110 BUALISIETHCS 3 4aCOBOT (POPMU HAJIA€ CKAJISIPHI YUCIIA, 1110 HE 3aBXKIU
€ CyTTEBUMHU, MPOTE 3MiHA Y Yaci ITUX 3HaYCHb BUSBIISAE PIBEHb MMOCUJICHHS MOIIKO/KCHHS. 3MiHA y
Yaci CKaJSIPHOTO 1HIMKaTOpa BaXJIMBilIa 3a foro 3HaueHHs. CKalspHI 1HAWKATOPH, SKI BU3HAYEHI
3aBASIKM CUTHAJIAM y d4acoBid ¢opmi € (i3MYHUMHU TapaMeTpaMH CIEIIaJbHO aJanToBaHl 0
po3mi3HaBaHHS TOXO/KEeHHsA BiOpamii ans ineHtu¢ikauii i1 mpupoan Ta piBHA HeOE3MEKH
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MOILIKOJKEHHS BOJIOJIIOTh 3[ATHICTIO BU3HAYATH 30HY MOIIKOAKEHHS, JOINOMAaraioTh yXBallOBaTH
CTpaTeriuyHi pillleHHs, MOB’A3aHI 3 MUTTEBMMHU 3aMiHaMH MiAIIMIHUKA. BU3HAYeHHS CKaJIspHOTO
IHIUKATOpa Y 4aCOBOMY IPOCTOPi OoTpedy€e BHOOPY:

— KIHEMaTU4YHOTO MapaMmeTpa, M0 MPe3eHTye BiOpamiiHuil pyx (IpUCKOPEHHS, IMIBUIKICTb,
MEepPEMIITIIEHHS) BIJIMOBITHO 10 YaCTOTHOTO BMICTY BiOpaIliiHOTO CUTHAITY;

— mapaMeTpa, 10 BH3HAYa€e aMIUTTYyAy CUrHalmy (cepeaHbokBaapaTuyHe 3HaueHHs (CK3),
KpecT-(haKkTop, eKCIec);

— YacTOTHOI CMYTH B sIKill (piKCOBaHUI mapaMeTp 3a3HaBaTUME OILIIHIOBAHHSI.

[IpoTsirom ekcrepuMEHTAIBHUX JOCIHIKEHb Y MOTOpBaroHHoMy Jerno Ha [1P-1 BimOyBanocs
po3kpyuyBaHHsd KPB enexrponoizna Ha orisgoBoMy cTiimi 1o yactotu oOepranHs 100 o6/xB 1
3IIACHIOBAJIOCS TIPOCITYXOBYBAaHHSI HIYMIB peayKTopiB cretockomoMm. KPB 3-mix emekrporoizna
BUKOUYBAJIMCh Ha MiJACTaBl MiI03p y HAsBHOCTI MOIIKOMKEHb B PEIYKTOPi, SAKI IPYHTYIOThCS Ha
ocobucToMy aocBimi miarHocta. Jlami peectpamis BiOparmii HU(ppPOBUM camMONKCIEM TpHBajia Ha
BUIIPOOYBaJIbHOMY CTEH/1, KyIu BcTaHoBoBaiIKch 3rajfaHi KPb 1 po3kpyuyBanucek 10 218 06/xB.
[Ticns po3oupanns aBox KPb Oymo BusiBneHO Opak Mactwia B 000X peayKTOpax, BIIKOJ 3yOa
HIecTipHi i 60YKOMOIOHMI 3HOC POJUKIB MiIIIUITHUKA TIEPEAHBOI KPUIIIKU B MIEPIIOMY PEAYKTOpI U
MOBHE PYHHYBaHHs BHYTPIIIHBOTO KUIBI TiIIIMITHAKA TIEPEIHBOI KPUIIKH JPYroro peayKTopa.
JlogaTkoBO ISl MiIPaxXyHKY CKaJISIpHUX 1HAMKATOPIB HA CTEH] 3[1HCHIOBABCS MOHTAXK CIPABHOTO
peaykropa 0e3 MacTHIIa, KA 0OUPaBCS SIK CTATOHHHIA.

3apeectpoBaHi BiOpauiiiHi curHanu (puc. 1) € cyneprnos3uli€lo pe3oHaHCHOI BiOpamii, 110
30y/KYyEThCS  BHACHIOK yAapiB, CIPUYMHCHWX HASBHUMH TIONIKO/DKEHHSMH 1 YacTOTORO
3y0o3auerieHHs [4].

1

1 2r
[ [ beilled y 05 ‘ Y, L I I
E v ; € i .
5 0.5 2l . n . R
0 1 2 3 4 5 6 0 1 2 3 4 5 6

0 1 2 3 4 a 6
length length length

a 0 B
Puc. 1. 3apeecTpoBaHi BiGpaniiini curaajam peaykropis
a — CHTHAJI CIPaBHOT'0 PeIyKTOpa §e3 MacTHia; § — CHTHAJ PeyKTOpa 3 HeCHPABHUM MiIIIMITHAKOM
0e3 MacTHiIa; B — CHTHAJ HECIPABHOI'0 PeAYKTOPA if MiJIIMNHUKA 0e3 MacTHIa

m/s?
o

Jns posmineHHs pexyKTOpHOI 1 MiANIMIHUKOBOI BiOpallii aHali3yBaluCs IIUPOKOCMYTOBI
cnekTpu (puc. 2 a, I, €) Jié BU3HAYAINUCAd UIMPUHU CHEKTPAJbHUX CIUIECKIB. 3aCTOCOBYBAJIOCH
JTUCKpPETHE BEHBIET-po3KiafaHHs BeiiBierom J[lobGemri 4-ro mopsaaky. BinHoBmroBanuch
ampoOKCUMYIOUi Koe(ilieHTH Ha S5 piBHI pO3KIAagaHHA 1 JeTaii3oBaHi KoedimieHTd Ha 1 piBHI
PO3KJIaIaHHs 3 TOIAJBIIIO OOYIOBOIO CIEKTPiB BiOpalii y aianazonax 0 — 1 k['y (puc. 2 06, 1, €) 1
7 — 9 k' (puc. 2 B, 1, k). 3poCTaHHS €HEPTrETUYHOTO PIBHS Y HU3BKO- Ta CEPEIHHOYACTOTHOMY
Jiama3oHax CBIAYUTH MPO HASBHICTH CKIAJOBHUX 3y003aderieHHS, MOIYJSIIMHUX OIYHHX CMYT,
yAapiB KOPOTKOI TPUBAJIOCTI TOMIO. BHCOKOYACTOTHHIA Jianma30H HAIMOBHEHWH IEpPEBAKAIOUHMH
BUIIaJKOBUMU CKJIQJIOBUMHU, 110 MPUHHATO OTOTOKHIOBATH 3 BIOpAIi€l0 MiAIIUITHUKIB.

Ha puc. 3 HaBeneHi po3paxoBaHi BeIMYWMHU HaumommpeHimoro inaukatopa CK3, skuit He
JI03BOJISIE BUSIBJISITH MOLIKOJDKEHHS Ha paHHIN CTalli OCKUIBKHU 1€ 3HAYEHHS CYTTEBO HE 3MIHIOETHCS
JIOTH TIOKHM PIBeHb HE JIOCSTHE TepenaBapiiiHoro craHy. HaiHmwkumii piBens CK3 mae cripaBHmiA
penykTop 4yacoBa (opMa CHUTHay SKOTO HAllOBHEHA YHCIECHHUMH IMITyJIbCaMH BHACTIIOK Opaky
mactuia (puc. 1 a). Y mmpokoyacToTHOMY Jiama3oHi HaiiBuimie 3HaueHHs CK3 y HecmpaBHOTO
HiAIIUITHAKA H pelyKTopa, Y BY3bKOCMYTOBHMX 4YacTOTax ojaHo3HauHoi mnepeBarn CK3 y miel
HECIPaBHOCTI HEMa.

Jlani Bu3HavaiMch BEIMYMHU KpecT-(haKkTopy, EKCIecy Ta JBOX HOBUX 1HAMKATOPIB 13 Ha3BaMU
TALAF, THIKAT (puc. 4), sxi Bmepme Oynu 3ampomnoHoBaHi B pobOoti [3], Ga3yrounch Ha
pe3ynbTaTtax MOACTIOBAHHS
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Puc. 2. Cnextpu Bidpauii penykropis
a — IMIHPOKOCMYTIOBMii cieKTp Bidpauii cnpaBHOro peaykropa; 06 — cnekTp Bidpauii cnpaBHoro
peaykropa B aiana3oni 0 — 1 kI'u; B — cnekTp Bidpauii cnpaBHoro peaykropa B aiana3oni 7 — 9 kl'u;

I — WIMPOKOCMYTOBHI CIIeKTP Bi0pawii peAyKkTOpa 3 HeCIpaBHUM HiIIIMIHMKOM; I — CIIEKTp Bi0pamii
peAyKTOopa 3 HeCIPAaBHUM HiIIMIHUKOM y Aiana3oHi 0 — 1 kI'n; 1 — cnekTp Bidpanii pexykropa 3 HecnpaBHUM
MiJIUITHAKOM Y Aiana3oHi 7 — 9 kI'n; e — mmpoxocMyroBuii cnekTp Bidpanii HecpaBHOI0 peayKTOpa i
MIIHIHAKA; € — CHEKTP Bidpamii HecmpaBHOTo peayKkTopa i mimmunauka y giamazoni 0 — 1 xI'm;

“K — CHeKTp BiOpauii HecmpaBHOTr0 peAyKTOpa i migmumHuKa y aiana3oni 7 — 8 k'

0,16
0,14
0,14
0,12
0,1
o
?J 0,08
~ 0,065
= 0,06
0,038 0,0368
0,04 0,0272
0,0196
| 0,0111
0.02 G‘V/ 0,0083
o T T T T T T T T T T
CnpaBHuiA Hecnpaeunid  HecrnpasHuii CrnpasHwii HecnpaBHuid  HecnpaeHwiA CnpaeHuia HecnpaeHwiA  HecnpaeBHuiA
NIGWWNHWK | MiGWWNHAK (0-1 ki) MGWWNHWK | MiAWHIMHUK (7-9 ki) MNigWWNHAK i MiGWANHWK
peaykTop peayKrop (0-1 kl'y) peayKTop (7-9 k)
(0-1 &) (7-9 k')

Puc. 3. CK3 penykropiB i3 pi3HUM TeXHiYHUM CTAHOM i Pi3HUX YACTOTHHX JAiana3oHax

TALAF = log[Ku + %] (1)
RMS,
ne Ku — ekcruec (ueTBepTHil IEHTPATBbHII MOMEHT BiOparlii);
RMS — noroune 3nauenns CK3, m/c?;
RMS, — 3nadenns CK3 mys cipaBHOro pesyKkropa, M/c;

RMS

THIKAT = log[(Ku)“ + (————)"* 2
g[(Ku) (RMSO) ] (2)
a eak
ne CF=-—L*= — kpecr-hakrop;
aArms
a,., — HiKOBE 3HaUeHHs BiOparii, m/c?.

Kpecrt-hakTop Ta ekciec MeHIIe 3ajiekaTh BiJ PIBHS CHTHANY MPOTE € UYyTIIMBUMHU 0
IMIYJIbCHOTO XapakTepy BiOpamiiiHuX peanizauiid 1 MOXYTh 3a0€3MEYUTH PpaHIIIHE BUSBICHHS
CYyTTEBUX 3MIH y BIOpaIliiHUX CHUTHAJIaX, SKi TOB’si3aHI 3 TOSIBOIO IMIYJbCHUX CKJIAJIOBUX. Y
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IIUPOKOMY YacTOTHOMY Jiamna3oHi Ta y giamazoHax 0 — 1 k[, 7 — 9 k' HaiiBumn 3Ha4YeHHS
JIEMOHCTPY€ CHpaBHUH penykrop 0e3 MacTuia, a HaHWK4YI — pEeayKTop 13 pyHHYBaHHSAM
migmunauka.  Jocmimkeno [3], mo mneBuudt cnag TALAF mnpuramanHuii  po3BUHYTOMY
MOIIKOJKEHHIO, a CTPIMKE 3pOCTaHHs CUTHANI3YE Mpo nepeaaBapiiauii cran. OTpuMaHi pe3ynbTaTu
MOBEIIHKM HOBOTO 1HJAMKATOpPA € JOCTOBIPHUMHM JIMIIIE JJIS JBOX BHIIB HECHPABHOCTI PEAYyKTOpA.
Haromicte THIKAT mnoxnukanwii cyrreBo nomoBHioBatu TALAF indopmarieto, sika T03BOJSE
JI1arHOCTOB1 BIIEBHEHO YXBAJIOBATH PIIICHHS MPO NMPUITUHEHHS SKCILTyaTarlii 00JIaTHaHHSA, SIKE BKE
Mae nomkomkeHHs. [TpoTsrom 3pocranns kpuoi THIKAT miarHOCT He MOBHHEH BXXHMBATH JKOIHUX
IPEBEHTHBHUX 3aXOJIB X JOTH, IOKU HE 3 SBUTHCSI HETATUBHUM CXWJI, 1[0 CUTHAII3yBaTUME IIPO
aBapiiinuii ctan. ['onoBHa nepeBara y Bukopuctanni THIKAT 3amicTe ekcuecy mossirae B Tomy, 110
OCTaHHIH IEMOHCTPY€E BUCOKI 3HAUECHHS HA PAHIIIHIX CTAisIX PO3BUTKY IMOIIKOIKEHHSI, & B TEXHIYHO
CIpaBHOMY peryKTopi 6e3 macTuia (puc. 1 a) BenuynHa eKClecy € HalBUIIO0 3-MTOMIXK aHAJIOTTYHUX
3HAYEHb JJIS IHIIUX JABOX PEIYKTOPIB 31 3pyHHOBAHOIO IIECTIPHEIO 1 MiqmumHUKOM (puc. 1 6, B), mo
HaJIa€ MOBHICTIO BUKPUBIICHI PE3yJIbTaTH 1 UMOBIPHICTH YXBaJCHHsI XUOHUX PIIIEHb € 1yKe BUCOKOIO.

14

i HpecT-daktop
il Ercuec
=dr=TALAF

IngsmcaTops

e THIKAT

10,77
12,17 3.9
7,25 Js7
5,36 : 238
T T —ir T T3 T T T
CnpaeHwi HecnpaeHWid HecnpasHuii CnpaeHuit HecnpasHuid HecnpasHuii CnpaeHuii HecnpasHuii HecnpaeHwia
MIGWWMHKK | MIGLWHITHAK (0-1 k) NIWWNHAK 1 NIGWWIMTHAK (7-9 kTu) MIQWHNHKK NIAWMWMHUK
peayKTop pefiykTop (0-1 k) peaykTop (7-9 k)
(0-1 wlw) (7-9 k)

Puc. 4. Po3spaxoBani BesimunHu kpecT-pakTopy, excuecy, TALAF, THIKAT y pi3HHX 4acTOTHHX Jiana3oHax

Orxe, crnemudika TO i [IP enmexkrpomnoi3aiB HE 03BONSE MPOBAAUTH Oe3MepepBHUMN
BiOparliiiHiii MOHITOPHUHT, TIPOTE Taki Aii MOXHAa BYMHATH 3 BIAMOBIAHOI MEPIOAMYHICTIO iX
MPOBEACHHS 3TITHO 3 MpPaBWJIAMH PEMOHTY. BiamoBigHO 10 3ragaHUX MpaBWJI BiICyTHI OYIb-sKi
HOpPMH I'paHU4HOI BiOpauii, siki 6 3a00pOHSIIM MOJANIBITY eKCIUTyaTtalito. ToMy moOyaoBa TpeHIiB
BIJIOMHUX IHJIMKATOPIB Ha BiAMiHY BiJ HOBoro iHAMKaTopa THIKAT mo3Bosisie muie aHami3yBaTH iX
3arajibHy TOBEIIHKY ©0€3 BH3HAUYEHHS KOHKPETHOTO IMOpOTrYy IOYaTKy KaTacTpodiuHOi 3MiHU
TEXHIYHOTO CTaHy, Oa Oinble, KpecT-PakTop 1 eKCIec JUIs CIpaBHOTO peaykTopa 0e3 MacTuia
MEPEeBUIIYIOTh AHAIOTIYHI 3HAUEHHS Ui HecrpaBHUX penykrTopi, a CK3 Bibpamii 11 cpaBHOTO
penykTopa 0e3 MacTWia € HAWHIKYMM, IO 3apa3oM NPU3BOAMTH 10 CYNEPEYHOCTI W BBOIHTH
JIIarHOCTa B OMaHy.
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YIIK 621.785
BJIACTUBOCTI CTAJIEN 3 KAPBITHUMM NOKPUTTAMHA

Kmoununkos 10.B., Kip’anosa K. O, Ckisip A.B.
KIII im. Iropst Cikopebkoro, Kuis, Ykpaina

Anomauin: CmeoperHs 3aXUCHUX NOKPUMMIG HA PIHUX 0eMAiixX I iIHCIPYMeHmI € ePeKMUBHUM, a 4acmo i EOUHO
MOJNCTUBUM MEMOOOM DIULEHHS MEXHIYHUX 3a680aib NIOGBUWEHHS EKCHIYAMAYIUHUX Xapakmepucmuxk mamepianie.y
36'A3Ky 3 YumM CMAHOBUMb IHMeEpec O0CNIONCEeHHA IACTNUBOCHell 3aNi308y2leyesux cmanel, 3MIYHEeHUX 3aXUCHUMU
nokpummsamu 3 Kapoioie mumany i eanaodito. Jocuiodicenus abpasusHoco 3HOCY, A MAKOIC WOPCMKOCMI NOBEPXHI
noxazanu, Wo 3MiyHeH s CIali ROKPUMMAMU NPU3800UmMs 00 NiOGUWEHHsL iX cmitKocmi i 30iTbUeHHA KAACY YUCOmU
nogepxui cmani na 1-2 6 nopieusanui 3i cmannio 6e3 nokpummsi. Jlocniodicenus cmitikocmi cmaii 3 NOKpUmmsmu i 6e3 Hux
Y 6000npPOGIOHILL 800i | OOHUX POZUUHAX: KUCIOMU, COML [ IyeU NOKA3ANU, WO KAPOIOHI ROKPUMMS MAlOmb NIOGULYEHY
KOpPO3ilHy Cmitikicmb.

Knrouosi cnosa: cmanw, kapbione nokpummsi, eKCHIAYAmayitii Xapakxmepucmuxu, kapoiou, cmiiukicmo

CyuacHe BUPOOHHIITBO XapaKTEPHU3YETHCS MOCTIHHO 3pOCTAIOYMMU POOOUUMH TEMIIEPATYPaMH,
BEJIMKUMH IIBHIKOCTSIMHU 1 CKJIATHUMHU HABAHTAKEHHSIMH, HEOOXITHICTIO BUKOPHCTAaHHS Pi3HUX
BY3TiB 1 MeEXaHi3MIB B yMOBaxX BIUIMBY arpecHMBHHX cepefoBuil. L[s oOctaBuHa BHMarae
YAOCKOHATIOBATH ICHYIOYI 1 pPO3pOOJISATH HOBI MaTepiaiu, IO BIIPI3HIIOTHCS ITiIBHICHOO
3HOCOCTIHMKICTIO 1 XIMIYHOIO CTiHKicTIO. [Ipu 11bOMYy CTBOpEHHSI 3aXMCHHUX MOKPHUTTIB Ha Pi3HUX
JEeTaNAX 1 IHCTPYMEHTI € e()EeKTUBHUM, a 1HOJII, EMHO MOMUIMBHM METOJOM DIIICHHS TEeXHIYHUX
3aBJlaHb MIJBUILEHHS €KCIUTyaTallliHUX XapaKTepiCTUK MaTepiamiB. V 36'43ky 3 yum cmanosumo
iHmepec  00CNiOJNCeHHA — enacmugocmell — 3dniz08yeieyesux —cmainetl, 3MIYHEHUX 3AXUCHUMU
nokpummsamu 3 kap6ioie mumany i eanaodiro. Kap6inHi OKpUTTS OTpuUMYyBanu Ha ctansax: 10864, 20,
451 Y8 B inTepBaiti Temmneparyp 600-950 ° C mpu yaci BUTpUMKH 1 - 6 roIuH.

Taomums 1
MexaHiuHi i TepMoeMiciliHi BJJaCTHBOCTI NOKPHUTTIB HA CTAJIAX
OnTumainbHe . PoGora
Tun . _ [Toka3zHuk Mikportsep-
Mapka crani Ha . . 3 . BUXOLY,
HOKPUTTS anTaxenns, |MIKPOKPUXKOCTI, 4 10 JICTB, B
cranb 10864 - - - 422
craib 20 0,060 0,55 26000 4,27
TiV
crainb 45 0,060 0,56 29000 4,33
cTayp Y8 0,050 0,60 32000 4,36
cranb 10864 - - - 421
craib 20 0,070 0,22 24000 4,25
(Ti-V)C
craib 46 0,060 0,23 26500 4,30
cTayp Y8 0,060 0,25 31000 4,34
cranb 10864 - - - 4,20
craisb 20 0,080 0,30 22000 4,23
VC
craib 46 0,080 0,33 25000 4,25
cTayp Y8 0,080 0,35 26000 4,27
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Ha migcraBi otpumanux nanux (Tadu. 1) BcTaHOBIEHO 30UTBIIIEHHST MIKPOTBEPIOCTI MIOKPUTTIB
3 MiJIBUIIEHHSAM BMICTY BYTJICIIO B CTaJIi. 3MIHU MEXaHIYHUX XapaKTEPUCTUK B KapOiTHUX MOKPUTTSIX
MOB's3aH1 31 3POCTaHHSAM YaCTKU KOBAJICHTHOI CKiIamoBoi [1] cuim B3aeMopii MiXk aroMamMH B
TyroriaBkux croiykax npu nepexoxi Bix VC no TiC, 1o B KiHIIEBOMY paxyHKY, BU3HA4Ya€ BEIHUKY
MiKkpoTBepAicTh TOKPUTTIB 3 TiC y MOPiBHAHHI 3 MIKPOTBEPAICTIO TOKPUTTIB 3 KapOiIiB BaHAIIIO.

[Tig wac ananizy iHIMUX GaKTOPiB, 0 BU3HAYAIOTH TBEPAICTh MOKPUTTIB, HEOOX1THO BUALTUTH
raJbMyBaHHS JMCIIOKAI, TOMY II0 BUCOKa MIKPOTBEPHICTh CIUIaBIB MOXKE OyTH JOCATHYTa MPH
CTBOPEHHI B HbOMY CTPYKTYpH, sIKa BH3HA4a€ MiHIMalbHY pYyXJMBICTh Auciokauiid. Came Taky
CTPYKTYPY 1 MalOTh MOKPUTTSA 3 KapOiJiB TUTAHY 1 BaHAJIIO, B KUX JOJATKOBUMH (paKTOpamu, 110
ralbMyIOTh PYX JUCIOKALlil, € PY>KHS B3a€MOIis 1 IEPETHH 3 IHITUMU JUCIOKALIIMU, a TAKOXK MEXI
3epeH i cy03epeH, /e CKYMIyIThCs AUCIOKalii. BaxmBy poib B rajbMyBaHHI JUCIIOKAIlIN HaAA€ i
HasBHICTh B Kap0i/ax TUTaHy 1 BaHAJ1I0 BaKaHCIH, 110 COPUSIOTH 1X 3MIIIHEHHIO.

Bricoka MiKpOKPUXKICTh MOKPUTTIB 3 KapOiliB TUTaHY 1 BaHA/IIO TMOB's3aHA 3 YTBOPEHHSM B
1apl MaKpOHAIPYKeHb. 3a3HaYeH] HAPy>KEHHS! BUHUKAIOTh MICIs XIMIKO-TepMIYHOI 00pOOKH MpHu
OXOJIO/DKEHHI B Pe3yJIbTaTi MPYKHOI B3aEMOIIi apy i CepIIeBHHU, 1[0 MAIOTh Pi3HI MUTOMI 00'eMHU
1 Koe(illieHTH TEPMIYHOTO pO3MUpeHHs (K. T. p.) [2]. BcranoBnenwuit XapaKTep 3HHKCHHS
MikpokpuxkocTi B psay: TiC — VC — (Ti-V) C o0yMoBieHH# 3MEHIIEHHSIM BiIMIHHOCTI SIK MK
BEJIMYMHAMU K. T. P. TOKPHUTTIB 1 CEpLUEBUHM, TAK 1 IX MUTOMUMHU 00'eMaMH, 11O NMPHU3BOIUTH 10
3HIDKCHHSI BEJIMYMHM HANpyKeHb. Tak, cepel AOCHIKyBaHHX TOKPHUTTIB, KapOiJ TUTaHy Mae
HANOITBIINI MUTOMHM 00'eM 1 HOTo K. T. p. 3HAYHO BiJIPI3HAETHCS BiJ] aHAJNOTIYHOTO KoedilieHTa
3aji3a, Mo MPU3BOIMTH A0 YTBOPEHHS BUCOKUX HANpPY>KEHb B IIapi 1, TAKUM YHHOM, 10 HAHOUIBIIOT
MIKPOKPHUXKOCTI.

[ToGiyHO mTPO MIIHICTE XIMIYHOTO 3B'A3KYy B pEHITHI KapOigiB MOXHA CYIUTH, KpiM
TEMIEpaTypu TUIABIIEHHS, €Heprii JAucoIlialii, TEeIUIOTH YTBOPEHHS, MO TEPMOEMICIHHUM
BJIACTHBOCTSMHU JOCIIPKYBaHUX IMOKPUTTIB (poOOTa BUXOAY EJICKTPOHIB 3 KapOigHUX miapiB). 3
Ta611.1 BUHO, 1110 poOOTa BUXOAY 3aJI€KUTh BiJ CKJIAy CTAIU 1 BULY HOKPUTTA. Tak i BCiX cranei
3 TIOKPUTTAMHU Ma€ Micle JIiHIHEe 3HWKEHHS BEIMYMHU POOOTH BHXOIY 31 3MEHIICHHSM BMICTY
BYIJICLIO B CTaJIl, MPUUOMY Ul IBOXKOMIIOHEHTHUX IOKPUTTIB BeJIMUMHA poOOTH BUXOY Oliblie,
HIK JUII OTHOKOMIIOHEHTHHX ITOKPUTTIB 3 KapOiay BaHA 10 Ha TUX K€ MapKax CTaJei.

3a pe3yiabTaTaMH IPOBEACHUX JOCHIKEHb MOXKHA 3pOOMTH HACTyNHI BHMCHOBKH.
JocmimkeHHs: abpa3uBHOTO 3HOCY B YMOBAX CyXOro TePTsI KOB3aHHSI, a TAKOXK IIOPCTKOCTI TIOBEPXHI
MOKa3aJIu, M0 3MIITHEHHS CTall MOKPUTTAMU MPU3BOJUTH J0 MIABUILEHHS IX CTIMKOCTI 1 301IBIIICHHS
KJIaCy YHCTOTH TIOBEPXHI CTalli Ha 1-2 B MOPIBHSHHI 31 cTaumto 6e3 mokputtTs [3]. JlocmimKkeHHs
CTIMKOCTI CTai 3 MOKPUTTAMU 1 0€3 HUX y BOAOMPOBIIHIN BOJI 1 BOJHUX po3unHax: kuciotu (0,1
HopMaibHUA po3unH H2SO4), comi (3% poszunn NaCl) i myru (30% pozunn NaOH) mokasainu, o
KapOi/IHI MOKPUTTS MAIOTh MIJABUIIEHY KOPO3i1HY CTIMKICTb.

Y po6oti Oyyu poBeIeHi JOCIiPKEHHS OKaIIHOCTOMKOCTI cTaii Y8, 3MIITHEHOT TOKPUTTSIMH.
BceraHoBneHo, 110 JBOKOMIIOHEHTHI 1 oJHOKOMIOHEHTHI Mokputts 3 VC 1 TC mnounHaroTh
IHTCHCHBHO OKHCITIOBATHCS B TOBITPSHOMY CEpPEJOBHWINI BiAMOBIIHO Tpu Temrieparypax 750°C,
700°C, 800°C.

3a J0IOMOT0F0 MaTeMaTHIHOI 00OPOOKH pe3yJIbTATIB OTPHMAHO MOJIEII, IO JO3BOJISIFOTH OIIHUTH BIUTUB
CKJIJly BUXIJJHHX PEareHTiB, TEMIIEPATYp 1 TPUBAIOCTI MPOLIECY HA TOBIIMHY 1 BIACTHBOCTI TIOKPUTTIB Ha
CTaJIAX.

Chucok JiTeparypu:
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JUDY3IMHE TATAHYBAHHS CTAJIEA X18H10T I X12H22T3MP 3
METOIO 3AXHUCTY IHOBEPXHI BI/JI CXOIIJTIFOBAHHSA

Kmounukos 10.B., bauzniok T. O., CamcoHeHKko A. A.
KIII im. Iropst Cikopcbkoro, M. Kuis, Ykpaina

Anomayia: /[na 3axucmy nogepxoHv 6i0 CXONI0BAHHA NpU HA2PI6aHHI Oemasiel, 8U2OMOGNEHUX i3 cmainel
XI8HIOT i XI2H22T3MP 3acmocogyembcsi HACUYEHHs OOHIET 3 KOHMAKMYIOUUX NOBEPXOHb MUMAHOM. JoCaiodicenHs
CMpyKmypu ou@y3iiunux 301 cmaiei cgiouams Npo iCMOMHI 3MIHU 8 MOHKINl CMPYKMYpi NOBepXHesux 30H CNIA8I8 8
npoyeci HacuueHHs No8epXHi cmaneu mumanom. L[i 3MiHU XapakmepuszyiomvCs HAAGHICIO 6 OKPeMUX 30HAX
ou@ysitinozo wapy oucioxayii i ppacmenmie. Hatibinvbuwe ckynuents OUCIOKayill CROCMEPIea€mbCst Ha MedCi po30Lny
MIDIC 308HIWHIM [ GHYMPIWHIM WaApamu OU@y3itiHol 30HU. 3MIHU 6 MOHKIU CMPYKMypi € HACHIOKOM HAACTMUYHOL
Odeopmayii 1oKanbHUX OLISIHOK CmpYyKmypu cmalieti nio 0i€o Ou@yHOYIou020 6 Memai NOMoKy amomis. lcmomuuil eniue
HA CXONIIOBAHHS MAE 3MIHA KOeQIYicHmMa mMepMIYHO20 DPOZUUPEHHS, WO SUKIUKALO HeO0OXIOHICMb 3'1CYy6aHHs
3anedcHocmi Koepuyuenma mepmivHo20 po3uuperts 6i0 Oupy3iiHo20 MUMaHy8ants. J{oCiodHceHHs NOKA3anu, Wo
HacuuenHs cmaneti Kapoioamu mMumany He CYNPOBOONCYEMbCS NOMIMHOIO 3MIHOI0 KoepiyicHma mepmivHO20o
PO3UWUPEHHS.

Knrouosi cnosa: cmans, oughysitine mumaHnysamnts, N08epxHs, MUMAH, amom

OmauM 13 cnoco0iB 3aXHMCTy IOBEPXOHb BiJ CXOIUTIOBAaHHsS TPU HarpiBaHHI JeTajew,
Burotonenux 13 cramed XI8HI0T 1 XI12H22T3MP, € nudysiiiHe HacuueHHS OAHI€T 3
KOHTaKTYIOUMX IMOBEPXOHb THUTaHOM [l]. 3 orisigy Ha Te, MO CTPYKTYPHO-CHEPTEeTUYHUN CTaH
MOBEPXOHb BU3HAUaA€ 6arato (i3UKO-XiMIYHUX BIACTUBOCTEH MOBEPXHI 1 POIIECH, SIKI KOHTPOJIIOIOTh
iX CXOIUTIOBaHHS, JeTallbHE JOCITIIKEHHS CTPYKTYpH, (a30BOro CKiIaay 1 BIACTUBOCTEH cTaiei
XI18HI10T 1 X12H22T3MP, sxi npoiinuu nud¢ysiiiHe TUTaHyBaHHS, € BaXIIUBOIO JAHKOK HpHU
BHBYCHHS MpoOjeMu cxorunoBanHs. [(udy3iitHe HaCHYEHHS MOCIIKYBAaHUX CTaJeH 31HCHIOBAIN
npu temneparypi 1050°C i yaci BUTpUMKH 3 TO/1. B Ta30BOMY CEPEIOBHILI IPH 3HUKEHOMY THCKY, 3
BUKOPHUCTAHHSIM MOPOLIKY TUTaHY, KapOropu3aTopa 1 YOTUPUXJIOPUCTOTO BYTIIEIIO.

Pe3ynbraTi MOIIApOBOTO PEHTTEHIBCHKOro aHaiizy ¢a3oBoro ckiany audysiiiHOT 30HH
JOCTIIKyBaHUX CTalled 1 MOIIapOBOro BU3HAYEHHS KOHIIEHTPAIllf HACHYEHOTO €JIEMEHTY, TIOKa3aJH,
10 MIKpPOCTPYKTypa audy3iiiHOT 30HU B yCiX BUMAAKAX CKIAJAETHCSA 3 TPHOX 30H: KapOiay TUTAHY
(TIC), mix HUM 3HAXOAUTHCS TEPEXiHA 30HA, HMKYE KO pO3TaIllOBaH1 BEJIUKI 3€pHA JIETOBAHOTO
TUTaHOM (epuTy. ENeKTpOHHOMIKPOCKOMIYHI JOCHIKEHHS CTPYKTYpU OUQY31MHUX 30H cTanen
CBIJTYaTh MPO ICTOTHI 3MIHM B TOHKIA CTPYKTYpl TIOBEPXHEBHX 30H CIUIaBIB B MPOIECI HACHUCHHS
NOBEpXHI cTajneil TuTanoM. L{i 3MiHU XapaKTepu3yIOThCs HAsIBHICTIO B OKPEMUX 30HaX AU(Dy31HHOTO
mapy auciiokamii 1 ¢gparmMenTtiB. HalOinabIne CKymueHHsS AMCIIOKAIN CIOCTEPIraeThCs Ha MEXI
pPO31idy MK 30BHIIIHIM 1 BHYTPIIIHIM mapamMu 1udy3iiiHoi 30HU. 3MiHU B TOHKIH CTPYKTypi €
HACJIIIKOM IJIACTUYHOT AedopMarlii JOKaTbHUX AUITHOK CTPYKTYPH CTAJICH IMiT A1€10 MU YHIYI0YOTO
B METaJI TOTOKY aTOMIB.

B ocHOBI mporecy CXOIUTIOBaHHS BeJMKAa pOJIb HAJEKUTh 3aJUIIKOBUM HANpy>KEHHSM,
OCKUIPKM 1X BENMYMHA 1 3HAK BIUIMBA€ HAa TaKi XapaKTEPUCTHKH 3aXHCHOTO TOKPHUTTA, SIK
3HOCOCTIHKICTh, KOEQIMIEHT TEpPTSA, MOB3YUICTh. Poyb 3aMMIIKOBUX HANpyr I JeTaleH, IIo
MPAaLIOIOTh B YMOBaxX CXOIUTIOBAHHS TPH HarpiBaHHi, OCOOJMBO BENHKAa, OCKUIBKM BHACIIIOK
penakcaiii Hampy>KeHb MPU IIHOMY MOXE€ MaTH MiCIle IIaCTUYHA aedopMallisi KOHTAKTYIOUHX
MMOBEPXOHb, IO CIIPUATUME 3pOCTAHHIO CXOIUIIOBAHHSA [2]. 3 pOCTOM BEJIMYMHU 3AJTUIIKOBUX HANIPYT
HIBUJIIIE TPOTiKae mporec audysii 1 pekpicranizaimii B 30HaX KOHTAaKTYBaHHS IMOBEPXOHb, IO
cnony4atoTbes. [Ipu 3HATTI HaBaHTa)KEHHS 3aJMIIKOBI HANpY>KEHHS CHPUSIOTh PYyHHYBaHHIO
CIIOJIYKH, III0 YTBOPUJIACH, YNM TTOSICHIOETHCS CIIOCTEPE)KYBaHa Ha TIPAKTHUIII BIIMIHHICTh Y BEJTMYHHI
nedopmariiif CXOITIOBAaHHS y PI3HUX METalliB.
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3 ornsAmy Ha Te, MO 3MiHA Koe(dilieHTa TePMIYHOTO PO3MIUPEHHS MOXKE 3pOOUTH 1CTOTHHI
BIUIMB Ha CXOIUTFOBAHHS, BUHUKIIA HEOOXIIHICTh 3'SICYBaHHS 3aJI€KHOCTI KOE(IIliEHTa TEPMIYHOTO

po3mupeHHs Biag Audy31HHOTO TUTaHYBaHHS. Pe3ynbratu AUIaTOMETPUYHHUX JTOCHIIPKEHb HaBeIeH]
B TabOm.1.

Tabmms 1
BruiuB turanyBanns craji X18H10T i X12H22T3MP Ha koedinieHT TepMidHOT0
PO3IIMPEHHS
KoeoirieHT TepMiuHOTro posmmpeHss, o 10°
InTepBan

TemIeparyp, X18H10T X12H22T3MP

C Jlo HacuueHHs [Ticns HacuuenHs | Jlo HacuYeHHs [Ticns

HAaCUYEHHS

20 - 100 9,52 9,52 9,52 12,03
20 - 200 14,17 11,25 10,28 12,5
20 - 600 17,58 17,58 15,96 17,07
20 - 800 18,38 18,16 16,26 18,44
20 - 900 18,7 18,47 17,49 19,88
20 - 1000 18,83 18,58 17,64 19,8
20-1100 18,77 18,47 17,78 19,05

BUCHOBKMU. JlochimkeHHs ToOKaszajid, IO HACHYEHHs CcTajied KapOigaMu THUTaHy HeE
CYIIPOBOJIKYETbCS TIOMITHOIO 3MIHOIO Koe(]illieHTa TepMIYHOro po3mupeHHs. I[Ipu BuBYeHHI
YUHHUKIB, 1110 BIUTMBAIOTh HAa CXOIUTIOBAHHS METaJIiB JOCIIKYBaIH BIUIUB IOPCTKOCTI MMOBEPXHI Ha
MIIHICTh CXOIUTFOBaHHS. ByIo mokaszaHo, 1o MilHiCTh CXOTUTFOBAHHS 3aJIeKUTh HE TUTBKH BiJI KJIACy
YUCTOTH MOBEPXHi, aJie 1 BII BUIY MeXaHI9YHOI 00p0oOKH, TOOTO BiJl MIKpOpeIbe]y MOBEPXHI.

e BuKJIMKaI0 HEOOXIAHICT TOCIIKEHHS BIUIMBY AW(y31HHOrO TUTAaHYBaHHS Ha IIOPCTKICTh
MOBEpXHi. BUMiproBaHHS MOPCTKOCTI POBOIMIIN IIYIIOBUM METOOM aJIMa3HOIO TOJIKOIO Ha OTITHKO-
MexaHiqyHoMYy mpo¢inorpadi cucreMu AmMmoHa. OTpuMaHi pe3ysbTaTd HaBeneHi B Tabmumi 2. Sk

BHUJIHO 3 JIaHUX, MICs AUQy31HHOTO HACUYEHHs KapOiloM TUTaHY CTaJled IMOPCTKICTh MOBEPXHI
SMCHIIYETHCH.

Tabmuns 2.
PesyabTaTi 10C/HiIZKEHHS] IIOPCTKOCTI MOBEPXHi
opcTkicTh noBepxHi Rz ,MkM
Mapxka crami Jlo HacudeHHst [Ticnst HacuyeHHs
X12H22T3MP 6.3 2
XI18H10T 10...6.3 3.2

Le mosicHIOETHCS BILIMBOM AU()y31HHOTO HACHUEHHS, SIKE 3TJIAKY€ MIKpopenbed MOBEpXHI B
pe3yabTaTi TOTo, M0 BIAOYBAETHCS 301IbIIICHHS 00’ €My moBepxHi [3].

Cnucok aitepatypu:
1. [y6inin I'A. ma in. —B kH. Memannogedenue n Tepmudeckast 0opadotka, VII «MammraocTpoenue, M. 1971
2. Cepoumog A.T. Ilepmaxos B.I. Cmpykmypa ¥ CBOWCTBa IMOBEPXHOCTHBIX CIIOEB CTaJleH MOCIe TUTAaHHUPOBAHUS U
BaHaaupoBaHus. — [loepxHocTh. duznka. Xumus. Mexanuka. M.:AH CCCP, 1983, Nel1, ¢.68-70
3. Iy6inin I A. Jugghyzuonnoe xpoMupoBaHue CriaBos. MarmuoctpoeHue, M., 1964,
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HIABULIEHHS 3HOCOCTIMKOCTI YABYHY

Cepairos O.T., Camconenko A. A., bausnwk T. O.
KIII im. Irops Cikopebkoro, M. KuiB, Ykpaina

Anomauin: Y pobomi 00CHiONCYEMbCL MONCTUBICMb NIOBUWEHHS 3HOCOCMIUKOCME NPUMUPIE 3 MOOUPIKOBAHO20
cipozo uagyny CH28-4. winsaxom ix eanaditosanus i 60py6anHs ma aiMa3Ho-HiKeNe8020 NOKPUMM 015 00800KU OMBOPI6
6 3aeapmoganux i Hizvkogionywenux cmansx LLX15, XBI' i yemenmosanit 18X2H4BA. Bunpobyeanns nokasauu, wo,
8aHAOIIOB8AHHA | OOPYBAHHSA YABYHHUX NPUINUPIE ZHUNCYIOMb IX 3HOC NPU OCMAMOYHI 00800Yi OMBOPI8. 3acmocysants
JHC NPUMUPIE 3 ATMAZHO-HIKeNe8UM NOKPUMMAM eeKmUHo i 015 YOPHOB0I 0080OKIL.

Knrouoei cnosa: snococmiiikicme, 4agym, abpasue, Cmaib, NOKPUMMAL.

JloBomka OTBOpiB BUIBHUM a0Opa3wBOM (MAacTO0) B CTAJEBUX 3arapTOBaHUX JETaJsX
3MIHCHIOETBCS HaWyacTillle YaBYHHUMM MPUTUPAaMHU, L0 MPEJCTaBISAOTh COO0K BTYIKY 3
OWITIHAPUYHOT 30BHIMIHBOI 1 KOHIYHOI BHYTPIIIHBOI TMOBEPXHSAMH 1 HACKPI3HUM MO3/I0BXKHIM
po3pizoM. Y 3B'I3KYy 3 HU3BKOIO 3HOCOCTIHKICTIO IPUTHPU BUTPAYAIOTHCS B MAaCOBIN KiJIbKOCTI. Tak,
mpu oOpoOIli Mpenu3iiHuX AeTalnedl au3enbHOi manmBHOI amaparypu Ha 1000 otBOpiB, mI0
JIOBOJIATHCS, BUTPAYAEThCS B cepelHboMy 180 mputupis.

VY naniit poOOTi JOCHTIIKYETHCS MOKIMBICTD MiABUIIEHHS 3HOCOCTIMKOCTI YaByHHHUX TIPUTHPIB
LUIAXOM 1X BaHaJiIOBaHHA 1 OOpyBaHHS Ta alMa3HO-HIKEIEBOIO MOKPUTTS Ul JOBOJKHU OTBOpIB
niamerpoM 6 MM B 3arapToBaHMX 1 HuU3bKoBiamymeHux cramsax LIX15, XBI' i 18X2H4BA
(uemenTOBaHi) 3 TBepaicTio 60-62 HRC. Matepian nputupis MoaudikoBanuii cipuit yaByn CU28-
48. bopyBaHHS 31IHCHIOEMO B €JIEKTPOJII3HIA BaHHI 3 pO3IIIaBieHO0 Oyporo [1] mpu Temmeparypi
920° C mpoTsirom 2 roavH, BaHaA1I0BaHHA - B pETOPTI IIPU 3HWKEHOMY THCKY B ra3osiii cymimn CCl4
1 HasIBHOCTI TIOPOMIKY BaHaiio 1 kKapOropuzatopa mpu temmeparypi 1100 ° C npotsrom 3 roauH.
AnMa3HO-HIKeNeBe MOKPUTTS HAHOCUMO Ha poO0Uy MOBEPXHIO IPUTUPY FaIbBAHIYHUM CIIOCOOOM.

[Tputupy 3 TOKPHUTTAMH TMiJJaBaIM KOHTPIPUTHPAHHIO HA OCTATOYHHHA PO3MIp, TOTIM
BUIIPOOOBYBANM Ha JIOBEACHHI OTBOPIB MACTOI0, SIKA MICTUTh OKUC QJIOMIHIIO 3€PHHUCTICTIO 5 MKM
(mpuTHpPH 3 aTMA3HO-HIKEJIEBUM MTOKPUTTSIM BUIIPOOOBYBaIN O€3 AcTH).

BumnpoOyBaHHS NpPOBOIWIM Ha CHEIIaIbHO PO3pOOJICHIM 1 BUTOTOBJICHIA i i€l METH
YCTAHOBIII 3 aBTOMAaTUYHUM ITiITPUMAHHIM 33JJaHO1 BEJIMYMHU THCKY B 30HI JOBOJIKH.

[ToniepenHi BUITpOOyBaHHs MOKa3aJIH, 0 OCHOBHUM (hPaKTOPOM, 110 BIUIMBAE HA 3HOC MPUTHPY,
€ Tuck [2]. Ilputupu 0e3 TMOKPHUTTIB MalOTh KPUBY 3AJIEKHOCTI MHUTOMOI 3HOCY BiI THUCKY 3
MaKCHUMYyMOM, SIKHi BianoBigae Tucky 1,3 - 1,5 kre / cm2.

BurnpoOyBanHsi OopoBaHMX 1 BaHAJIMOBaHMX NPUTHUPIB TMOKA3ald, IO BIUIUB AH(y3HUX
MOKPUTTIB 3 BUCOKOIO TBEPAICTIO HAa 3HOC MPUTUPIB HEOAHO3HAYHUH (Tab. 1).

Tabmums 1
Pe3yabTaTn BUNNpoOyBaHb 0OPOBAHUX TA BAHA1ill0BAHUX NPUTHPIB
Tun nputupa TeepaicTb 3HOC NMPUTHPA MM/XB..
P=0,4 xrc/cm? P=2,5 krc/cm?
bopyBanHus 1600-1700H 0,001 0,014
BanagiroBaHus 900-1000H 0,001 0,013
be3 nmokputTis 180-200HB 0,002 0,011
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[Ipn manux Tuckax moBoaku (MeHme 1,3 krc / cm2) BaHajiiioBaHi 1 OOpoBaHI TPUTHPH
OTPUMYIOTh MEHIIMK 3HOC, HDK NPUTUPH O€3 MOKPHUTTIB (IuB. puc 1), a mpH THCKY BHILE
2,0-2,5 xrc / cM2, HaBmaku, OOpOBaHi 1 BaHaIOBaHI MalTh OUIBIN 3HAUYHMKA 3HOC. OTpHUMaHi
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pE3yNbTaTH MOSCHIOIOTHCS TUM, 10 MpH TUCKY 1,3 - 1,5 krc / cM2 BinOyBaeTbcs 3MiHa MEXaHI3MY
B3aeMO/Iii aOpa3MBHUX 3€PEH 3 TTOBEPXHEIO YaBYHHOTO MPUTUPY 0€3 MOKPUTTIB.

Puc.1. 3H0c YaByHHUX NPUTHPIB 3 BAHAJ0BAHUM i 0OPHIHIM MOKPUTTAM NPH AOBOALI 3arapTOBAaHOI cTaIi
IIX15 a0pa3suBHOIO NACTOK0 SMKM.

IIpu Tuckax Gimbmux 1,3 -1,5 kre / cM? BigOyBaeThes iMIUIAHTALiS B IPUTUP 1 3aKPiTICHHS B
HbOMY a0Opa3WBHHUX 3€peH, 1 JOBEJCHHS 3IIMCHIOETHCA, B OCHOBHOMY 3aKpIIUICHUMHU B MPUTHUPI
3epHaMH, SIKI BHKJIIOYAIOTHCS 3 IMPOLECY 3HOLIYBAHHS NPUTHPY, YUM 1 MOSCHIOETHCS [3] nmesike
3HWKCHHST HOTo 3HOCY mNpH 30UTbIIeHHI TUCKY moHanx 1,3-15 krc / cM2 mpu AoBeAeHHI
BaHaJilloBaHUMH 1 OOPOBAaHUMU MPUTHUPAMU 301IBIIEHHS TUCKY Y BChOMY JOCIHIKEHOMY JAlana3oHi
(1o 4 xrc / cM2) He IPUBOIMIIO JI0 3aKPITUICHHS B IPUTUPI aOpa3uBHUX 3€PEH, TOMY iX 3HOC 3pOCTaB
13 30UIBLIICHHSIM TUCKY , 1 IPH BEIMKUX THCKaX MEPEBUIILYBAB 3HOC OUIBII M'TKUX YaBYHHUX IPUTHUPIB
0€3 OKPUTTIB.

3a pe3yJbTaTamMu NpoOBeAeHUX J0CTiIKeHb MOKHA 3pOOUTH TaKi BUCHOBKH:

3acTocyBaHHsA OOpYBaHHS 1 BaHAIIOBaHHS MPHUTHUPIB AJISI TOMEPEIHBOI (YOPHOBOI) JOBOJKH,
sIKe 31MCHIOETHCSI TIPU BUCOKOMY THCKY, HE€(EKTHBHE, OCKUIbKH MPU3BOAUTH 10 301IbIIEHHS iX
3HOCY 0€3 MiJBUINEHHS MPOJXYKTHUBHOCTI 1 AKOCTI AOBOAKH. JlOCITIKEHHSI TOBOAKH MPUTHPAMH 3
aJIMa3HO-HIKEJIEBUM IMOKPUTTAM MOKa3aJ1o0, 110 1X 3acTOCyBaHHs €(EKTUBHO 1 /11 YOPHOBOI JTOBOJIKH.
3H0C npuTHpy (po3Mip aIMa3HUX 3€pPEeH B MOKPUTTI - 50 MKM) BUSIBUBCS HACTLIBKH MAJIMH, 1[0 HOTO
HEMOXKJIMBO OyJI0 BJIOBUTH Ha aHAJITUYHUX Barax. ToMy BUIIPOOYBaHHS LUX MPUTHUPIB 311HCHIOBAIN
B IIEXOBHX yMOBaX. BUNpoOyBaHHS MOKa3zand, MO0 KOXHUM MNPUTHPOM 3 alMa3HO-HIKEJIEBUM
HOKPUTTAM HPOBOJMIN TOBOAKY 10 125 otBopiB. IIpu oMy, NpOAYKTUBHICTH JOBOJAKH 3pOCia B
KUIbKa pa3iB 1 HAa OJWH KJAc MiABUIIMIACS YHCTOTa OOpOOJIEHOT TOBEpXHi. TakuM YHWHOM,
BaHAJIIOBaHHA 1 OOpyBaHHS 4YaBYHHUX MPUTHPIB 3HIKYIOTH iX 3HOC MPH OCTATOYHIN JOBOALI
OTBOpIB. 3aCTOCYBaHHA K MPHUTUPIB 3 aIMa3HO-HIKEIEBUM MOKPUTTAM €(PEKTHUBHO 1 JJIs1 YOPHOBOT
JIOBOJIKH.

Cnucok aiTepatypu:
Iepegepsee B.M., bapabomvko A.M. B kH.: 3awummsie TOKPBITHS HA MeTAIDIax,5 «HaykoBa mymkay, K.1981
. Ilepmsxog B.I'., Jlockymog B.®., bensiesa B.Il. Ilucapenxo B.H., Tpyw HU.X. Brusanue UMPKOHUS, BaHAIUA U TUTAHA
Ha KHHETHKY pOCTa M MHKPOTBEPAOCTh KapOWAHBIX MOKPHITHH. B KH.: 3aluTHBIC MOKPHITHS Ha MeTayuax, 9
«HayxoBa gymka», K. 1975
3. Ilepmaxos B.I"., Cepoumog A.I'., baxosa A.B., Jlockymogé B.®. Brusxue TIOKPBITHI U3 KapOUIOB THTaHA M BaHAIUA
Ha U3HOCOCTOHKOCTB cTaiu. — VI3B. By30B. UepHas metammryprus, 1983, Nel. c.113-115.
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JUDY3IMHA METAJII3ALIA CTAJI I YABYHY
KAPBIZAOYTBOPIOIOYNMU EJIEMEHTAMUA

Cepaitos O.T., Crasp A.B., Kip’anosa K. O.
KIII im. Iropst Cikopcbkoro, M. KuiB, Ykpaina

Anomayia: Y pobomi 0ocniosxceno npoyec ougyysitinoi memanizayii gyeneyesoi cmani i 4agyHy nepexioHumu
Memanamu: mumarom i eanadiem. Busueno mixpocmpyxmypu, po3nooin MiKpomeepoocmi i 1e2ylouux eiemeHmis no
enubuni, Kinemuxa npoyecy i gazosutl cknad ougysitnoeo wapy. JJocuioxcenns noxasanu, wo npoyec Oudysitinoi
Memanizayii Ha cmanax i yagyHax noodibHul, i pe3yrbmamu 1020 AKICHO idenmuuni. Pe3yniomamu ybo20o 00CnioHCceH s
V320024CYIOMbCA 3 Pe3YIbmamamut 00CIiOHCeHHA NPoYecy HACUYeHHs nepexioHumu memanamu boposarnoi cmani. bopuou
nepexioHux Memainis ymeopiomsCs NPU HACULEHHI UMY JiC elleMenmamu, wo i kapoiou. Ha niocmasi ybo2o moxcna
npunycmumu, wo 63aeMo0isi eieMenmie nompitHoi cucmemu «nepexionuu meman-Fe-Cy ioenmuyuna 63aemo0ii ix 6
cucmemi «nepexionuu meman-Fe-6op»y.

Knrouosi cnosa: memanizayis, nepexionuil memain, pazosuti ckiao, Mikpomeepoicmy, CMIiuKicmb

L{iHHUMU BIIACTUBOCTSIMH (BHCOKOIO 3HOCO- 1 KOPO31IHOIO CTIMKICTIO, TEIIO- 1 )KapOCTIHKICTIO)
BOJIOZIIOTH KapOiam mepeximaux mertaniB [1,2]. KapOigauii map, onepyBaHuil npu audy3iiHINA
MeTamizamii NepexifHUMH MeTaJlaMH, KpIM XpOMy, BHUBYEHHI HENOCTaTHHO. THTaHYBaHHS 1
BaHA/IIIOBaHHS MiJABHUIIYIOTh 3HOCOCTIMKICTB CTalsli OUIBIIOI Miporo, HiX XpomyBaHHs. KapOimHi
LIapy Ha TIOBEPXHI MeTaliB OyJIM OTpUMaHi 0CaPKEHHAM Kap0iaiB 3 razosoi ¢asu [3].

Y poGoTi gocimpkeHo nporec audy3iiHoi Metarizamii ByriemneBoi ctaimi 45 1 waByny CY 21-
40 HM3KOIO TMEpexXiTHUX MEeTalliB: THTaHOM 1 BaHadieM. HacuyeHHs KapOi0yTBOPIOIOYHUMHU
€JIEMEHTaMU CTaJi 1 YaByHY 3IIMCHIOBaJM B TEPMETHYHHMX BAaKyyMOBaHHX KOHTEHHepax Npu
temnepatypi 950 ° C-1250 ° C , TpuBanictio 2-4 rogunu. J{ns HaHeceHHs KapOiAHUX MOKPHUTTIB
3aCcTOCOBYBaJM mopomku meramiB Ti ta V, kapOroopuzatop i CCls. BuBU€HO MIKpOCTPYKTYpH,
PO3MOALT MIKPOTBEPOCTI 1 JIETYIOUHMX €JIEMEHTIB MO TVIMOWHI, KIHETHKA Tporiecy 1 ¢pa3oBHid CKI1a
mudy3iiHOTO Hmapy.

JlociKkeHHs ToKa3au, 1o mporec audy3iitHol MeTai3alli Ha CTaJIsIX 1 YaByHaX Moa10HMH, 1
pe3ysapTaTh HOro SIKICHO 1IE€HTHYHI. PEHTreHOCTpYKTypHUM aHaji30M BCTaHOBJIEHO, IO IpH
MPUAHATAX YMOBaxX HAHECCHHS Ha CIUIaBaX YTBOPIOIOTHCA MOKPHUTTS 3 KapOimy tutany (TiC) i
kapOiny Banaaio (VC). Lli mokputTst MetanorpagiuyHo MOKHA BUSIBUTH Y BUTJISI CBITJIOI CMYTH,
napanenbHoi ppoHTy mudy3ii, sika Mae piBHY MEXy po3airy 3 metanom (Puc.1).

1050° C; 7-10%cek 1050° C; 10%*cek

Puc. 1. MikpocTpykTypH cTadi 45 3 mokpurtamu 3 kap6ixy Banaziro (x 300; 1 - moxkpurTs,
2 - mepexifgHa 30Ha, 3 - cTajb).
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[lim xapOiAHUM TOKPUTTAM 3HAXOAUTHCA TOHKA TMeEpexigHa 30Ha, sKa Ma€ BHIJISL
CHJIBHOTPABJICHOTO MPOIIAPKY 1 po3TamioBaHa napaneiabHo ¢ppoHTy audysii. [lepexinna 3oHa mae
MIKPOTBEPIICTh MEHIIIE MIKPOTBEPAOCTI KapOiJHOTO MOKPHUTTS, ajie BUIIE TBEPJOCTI HEJIETOBAHOTO
tdepury 1 nepmity. Cix 3a3HaYUTH, IO HA YaBYHI MIHOWHA KapOiJHOTO IMapy 3HAYHO OiIbIle, HiX
Ha CTaJi, 1 10 Ba)KJIMBO, B YaBYHAaX IEPEXi/IHAa 30HA € HE 3aBXK/IH.

3MiHa TeMIepaTypu i TPUBAJIOCTI MPOIIECY BIUIMBAE HA CTPYKTYPY 1 TOBIIMHY LIApy, MPOTE HE
BIUTMBAE Ha (a3oBuil ckiai. J{ocmiKeHHs KIHETUKY MTPOIIECIB IPH PI3HUX TEMITepaTypax MoKasao,
110 Ha CTaji 1 YaByHI 3aJICXKHICTh TIMOMHH JUQY31HHOrO 1Iapy BiJ TeMIEpaTypH Mpolecy HOCHTh
E€KCTIOHCHTHHH XapaKTep, BiJl TPUBAIOCTI MPOIIECY - MapaOOiuHUM.

3 anami3y aiarpamu crany [4] BumuBae, mo ¢asu TiC 1 VC, BusiBieHI B MOKPUTTSX, HE
BIZPI3HAIOTHCSA Bijg (a3, sKi MPUCYTHI B HUX NpH Temreparypi HaneceHHs. Tomy ¢asu TiC i1 VC €
PIBHOBO)XHHUM, 1 TPHU OXOJO/DKEHHI CTali 1 4YaBYHYy 1O KIMHAaTHOI TeMIeEpaTypud HE 3a3HAIOTh
nepeTBOopeHb. J{Isl HaCUYEHHS TUTAHOM 1 BaHA/i€EM MOXKHA PEKOMEHIYBaTH TUQy3iiiHe HACHYCHHS
npu temmneparypi 1000 ° C-1050 ° C i TpuBanocti 2-4 roauHu, 1o 3ade3nedye OTpUMaHH SIKICHUX
HI1apiB HAHOUTBIIOT TIMOMHY, MIITHO 34YETIJICHUX 3 OCHOBOIO Ha CTaJll 1 YaBYHI.

B po6oTi 6y710 BUBYEHO MIKPOKPUXKICTh KapOiTHUX MOKPUTTIB, SIKY BU3HAYAJIH 32 METOUKOIO
[5], mro momsirae B KiTBKICHOMY BUBYECHHI 30HH KPUXKOTO PyHHYBaHHS IOBEPXHi CIUIaBiB (Tadi.1).

BumiproBaHHs TepMOEMICIHHMX BIACTUBOCTEH (POOOTH BHUXOMY EJIEKTPOHIB 3 KapOiaHHX
II1apiB) MPOBOIMIIM 32 TOTIOMOTOI0 CKJISTHUX JIAMTI 3 TUTOCKOIO T€OMETPIEI0 eNIEKTPO/IIB Ha yCTAaHOBIII
0e3nepepBHOTrO BiKauyBaHHs B BakyyMi (Tadu.1).

Tabmuns 1.
MexaHniuHi i TepMoeMiciliHi BJJacTHBOCTi IOKPUTTIB Ha CILIaBaX
IToxasHuk .
OnTumainbsHe . Mixkpo-
Tun Mapka MIKPO- . Po6Gota
HABaHTa)XKCHHS, . TBEPAICTb,
HOKPUTTS CIUIaBY KpPUXKOCTI, BHUXO1yY, 9B
KT <107 Mlla
TiC Crans 45 0,060 0,58 29000 4,33
CY 21-40 0,060 0,60 28500 4,30
VC Crans 45 0,060 0,23 26500 4,30
CU21-40 0,060 0,25 26000 4,27

3a pe3yJbTaTamMu NPOBeJEHUX J0CTiIKeHb MOKHA 3pOOUTH TaKi BUCHOBKM.

PesynbraTéi 1IbOTO AOCHIIKEHHSI Y3TO/DKYIOTBCS 3 pe3yJbTaTaMH JTOCTIDKEHHS MpOIecy
HACHMYCHHS TMEpexilHMMU MeTajamMu OopoBaHoi ctami [6]. bopuam mnepexiiHUX MeTaliB
YTBOPIOIOTBCS TPH HACHYCHHI TUMH K eJeMEeHTaMH, mo i kapOiam. Ha migcraBi mporo MoxHa
NPUIYCTUTH, 10 B3a€MOJIisl €JIEMEHTIB MOTPIHHOI cucTeMu «repexigHuii Metan-Fe-C» iaeHTu4Ha
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®A30OBBIE IPEBPALIIEHUSA B CIIVIABE Ti-6A1-4V I1PU JIASBEPHOM
®OPMOOBPA3OBAHUU TOHKOCTEHHBIX JIETAJIEA

Tonosko JI.®., JIyraii A.M., Karask A. Jl., Fonuapyk A.A.
KIIN um. Uropsa Cukopckoro, Kue, Ykpanna

Annomauusn: Tuman u e2o cniagvl 061a0aAOM 3HAUUMENLHO DOLULET CHOCOOHOCMBIO K XOJ0OHOU deghopmayui,
yem opyeue Memanivl ¢ 2eKCA2OHANLHOU KPUCIALIUYECKOU CIMPYKMYpPOU, Hanpumep maznull, kaomutl. He cmomps na
9mo nposederue Xon00HOU dedhopmayuu GOTLUUHCIMEA MUMAHOBGLIX CNIAB08 NPU MAKUX MEXHOIOSUYECKUX NPOYeccax,
Kak xono0Has nucmogas wimamnogka (XJILL), ceszano co muocumu mpyonocmsamu. Ipu JI® no ykazauuwim pexcumam
8 3a20MmosKe popmMupyomes 061acmu Chiaéa ¢ HeOONYCMUMbBIM CHUJICEHUeM NPOYHOCMHBIX Xapakmepucmuk. [lns
npedomepawjenuss 06pPA306aHUs MAKUX 30H HEOOX0O0UMO UCHONb306aMb NA3EPHOE UTYYeHUe C MAKCUMYMOM
UHMEHCUBHOCIU HA nepupepuu 1y4a.

Kurouessle cnosa: muman, pasosuvie npespawgenust, nazeproe Gpopmoobpazosanue, MOHKOCMEHRHAs 0emalb

CpenHe- W BBICOKOJETHPOBAHHBIE JIBYyX(a3Hble o+[f-CIUiaBpl NMPAKTHYECKH HE TOINAIOTCS
XOJOAHON JegopMaluu  K3-32  BBICOKOTO  CONPOTHBIEHHUS JeQOpMaluu, HHTEHCUBHOTO
ne(GOpMaMOHHOTO  YIIPOYHEHUS, CKJIOHHOCTHM K pacTpeCKMBaHMIO U paspbiBaM. J[laxe
MaJIOJIETMPOBAaHHbIE CIUIABbl HMMEIOT  IUIACTMYHOCTh INPH XOJOJHOW IITaMIOBKE B 2-3 pasa
MEHBIIYI0, Y€M HEpP)KaBEIOIME ayCTEHUTHbIE cTajdu. [l TUTAHOBBIX CIJIABOB XapaKTEPHO
MOBBIIIIEHHOE 3HAYEHHE OTHOIIEHUS Ipeesia TeKy4eCTH K MOJYJIIO0 YHOPYTOCTH M, KaK CIEJICTBHE
3TOrO, OOMNBINAsi ympyras oTnava (TpyXuHeHHe) neOopMHpPYyEeMOro MeTailla, YTO 3HAYUTEIHHO
CHIJKaeT TOYHOCTh BocnpousBeneHus Gopmsl neraneit npu XJIII [1]. PazBuBaemas B nmocieanue
TOZIbI TEXHOJIOTHS Ja3zepHoro popmoodpazoBanus (JID) TOHKOCTEHHBIX U3AETHH UCKItoYaeT 3 dexr
OTJIa4M JJIsl KOHCTPYKIIMH U3 MOOBIX MaTepuanios [2].

Mexanm3m rpaguenta temmeparyp (MI'T), onun u3 ocHoBHBIX B JI®, Hanbonee a3 pexTureH
IpU pealn3alny B 3ar0TOBKE BBICOKOTO I'PaJIME€HTa TeMIepaTyp [0 HOpMaJIU K €€ MOBEPXHOCTH IpU
BO3JCHCTBUM  J1a3epHOro Jyda Bennuuna rpaJleHTa TeMIepaTypbl  OINpeaesseTcs
TEMIIEpaTypPONPOBOJHOCTIO CIUIaBA. 3HAYEHUs TEIUIONPOBOJHOCTH, TEIIOEMKOCTH, IUIOTHOCTU
TUTaHa U €ro CIUIAaBOB TAaKOBBI, YTO UX TEMIIEPATYpPOIPOBOJHOCTh MPUMEPHO B 15 pa3 HUXKe, yem y
IIOMUHUEBBIX CIUIABOB, U B 3,5 pa3a MeHbllIe, ueM y craneil. CnenoBatenbHo, JID KOHCTpYKIMiA U3
CIUIAaBOB TUTaHA MOXeET OBITh (P (EKTUBHON M TPOU3BOIUTEILHON TEXHOIOTHEH, a B MaJIOCEPUHHOM
MIPOM3BOJICTBE 3HAYUTEIHHO O0JIee S3KOHOMUYHOI 1o cpaBHeHuto ¢ XJIILI, ans peanuzanuu KOTopon
HEOOXOJUMO M3rOTOBJIEHHE JOPOTOCTOSLIMX IITAMIOB. OKCIEPUMEHTAJIbHBIE MCCIEA0BAaHUS
3aBUCHUMOCTEH yria crubanus (@) 3aroToBok u3 cruiaBa Ti-6Al-4V  oT mapameTpoB lazepHOi
00paboTKH, TUIOTHOCTH MomHOCTH m3nmydeHus (P) m ckopoctu oOpabotku (V), moarBepauiu
00JIbIIIY10, B CPABHEHUHC ayCTEHUTHON CTAJIbIO M CIUIaBaMu altoMuHus, ¢ pextuBHocTh MI'T | Kak
IIpY UCHOJB30BAaHUU W3JIy4YeHHUs C AJIMHON BosHbl A=10,6 MM, Tak u npu A= 1,06 mxm [2,3]. B
pabotax [2- 4 | npencTaBieHbl pe3yNbTaThl M3TOTOBICHMS AETanel pazauuHbIX (OpM M3 CIUIaBOB
tutaHa. [Ipuuem B psane padot [3,4] muamerp na3epHOro Jiyda Ha 3arotoBke (d) m3meHsics B
npenenax 6 — 9 MM MpH NPaKTHYECKH TAKHX K€ PACCTOSIHUAX MEXIY COCEAHUMHU JAOPOXKKAMH U
tommuHax 3arotoBok (h) paBHeix 0,5 — 3mm. CremgoBarenbHO, 3HAYHUTEIBHBIA 00BEM
c(OPMHUPOBAHHOTO M3/ENHS MPOXOAUSI MHOTOKPATHYIO IUKIMYECKYI0O TEPMUUYECKYI0 00paboTKy ¢
XapaKTepHBIMU Ui Jla3epHOW 0O0paOOTKM BBICOKMMH CKOPOCTSIMH HarpeBa M OXJIQXKIICHHS.
N3BecTHO, 4TO yKa3aHHBIN CIJIaB OTHOCUTCS K AByX(a3HbIM (0+f) crtaBaM MapTEHCUTHOTO Kilacca
¥ Tocsie OOBIYHOM MeyHoi 3akanku oT Temmeparypsl t=950°C coctout mu6o u3 o' aubo o ¢as,
pUyeM nocieanss (aza UMeeT HU3KYI0 TBEPAOCTb U CHMIKACT, KaK IpeJiesl TeKy4ecTu (Or), Tak U
npenena npoyHocTH ciuiaBa (os). IlomuepkHem, 4TO meuyHas 3akajika OT BbIIIE MPUBEACHHBIX
TemIeparyp u3MeHseT Gpa3oBblii cocTas ciutasa [1]. DTo o3HauaeT, 4To, XapakTepHas JJis Ja3epHOn
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00paboTKe HEOMHOPOIHOCTH TEMIIEpaTyp Mo ocsM Z U Y MOXKET MPUBOJIUTH K (POPMUPOBAHUIO B
3TB 30H ¢ pa3nu4HbIM ()a30BBIM COCTABOM.

N3BecTtHO , uTO (ha3oBBIA COCTaB TepMHUUYECKH OoOpaboTtaHHOro criaBa Ti-6AL-4V wu ero
MHUKPOCTPYKTYpa ONpPEAEIAET €ro NPOYHOCTHbIE XapaKTepUCTUKU. Clle0BaTeIbHO, KOHCTPYKIIUS,
nosrydeHHass MerogoMm JI®D wu3 ymmcroBux 3arotoBok cruiaBa Ti-6AL-4V  coctouT m3 00bEeMOB
MaTepuaja CO CBOMCTBAMH HMCXOJHOW 3arOTOBKM M OOJBIIMX YYAaCTKOB C CYLIECTBEHHO WHOMU
CTPYKTYpOil U MEXaHUYECKHMMHU CBOMCBaMU. Mexay TeM H3BECTHO, YTO BeIylIue
camonetoctpoutenbhbie pennpusitus (EADS, AIRBUS), mmpoko ucnonp3yrommue criaB Ti-6AL-
4V 111 U3roTOBJIEHMS Pa3IMYHBIX JETaJeH, JOMYCKalOT OTKIOHEHHS B CBOMCTBAX Mareprasa B 30He
00paboOTKK OTHOCUTENBHO CBOMCTB 6a3oBoro He Oomnee yem ma 10%. Vcknrounts pazynpoyHeHne
cmuiaBa B 3TB MoxxHO BeIOOpoM napameTpoB JID, mpu KOTOPEIX CTPYKTYpPHO — (pa30BOE COCTOSHUE
3TB 3aroToBKM OCTaeTCsi HEU3MEHHBIM MO0 (opMUpYyeTCs CTPyKTypa C Ooliee BBICOKUMU
3HAYEHUSIMU [POYHOCTHBIX xapakTepucTuk. IlomuepkHem, uro B paborax no JID uznenuii us
TUTAHOBBIX CILJIABOB HCCJIEAOBAHUS CTPYKTYpPbl M MEXaHUYECKUX CBOWMCTB CIUIaBa B 30HE
TEPMHUYECKOT'0 BIUSHUSA NIOCIIE PA3IUYHOTO KOJMYECTBA IPOXOI0B MIPAKTUUECKH HE MPOBOIMINCH. B
paboTsl [5] mpemioxkena cienyromas Moau(UIMPOBaHHAs 3aBUCUMOCTh BosiepTcena ans yria
crubaHusl.

(@ = b/h(aAT - 2 6+/E) (1)
rae b — mmMpuHA Ja3epHOM JOPOXKKH, h — ToNIMHA 3aroTOBKH, 0 — KOI(PGUIMEHT TEIIOBOTO
pacuupenus, AT - pasHuma Mexay MakCUMaldbHBIMM TEMIEpPAaTypaMU BEPXHEH W HUXKHEH

MOBEPXHOCTSIMU 3aroToBku E — moayne FOHra crinasa.
N3 cootHomenus (1) caemyer, 4To A Ka)XA0ro MOCIEAYIOLIETO MPOXO0Ja JIA3EpHOro Jyya

3HaueHue () 3aBUCHT, B YACTHOCTH M OT BEJIMYMHBI NPEJesia TEKy4eCTH MaTepuaa, Iojy4eHHOro B
pe3ynbTare npeaplIymux npoxoaos. CrenosarenbHo, npouecc JI® HenmocpeACTBEHHO 3aBUCHUT OT
CTPYKTYpPHO — (pa30BUX NpeBpalleHuii, nporekatomuii B 3TB crnaga.

Llens paboTBl — METOJAMMU PEHTTEHOCTPYKTYPHOTO W MHUKPOJIOPOMETPHYECKOrO aHalu3a
OTIpeNIeTUTh Juamna3oH mnapameTpoB JI® koHCcTpykmmii u3 cruraBa Ti-6AL-4V,  koTopsie
He3HauuTeNbHO ( B mpenenax 10%) u3MeHs 10T MeXxaHUYeCKUe CBOMCTBA MUCXOJHOMN 3arOTOBKHU.

O6pasie cinasa Ti-6Al-4V pasmepamu 80X 80X 2mm>  o6pabaTeiBanuch usnydenneM YAG:
Nd nma3epa mo cxeme, MpeACTaBICHHOW puC. | Ha ABYX peXMMax, IPU KOTOPBIX B OJHOM CIIydae
MOIIIHOCTb u3imyuyeHus coctasisiia P1 =800 B, ckopocts 06pabotku Vi= 60mm/c, B pyrom - P2=400BT,
Vo= 30MMm/C, TpE TIOCTOSHHOM 3HAueHWH IuameTpa 30HBI (okycupoBaHus mydka d = Smm.
PentreHocTpykTypHblii ananu3 mnpoBomwics Ha audpakromerpe Rigaku Ultima IV B Cuka

u3nydeHud. MUKpoTBepAocTh u3mepsiiack Ha npubope [IMT — 3 npu narpyskax 20 - 100r.

W3 mudpakrorpaMMel, CIeayeT, YTO UCXOHBIN CIUTaB COCTOMT U3 O — (pas3bl C TeKCaroHAIbHOU
IUIOTHOYTNIAKOBaHHOM permieTkoil u B — $a3bl ¢ 00bEeMHOLIEHTPUPOBAHHON KyOMUYECKON PEIeTKOM.
Pacuer maccoBoit momm o — ¢assl ( Ma ), mpoBeaeHHBIN 10 cooTHOMEHHIO (2) [4] maet 3HaueHneMa
=0,28.

Ip/la = 1,67(1 — Ma)/Ma (2)
rae - Ip u lo — uHTErpanbHble UHTEHCUBHOCTU MHTEpEpeHIIMOHHbIX MakcuMyMoB (110) u (110)
COOTBETCTBEHHO.

[Tpu meunom Harpese A0 Temmeparypsl T>1280K crunas coctout u3 B — assl, Mpu OXIaKICHUH
KOTOPO#i CO CKOpOCTHIO Bhilie Kputuueckoil (Vkp = 450°C/c) B unTepsane temnepatyp Ms - Ts
MOTYT 00pa30BBIBATHCS IBE METACTAOMIIbHBIC MAPTEHCUTHBIC (Da3bl o U O .

[epBas mpencrapinsieT coboil mepeckIeHHbIi TBepablil pacTBop 3amenienus Al, V u Fe B a Ti
U UMeeT Ty K€ I'eKCaroHaJbHYIO IUIOTHOYNAKOBAaHHYIO PEIIETKY, YTOo U o — ¢a3a ¢ OJIM3KUMHU
napaMeTrpamMu KpUCTAILIMUYECKON PEIIEeTKH U MOTOMY PEHTTEHOrpa(UuecKd TPYAHO pa3IMuUMBI.
MapreHcutHas o (a3a  UMeeT MaKCHUMalbHYK) MHUKPOTBEPAOCTh CpeIu CTaOWIIBHBIX U
MeTacTaObuiapHBIX Ga3 B (o0 + ) — clulaBax W OTJIMYASTCS JIMIIh YBEIUYCHHBIM Pa3MBITHEM
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UHTEPPEPEHIIMOHHBIX MAKCHMYMOB, YTO YUUTHIBAETCS B MOCIeAyomeM (ha3oBoM aHanuse. [ToaTomy
MPUBOIMMBIEC HHXKE TAaHHbBIE KOJTMYECTBEHHOTO ()a30BOr0 aHAIN3a Jaf0T HH(POPMAITUIO O CYMMapHOM
KonmuyectBe o + o — (a3. MaprencutHas (aza o' MUMEET OPTOPOMOMYECKYIO PEIICTKY H €€
audpakTorpaMMa OTIMYaeTcss oT AudpakTorpamMmsbl o — (a3l paclieryieHHeM HEKOTOPBIX JIMHUM,
YTO MO3BOJSIET €€ HMACHTH(UIMpPOBaTh. IIoM4epKHEM, YTO TEPEXOa OT o - K  O/'CTPYKType
COMPOBOX/IACTCS YMCHBIIICHUEM Or, Os, U TBEPAOCTH CILIABA.

800 Brx . 400 BT
——=. Y2IMmmMm - - Y=Inm
1700 —— yv=1lmm —e— y=1mm
| — ¥ —— =0um
i . Baaza,
]1[][]'- M
2 [ Ts =
. E': :' = = = e
<800
£
E‘ :
2 sS00¢
F [ &
200
U Up: ¥ ¥ ¥ ' - [t s ¥

BpeMs, C
Puc.1. PaccuntanHbie TepMUYeCKHe HUKJILI HA NOBepXHOCTH oOpa3ua npu X =20mMm
(Ts — TemnepaTypa Ha4aJia pacTBopeHnus o — ¢a3pl, Ms - Temneparypa Ha4ajaa MAapTEHCUTHOI O
NpeBpalleHns)

U3 puc. 1 caemyet, uto Ha moBepxHOCTU oOpasia oba pexxuma oOpaboTKH 00OecreYnBaroT
YCJIOBHS, HEOOXOAMMBIE JIJIs1 (HOPMUPOBAHUS MapTEHCUTHOM o' (pa3bl (HarpeB B 001acTh B — ¢a3bl u
OXJIAKJEHHE CO CKOPOCTBIO BBIIIE KPUTHYECKOW) Ha moiioce mupuHoi di= 4mMm. PesynbraTsl
(azoBOro aHanM3a U MU3MEPEHHUS MHUKPOTBEPAOCTH MOATBEPHKIAIOT pacdeT — B yKa3aHHOM 30HE
oOpa3zyercs o — (paza ¢ BRICOKOI MUKpPOTBEpAOCThIO (pric.4). Ha monoce moBepXHOCTH, OTCTOSIIEH
OT OCH JIa3epHOTO JIy4a Ha BeMHYMHY 3...7MM dopmupyercs ae ¢asbl o + [, 4TO TPUBOAMT K
CHIDKEHHIO MUKPOTBEPIOCTH HMXKE JOIyCTUMOro ypoBHs (puc.2). IIpu mnocnenyrommx nmpoxonax
ykazaHHas MHoro(daszHas cTpyktypa 3TB moBTopHO HarpeBaeTcs 10 TeMIlepaTyphl Boiie Tp.

5000 -

4500 5000

1
r 09
4000 08 3 =
g c oA = 4800
23500 Lo7 & £
t - -] 4600
§ 3000 06 g  =d—HulMna =
2500 05 8 a ;
g \ < —¥=Hp,2 Mna B 4400 ——=Hp1
2000 \/ + 04 i 2 —t—Hp12
%1500 ! y o3 g ~—EMa = 4200 :
Z 1000 Lo2 8 =M 2
4000
500 -+ + 0,1
o4 ! : 5 0 3300 ; : : : : T :
0 2 4 6 8 1 5 10 15 20 5 30
PaccTosiHMe OT OCH Ny4a,Mm HonwecTso npoxogos
Puc.2. 3aBucuMocTh KoJm4ecTBa o' —assl u Puc.3. 3aBucuMoCTh MUKPOTBEPAOCTH J1a3ePHOI
MHKPOTBEPAOCTH IOBEPXHOCTHOI'0 PACCTOSHHUS OT Aopo:xku (Y=0) oT KOIH4eCcTBA MPOX0/I0B

OCH CJIOA 3arOTOBKH OT JIyda

[Ipu mneunom Harpese MapTeHCHUTHas (a3a WCHIBITBIBACT O0OpaTHOE MAapPTCHCHUTHOE
npespamenne o — P ¢ rucrepesucom 50...100°C mo cpaBHEHHIO ¢ HPAMBIM NPEBPALICHHEM.
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Pe3ynbTathl, npeacTaBieHHbIE Ha pUC.3, MO3BOJIAIOT YTBEPKIATh, YTO TOT XK€ MPOIECC MPOXOAUT
MIPU MOBTOPHBIX Mpoxoaax npu JID. PocT MUKPOTBEPIOCTH € YBEJIMUEHHUEM KOJIMYECTBA MPOXOI0B
00BsCHSETCS cTapeHueM o —(da3bl, KOTOpOE HWHUIMUPOBAHO (ha30BBIMU MPEBPANICHUSIMHA H
tactTuaeckoi nedopmanueii npoxoaumoii B 3TB mpu JID,

BoiBoapbl. [Ipu JI® mo yka3zaHHBIM peKMMaM B 3aroTOBKE (OPMHPYIOTCS 00JacTH CIUIaBa C
HEIOMYCTUMBIM CHIKEHHEM IMPOYHOCTHBIX XapakTepucTuk. [l mpemoTBpaiieHus oOpa3oBaHuUs
TaKUX 30H HEOOXOIMMO HCIIOJIb30BaTh JIa3€pHOE H3JyuYeHHE C MAaKCUMyMOM HMHTEHCHUBHOCTH Ha
nepudepuu Jryya.
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BU3HAYEHHS ITAPAMETPIB JIASEPHOT'O ®OPMOYTBOPEHHSA
BUPOBIB 3i SMIHHEHHOI'O AYPAJIFOMIHY

T'onoBko JI.®., Jyraii A.M., Karask O.[1., 'onuapyk O.0.
KIII im. Iropst Cikopcbkoro, M. Kuis, Ykpaina

Anomayia: Hasedeno pesyromamu eKCNepUMEHMANbHUX — OOCHIOJNHCeHb  NAUBY  WBUOKOCHI  1a3epHOl
bacamokpamuoi 06pobku cnnagy AA2024 — T4 Ha tioco cmpykmypy ma mikpomeepdicms. Mema pobomu - gusHauumu
oianazon wieuoKocmel 1azeproi 0OpooKuy, 6 AKOMY MiKpOmMEepOiCMb 30HU MEPMIUHO20 BNAUBY 3ATUMUAEMBCA Y MENCAX
+10% sionocro euxionozo 3nauenns. Jlasepna 06pobka npogoounacs Ha mexuonoziunomy komniaexci «kROFIN DY 044»
na ocnogi Nd: YAG naszepa 3 0ioOnum naxavysannam Becmanoeneno, wjo genuyunu KpumuuHux sHauenb wieuoKocmell
nepemiujents nazepno2o npomens (V) sanexcams 6i0 xinokocmi npoxodie (n) ma npu n>20 eeruuuna V ne nosunto
oymu nudicuoro 3a V=I10mm/c. Ilokazano, wo 3menwenns mikpomeepoocmi npu 0opodyi npu V<IOmm/c 06ymosneno
30IIbUEHHAM CEPEOHbOT meMNepamypu 3a20MosKU, Wo NPUSOOUNO 00 POZUUHEHHS (Pa3U, WO 3MIYyHI08Ad.

Kniouogi cnosa: nazepne opmoymeopenns; wisuokicms 00poOKu; CMAPiHHA, MIKPOMEEPOicmb, 3aNUKOG]
HANpysIceHHsl;, OUCTIOKAYIL.

3icrapeHi AypajlOMiHM MalOTh BHCOKHH piBEHb MHTOMOI MIIIHOCTI 1 OMOpPY BTOMHOMY
pyiiHYBaHHIO. 3aBISKH UM SIKOCTSIM BOHU IIMPOKO BUKOPUCTOBYIOTHCS Y BUPOOHHUIITBI HAMOLIBII
BIJIMOBIJAILHUX JI€TaJeil aBialliiHOI Ta KOCMIYHOT TeXHIKHU. JJOCUTh BelMHKa X KUTBKICTh Mae popmy
TOHKOCTIHHUX JINCTOBUX KOHCTPYKIIIH, III0 BUTOTOBISIOTHCS 3 MOMEPEIHBO TEPMIYHO 3MIITHEHUX
3aroToBOK. Y aBiaOy/lyBaHHI 11€ JOBIOMIpHIi MaHeli OOMUBKY (Pro3essiKy, kpuia. bibiricts BupoOiB
TaKOT0 THUITY BUTOTOBIISIFOTHCS B YMOBAX OJUHUYHOTO Ta JIPIOHOCEPIMHOTO BUPOOHUIITBA. ToMy ix
(hOpMOYTBOPEHHSI TPAAULIIMHUMU METOJaMH 3HAYHO 3J0POXKY€ BUPOOHHUNTBO. Tak, HampuKiIal,
TPYJIOMICTKICTh BHUTOTOBJICHHSI OCHACTKM I1HCTPYMEHTAJIBHOTO INTaMIy s OOpOOKH TaHeml
po3mipom 1000 x12000mm cknamae mpubau3ao 7500 Hopmo-romuH [1]. Bukopuctanus OimbId
THYYKOTO Ta yHIBEpCaJIbHOr0 MeToAa Apo0o- yaapHoro ¢hopmoytBopeHHs (YD) 3nauHO 3MeHIye
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TPYIOBUTPATH HA BUTOTOBJICHHS MOAIOHUX netanei [2,3]. Ane YD mae psan He0MIKiB HAMOLIBIIT
CYTTE€BUMU 3 SIKUX € HEOOXIAHICTh BUKOHAHHS JIOJIATKOBOI Omeparlii 3a4uIleHHs A7 3MEHIICHHS
IOPCTKOCTI 00p00JIeHOT TOBEPXHI, 3MiHA (OPMHU AETal MPHU EKCIUTyaTallii B yMOBaX TPHBAJIOTO
HarpiBanHs 10 Temneparypu ~100°C, mo € HacmifkoM penakcalii 3aJMIIKOBUX HAMpy>KeHb,
ICHyBaHHS OOMEXEHb y BHOOpPI €()eKTUBHUX PaJlyCiB 3rUHAHHS B 3aJI€KHOCTI BiJ TOBIIWHU JIUCTA
[3]. B ocTanHi poKH IHTEHCUBHO JOCIHIKYETHCS Ta BUKOPUCTOBYETHCS Y BUPOOHUIITBI TEXHOJIOT1S
nazepHoro ¢popmoyTBopeHHs (JID) mpocTopoBUX KOHCTPYKIIiH 3 TUCTOBUX MaTepiaiis [4,5], sika mae
K psaa nepesar B nopiBHsHHI 3 Y ..

Mera po6oTH — BH3HAUUTH 00JIaCTI TapaMmeTpiB OaraToKpaTHOI Jia3epHOi 0OpOOKH CIUTaBy
AA2024 — T4, B Mexax SIKHX 3a0€3MEUyETHCS CTA0UTBHICTh HOTO BUXITHUX BIACTHBOCTEH, BHUSBUTH
MPUYMHM 3HIKEHHS MIIHICHUX XapakTepucTHK y 3TB mpu mepeBHIleHHI KPUTHYHUX MMapaMeTpiB
00poOKH, JOCHITUTH BIUIMB MapaMeTpiB OOpoOKM Ha BEIMYMHY MIiHIMaIbHOI BiACTaHI MIiX
Ja3epHUMH JIOPIKKaMHU, sIKa JIa€ BIITBOPIOBaHI pe3yabTaTh (hOPMOYTBOPECHHS.

Martepian Ta METOAMKH IOCHIIKEHb. 3pa3ku po3MmipoM 60X 60 MM ToBmmHOIO h=1,8MM
BHpizanucs 3 aucta craBy AA2024 — T4 3 BuxigHow mikpotBepaicTio Hy = 1030MIla Jlazepna
00pobka npoBoauiIachk Ha TexHonoriyHoMy Komiiekci «ROFIN DY 044» na ocuoBi Nd: Y AG nazepa
3 miogHUM HakadyBaHHsIM. JliameTtp dokanbhoi simu (d) craHoBUB 6MM. OOpoOKa TpoBOIMIIACS 3
YacOBUM NPOMDKKOM MDK mpoxogamMu y 20 CeKyHI Mpu BEIMYMHI MOTY)KHOCTI JIa3€pHOTO
BunpominioBanHs P= 600BT Ta mBuakoctsax V= 7,5mm/c, V=10mm/c, V=I15mm/c, V=30mm/c.
BumiproBanust MikporBepaocti npoBoawitn Ha npunaai [IMT- 3 npu naBantaxkenusx 10 — 100 r.
PentrenocTpyktypHi mochimpkeHHst 3paiiicHioBanucs Ha audpakromerpax JPOH — 4 y Coka
BunpominioBanHi Ta Rigaku Ultima IV y Cuka BunpomiHioBanHi. 3HOMKY MPOBOAMIIH y iHTEpBai
KyTiB 20 — 20 — 140° 3 xpoxom 0,02° 1 yvacom HakonM4YeHHs 2¢ BenmnuuHy 3aUIITKOBUX HAIMPYKCHb
(3H) BusHa4anu sin®1 - MeToa0M 3a qUdpakiiinum MakcumymoM (331) na qudpaxromerpi JIPOH
— 4 Tta (422) na gudpakromerpi Rigaku Ultima IV . [JIns oTpuMaHHS KOPEKTHHX IaHUX IPHU
PEHTTCHOCTPYKTYPHHUX JAOCIIHKEHHS MOBEPXHEBUI OMYKIIHH I1ap BUAAISABCS 10 OTPUMAHHS TUIACKO1
noBepxHi.  Po3paxoByBanacs kommnoHeHta 3H, 1m0 opieHTOBaHa BHOPOJOBXK JOPIKKH (Oy).
ExBiBanentHa nedopmarnisi (€exs) BU3Hauanacs 3 ¢izuyHoro posmmpeHHio ginii 331 (Bs31) 3a
METOJMKOIO0 BUKJIAZACHOI y poboTi [6] Temmeparypa (t) BUMiproBaiacs 3a JOTIOMOTOK XpOMEb-
QJIIOMEJIEBOI TepMOIapH, SKa 3aKpilulioBajiacsi MO IEHTPY Ja3epHOi OOPLKKH Ha MOBEPXHI
MPOTHJICKHINA onpomiHtoBaHii. HaBeneHi Hrkue 3HavueHHs t ikcyBamucs yepe3 10 cexyHpa micis
KO>KHOTO ITPOXOJY.

Pesynbratu poOoTH Ta iX 0OTOBOPEHHS.

3riiHo 3 JaHMMHU HaBEACHUMH Yy pobotax [3,7] nmpu miyHOMY HarpiBaHHi y cmaBi AA2024 —
T4 1oCiJOBHO MPOXOAATH HACTYIHI CTPYKTYypHO-(ha30Bi nepeTBopenHs: pumie t ~ 150°C npoxoauts
TIpoIIeC MOBEPHEHHs, 00YMOBJIeHHUIA po3unHeHHsM 30H [inbe-TIpectona, mpu t>350°C nounHaeThes
peKpHCTalTi3allis TBEPAOTO PO3YMHY Ta KOAryJslis iHTepMeTamigHoi ¢a3u, Npu TMEepeBHIICHHI
TeMrepaTypu cTabinbHoro combBycy (t = 510°C) cmmaB ckmamaeTbest 3 OJHOPIAHOTO TBEPIOTO
po3uunny 3amimeHas Cu, Mg, Mn y amomiHii (3MiHH Y CTPYKTypi 3MIIHIOBaJIbHOI (ha3u Ha TaHOMY
eTani He po3risinarThes). ToOTo nazepHa obpoOka mpu P ta V, gkl HarpiBaroTb MOBEPXHIO
3aroToBLi [0 TeMIepaTypH ONM3bKOi 10 TeMIepaTypH IUIaBIeHHs cIuaBy (tn=580°C) moxe
npuBoANUTH 10 popmyBaHHs y 3TB Tppox cy630H. OCKUIBKM NEepepaxoBaHi NPOLecH 31HCHIOIThCS
TQy3iHHAM IUIXOM X TOYaTOK Ta IMOBHOTA BIATOBIAHUX TIEPETBOPEHb y KOXHIM 3 CyO30H
3aNeXXHTh BiJ] 4acy rnepeOyBaHHS HAarpiToro 06’eMy CIUiaBy MpH BKa3zaHUX TemrepaTypax. KiHiesi
CTPYKTypa Ta MEXaHIuHI BIIACTHBOCTI BU3HAYAIOTHCS po3MipaMu Cy030H i OCTaTOYHO (OPMYIOTHCS
Ha eTamni OXOJIO/KEHHS TepMIYHOTO LUKIY Ja3epHoi oOpoOku. Y aBiaOyayBaHHI B YMCII 1HIIUX
KOHTPOJIOIOTECS Or, 68 Ta Hu. B poOOTI TpuBOIATBCS pe3ybTaTH BUMIPIOBAHHS OCTAHHBOTO
napaMmeTpy, a KpUTHYHMMH BBQXKAIOThCS TMapaMeTpu OOpoOKH, sKi MPUBOAATH 1O 3HAYEHb
(Hy<910MIIa nHa puc.1-3 nmo3znaueHa sk nomycrume 3HadeHHs Hy). OCKINBKH IS CIUTaBiB
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AITIOMIHII0 BUKOHYETHCS MPOTIOPIIHHICTh MK BEJIMUUHOIO TBEPAOCTI Ta 3HAYCHHSIMHU Gr Ta Ok,
BCI MOAAJIbINI BUCHOBKH, LII0 CTOCYIOTHCS 3MiH Hy CiTyIIHi 1 711 XapaKTepUCTUK CTATHYHOI MIITHOCTI.
O6pobka npu Vi=15mMm/c 1 V4=30MMm/c) Ta BUTpUMKA IPOTATOM 6 110 IPUBOJUTH A0 301IbIIEHHS
gk Hy Tak 1 €exs 3 3pocTanHHsSM n  (puc.2) 31 30UIbIICHHS BEIWYUHU Eexs BHUXOIUTH, IO Y
MMOBEPXHEBOMY ITIapi Ha CTajll HarpiBaHHsS TEPMIYHOTO IMKIY MPOXOJATHh MPOIECH IJIACTUIHOTO
neGopMyBaHHs B HACHiZOK peakcalii THMYAaCOBUX TEPMIYHHMX HaIpyXeHb. [Ipuuomy, 1o BIUIHBY
Ha CTPYKTYPY BOHU €KBIBJICHTHI ITPOKATYyBaHHIO 13 3a3HAYCHUMH Ha PHC. 2 CTYTICHIMU OOTHCHEHHS

[7].
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_E 1050 E"ll:u:u:l — oy i
g 1000 T 350 / \ h\
E. 930 E B M \(__ ;
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850 " ! = 850 - N
=
1 10 20 30 o \
Hinexicre npoxogis 800 ! ! !
E REEEE ACnYCTMMa BeAnYMHa H“ 1 10 20 30
—e—Hu(30) —m—Hul1H) £:30 €15 KinbkicTs npoxopis
b LILLL LONYCTHME BENWYMHE HU
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Puc.1. 3ane:xxnocti MikpoTBepaoCTi MOBePXHi Puc.2. 3anexxnocti MikpoTBepaocTi moBepxHi
3TB ta 3TB ta
eKkBiBaJIeHTHOI Aedopmanii Bi KinbkocTi eKkBiBasIeHTHOI Aedopmanii Big KinbkocTi
NnpoxoJiB NnpoxofiB
(V=30mm/c, V =15mm/c) (V=10mm/c; V =7,5mm/c)

Jedopmariiiine 3MilHEHHS! TPUBOAUTH 10 30imbIieHHS Hy 1 € 0/HI€I0 3 MPUYKUH 3MEHIICHHS
KyTa 3TMHaHHS, 10 (QikcyBayocs 1HIMMHU Aociiaaukamu [3,4]. Ane skmo npu Benmukux n (20;30)
30u1beHHs Hy mo BesnnuMHI Kopentoe 31 3pocTaHHAM Eexs ( =5% 3pocTanHs), To npu n=10 ns
BEJIMYMHA MalKe Ha TOPSOK BUMIA. J[71sl OSICHEHHS BKa3aHO1 0COOIMBOCTI OyJia JOCHiKeHa YacoBa
3aexHicTh Hy 7711 JaHoTro N, IKa CBIAYUTH MPO Te, IO Oinblna yacTuHa 3pocTaHHs Hy oOymoBieHa
MIPOIIECOM IPUPOIHOTO CTAPiHHA. 3 pe3yNIbTaTiB, sIKi OTPUMaHI IPH TPAIUIIIHIA TepMiuHiii 00pooi
CTapioyMXx CIUIABiB BiZlOMO, IIO HABiTh MPU 3HAYHOMY IEPEHACHYCHHI TBEPJOr0 PO3YMHY, HOTO
po3maja MPOXOAWUTH TMPH AOCTATHIM KITBKOCTI BaKaHCIM Ta JTUCIIOKAIid, OCKIIBKH BHIIJICHHS
MPOMDKHUX (Da3 MpOXoAUTh came Ha JedekTax KpuctainiyHoi 0yaoBu [6] ToOTo 3pocTaHHS Eexs ,
oOyMoOBIIeHe 30UTBIICHHSIM IIUTPHOCTI JHUCIOKAIN  IHIIIIO€ JOJATKOBHHA pPO3MaJa BUXIJIHOTO
TBEPAOTOPO3UMHY, 110 i mpuBOAUTH A0 30inbmieHHss Hy Ilinkpeciaumo, mo naHi 1Mo BeIUYUHI Eexs
JICHI JUTsl TIOBEPXHEBOTO IIapy, M0 Biam3epkamtoe 75% eHeprii MEepBHHHOTO PEHTTEHIBCHKOTO
npomeHs. B ymoBax 3itomku (Makcumywm (331) ma Co BUNIpOMiHIOBaHH1) HOTO TOBIIIMHA CKJIAJIA€
35mkM. 3MeHmeHHS V CyTTe€BO 3MiHIOE MOAiOHI 3amexHocTi (puc.3). A came - npu n=> 20
3adikcoBaHi 3HaUeHHA Hy HUOKYI JOMYyCTUMHX BEIUYUH. SIK BUXOIUTH 3 PE3yIbTaTiB BUMIPIOBAHHS
temrneparypu (puc.3) ii 3SHaYSHHS IEPEBUIILYE K TEMIIEPATYpy 30HH IIOBEPHEHHS, TaK 1 TEMIIEPaTypy
pekpucTanizanii. OCTaHHE MOSICHIOE CYTTEBE 3MEHIICHHS Eexs MPU BKA3aHUX 3HAYEHHSX h (puc.3),
0 O3Havae 3HATTSA npupocty Hp oOymoneHy nakimenom. [ligkpecianmo, mo 3Ha4HO Oinblie
3MeHIeHHs Hu 0OyMOBJIEHO 1HIIOI MPUYHMHOK. A came, BiTHOBJICHHS BUXIIHUX BIIACTUBOCTEH
IS HarpiBaHHS 10 TEMIIEPATyPH 30HH MOBEPHEHHS MOYKITUBE TIPH YMOBI OTPUMAaHHS IEPECUYEHOTO
TBEPAOTO PO3YHHY y PE3YJIbTaTi OXOJIOKECHHS.

ToOTO MBHIKICTH OXOJIO/PKEHHS TOBUHHA TIEPEBUIYBATH KPUTHYHY IIBUAKICTH TapTyBaHHS
cmaBy  AA2024-T4  (50...60°C/c) BumipsHa HIBHAKICT OXOJIOKEHHS 3pa3ka CTaHOBHIA
10...15°C/c. B mapi po3ramoBaHoMy Ha BificTaHi 1MM BiJ HOBepxHi, o 06pobIIOBanacs npu V=
30mm/c  Hy He 3anexuts Big n. (puc.3). Ilpm V=I15mm/c Hp nemo 3HMKYeTbCS NMPH BETMKHX
3HAYCHHSX N, aJI€ 3IMIIAETHCS Y MEXKaxX JOMYCTHMOI BeTMYUHU. BiCcyTHICTh e()eKTiB OB’ I3aHUX 3
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MJIACTUYHUM JehOpPMYBaHHSIM Y PE3yJbTaTi pejlakcarii TUMYACOBUX TEPMIYHHMX HaIpyXeHb
CBIAYUTH MPO Te€, MO iX PIBEHb HE MEPEBHILY€E T'PAHMIIO TEKYyYOCTI CIUIABY y BKa3aHOMY IIapi.
O6pobxka 3 V=7,5mm/c, V = 10mMM/c npuBOAUTH A0 3HauHOro 3HMkeHHs Hy mpu n=> 20 (puc.3).
[losicHeHHsT aHAJNOTiYHE TOMY, IIO JABAJIOCS paHillle — MIBUAKICTh OXOJOPKEHHS 3pa3zka Micis
KIHIIEBOT 00pOOKHM HeAoCTaTHS JIs (hiKcallli mepeHacCHYEeHOTO TBEPAOTO POIUHHY.
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Puc.3. 3anexnicts MikpoTBepaocTi Ha BigcTaHi 1Mm Bin
nosepxHi 3TB Ta cepeanboi TeMnepaTypH 3paska Bij KinbkocTi
NpoxofiB

BucHoBKH.

1. BaratopasoBa na3epHa o0OpoOKa MJ03BOJIS€ yCHIIIHO (opMyBaTH BHpPOOM 13 CIIJIaBiB
QJIIOMIHIIO, OJJHAK MOX€ MPHUBOAMTU A0 JBOX HEraTUBHMX 3MIH Yy BJIACTUBOCTSX CILIABY:
3MmeHmieHHs: Hy ta ¢opmyBanHI0 3Ha4HOTO piBHSA 3H y 3aroToBii.

2. Ilepummit Henomdik nposiBiseTbesa npu V<I0mm/c, Ta n=20, npyruii BuHuKae npu V>15mm/c.

3. 3uwkeHHs Hy mnpu mnepeBHIEeHHI BKa3aHOTO MapaMeTpy OOYMOBICHO 301UIbIICHHSIM
CepEeIHBOI TEMITEpATypH 3arOTOBKHM Ta HU3HKOIO IMIBUIKICTIO 11 OXOJIOKEHHS Miciist 00poOKH,
110 TIPUBOJIUIIO JI0 PO3YMHEHHS 3MIITHIOBAIBHOI (pa3H.

4. BrumB BKa3aHUX HETaTUBHUX 3MiH Ha mporiec JIO MokHa 3HAYHO 3MEHIITUTH OXOJIOKCHHIIM
3aroTOBKH y TPOIleci 00poOKH.
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YK 621.941

EBOJIIOIIMHUM CUHTE3 BATATOIIJILOBUX I
BATATOIINUHJIEJIBHUX BEPCTATIB B YMOBAX «IHJYCTPIS 4.0»

Ky3nenos FO.M.
KIII im. Irops Cikopcrkoro, M. Kuis, Ykpaina

PaHo uM mi3HO KOXHY JIOAMHY IMOYMHAIOTH LIKABUTH MpoOjIeMH MaiOyTHBOro: cebe, sk
0COOMCTOCTI, CBOET pOJIMHU, CBOET KPATHH, YCHOTO JIFOICTBA 1 IIUBLTI3AIIN. A JESKUX IIKABIIATE OLTBIII
ckiaaHi peyl — (inocodis MaiOyTHHOro0 1 HaBITh KOHCTPYHBaHHSA Mai0yTHboro. Tomy B
JIOTIOBI/II B IKOCTI emisiory oOpaHi ¢inocodcrki inei 1 mependaueHHs HAIOTO CITIBBITYN3HUKA aKasl.
Bepnaacekoro B.I. mpo Te, mo 6iocdepa mepexoauts B Hoocdepy (chepy po3ymy -JIHOACHKOTO
TBOPYOTO MHCJICHHS 1 BUCOKOT Mopai) [1].

Byab-siKy BHCOKO pO3BHHEHY AepaBy MOKHA YSBUTH y BUIUIAJI KpHUCTaja NMPUPOIHLOIO
ajiMa3a —OKTaeJpa 3 IIicThMa BEPIIUHAMHU a00 IS KPAIoro CIPUHHSATTS IBOX YOTHPHOXTPAHHUX
mipaMmia 3 3araiabHOI0 OCHOBOIO KBajpaTHOi (opmu. BepxHs BepiIMHA NpPEACTaBISE€ BHCOKO
MOpaJIbHE TPOMAJITHCHKE CYCIUIBCTBO, SIKE JIEJETYE CBOi IMOBHOBKCHHS OOpaHii HUMHU BIaji
(HIDKHS BEpIIMHA) — JACpXKaBHUM Jis4aM, sKi 0e3 BHHATKY NpUTpUMYIOThCs KoHcTuTyii,
BEPXOBEHCTBA IpaBa 1 CIPaBEUIMBO PO3MOAUISIOTh OFOKET (MaTepianbHUN (PakTop) B 00MaCTIX
(4oTHpU BEPIIMHU OCHOBH MipaMmifd): OCBiTH i KYJbTYpH, HAyKH, BHPOOHHUITBA i Oi3Heca,
couiajbHii cdepi.

[[lo6 VYkpaiHa cTama Takol BHCOKO PO3BUHEHOIO [I€P:KaBOI, HEOOXiTHO OyTH TOTOBUM
MPUKAHATH BHKIUK ChOTOJCHHOI ueTBepToi mpomucioBoi peBomonii «IHAYCTPIA 4.0» [2], sika
OpIEHTOBaHAa HAa IITYYHHH iHTeJeKT i MOBHY aBTOMATH3allil0 3 3aCTOCYBaHHSIM pOOOTIB,
pPOOOTOTEXHIYHMX CHUCTEM, 3aco0iB iH(oOpMaTu3alii 1 KOMYHIKalii, MPAaKTUYHO BCHOTO, IO
CTOCYETHCA CYCNUIbCTBA, 0i3Heca, BUPOOHUIITBA i OCBITH.

Jns mBuakoi amantamii B ymoax «IHAYCTPIA 4.0» 3ampornoHoBaHuli HOBHIl HayKOBHId
miaxig, nmocryjaTom (MapagurmMor) sikoro € nepexia Big skuBoi IIpupoau 10 aHTPONMOreHHUX
00’€KTIB, 10 SKUX BIHOCATBHCS TEXHIYHI CHCTEMH — MAIMHHI, €JCKTPUYHI 1 OymiBENbHI, IO
CTBOPIOIOTHCS 3aBASKU 1HTENEKTY JItoauau 1 mTyuHoro intenekry. Cii naMm’ SsTaTd, o 0CHOBHUM
TBOpueM € Ilpupomga 31 BciMa 00’€KTHMBHMMH 3aKOHAMH 1 SBUIAMH, YaCTKOBO BIIKPUTHMH
JIronuHoIO, SIKKM € HeTlepeBepIieHUM TBOPiHHAM [Ipupou 1 TBOpIieM 3a CBOEIO MOAIOHICTIO.

['00BHOIO pHCOI0 OCTaHHIX JECATUIITH € OCMHUCIEHHS PO3BUTKY CyYaCHMX BHCOKHX
TEXHOJIOTIH IS pO3B’sI3aHHS HE TUIBKM TEXHIYHHUX, alie 1 COIllaJbHUX, CKOJOTIYHUX, TyXOBHHX,
MICUXOJIOTIYHUX 1 KYJbTYpHUX HpoOIeM, JOCHIIKEHHS MO SIKUM HOCATH MiKAMCUUILTIHAPHUA
xapakTep. PaHim BifmaHi 3HHMINYBaJIbHIA KPUTHUIl TeHEeTHKA i KidepHeTHKA MPOKIAIN IUIAX 10
Mi3HAHHSA 1 iX MDKIUCUUIUTIHAPHOTO BUKOPUCTAHHS MPHU CTBOPEHHI HOBOI TEXHIKM 1 HOBHX
TEXHOJIOT1H B PI3HMX ray3sX, B TOMY YMCJIl B MAlIMHOOYTyBaHHI, 1 30KpeMa, BepcTaToOyyBaHHI —
CEepILIeBHHI MAIIMHOOYIyBaHHS. be3 BepcTaTiB HEMOKIMBO BUTOTOBJICHHS 1HIIINX TEXHIYHUX CHCTEM,
00 BepcTaTy — 1€ MAIIMHM, IO CTBOPIOIOTH 1HIII MAITMHH.

OcHOBHAa MeTa HAIIMX JOCJTiIKeHb 30pI€HTOBAaHa Ha BEPCTATOOYIyBaHHS 1 MiATOTOBKY
IH)KEHEPHOI 1HTEJIEKTYalbHO1 €T B YKpaiHi, 00 Ha OCHOBI MDKIHUCIMIUIIHAPHOTO CHCTEMHO-
CTPYKTYPHOTO TMiJXOAy, AaHalli3y MHHYJIOr0o, Cy4acHOro 1 mnepeadadyeHHs MaiOyTHHOTO
3ampOIOHYBATH IUISXW 1HHOBAIIMHOTO TMPOPUBY 1 CIPSMOBAHOTO CHHTE3y HOBHX BEpCTaTiB 3a
KOPOTKHI TEPMiH 3 BUKOPUCTAHHSM OCTaHHIX JIOCATHEHb B Cy4yacHii Hayi [3].

BepcraroOymyBaHHs 3 mepmux poOKiB paJsiHCHKOI Bilagu oOpano cTpaTerivyHo XubHMi Kypc
nig raciaom «lornaru i mepernaTu!». Hac 3aBxau nepekoHyBajM i HIEpEKOHYIOTh, 110 Tpeda Tu y
(dapsarepi npoBimHUX GipM 1 KpaiH, TUBISIUCH IM B 331 1 0epydi 32 OCHOBY PO3pPOOKH, SKi TOOAYMITH
Ha MDKHApOJHUX BUCTaBKaxX. B kiHIi 80-X pOKiB MHMHYJOro CTOMITTA Oyiu copoOu HTH IHIIMM
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NUISIXOM, aJieé Tpamwiocs HemependadeHe 1 YkpaiHa, sika 3aiimama apyre miciie B CPCP micns
Pociiicbkoi @enepatii, BrpaTuia JiiepcTBo, a 6arato BITYN3HAHUX BEpCTaTOOY1IBHUX 3aBOJIIB 3/1aJIH
CBOi TO3UIII{ 1 MPUIIMHUIN CBOIO JiSUIbHICTh, HANPHUKJIAJ, BCECBITHbO Bimomuil KHiBChKHIT 3aBOA
BEpCTaTiB —aBTOMATIB 3 pO3IIMaTOBAaHUMU Ha okpeMi 3aBou BAT «Bepkon» 6e3 CKBBA.

CboroaHi mie € MOXKJIMBICTL TIpH JEpKAaBHOMY IMIAXOAI BiAPOAUTH BiTUM3HSIHE
BepcTaTo0yAyBaHHA Ta iHmI ramxy3i MamuHoOyayBaHHs (aBiaOynyBaHHSA, CyaHOOYIyBaHHS,
CLIBTOCTIMAIIMHOOY TyBaHHS, MpUiaago0yayBaHHs. Tomio). Jis mporo Tpeda obOpaTu CTpaTerivyHoO
BIpHMI Kypc mia racioMm «BumepeauTH, He AOTOHAW0YM!» 1 31IHCHUTH 1HHOBAIIMHUN MPOPUB Y
chepl HaykH, OCBITH 1 BUPOOHHIITBA, 00’ €HAHUX B MDKIUCIUILUIIHAPHY Taly3b 3HaHb. B mpaBoTi
pEaIbHOCT1 1HHOBAI[IITHOTO MPOPUBY B KOPOTKHI TEPMiH MOXKHA MEepeKoHaTucsa Ha JocBiai Kuras i
TaiiBans, siki He 3a 70 1 OLTBIIE POKIB, a 32 5-10 POKIB CTBOPHIIN MAJIO BiJOMY iM raixy3b — BEpCTaTHO-
THCTpYMEHTAIBHY, 110 CTaja OCHOBOIO JIJIsl aBTOMOOUIBHOI, aBialliiiHOi, paKeTO-KOCMIYHOI Ta 1HIINX
rajxysei.

MikaMcHUNIiHAPHICT CUCTEMHOTO MIAXOAY MIATBEPIKYETHCSI AHAJOTIAMHU  PIBHIB
opraHizalii CKIaJHIX CHCTEM Pi3HOTO MPU3HAYCHHS, HAIIPHUKIIA, B €ICKTPOMEXaHHMIll, MEXaHHMIII,
610710T11 1 KOCMOTOHIi{.

IpuiimoB yac roBOPUTH HE TUIBKH IPO MEXaHIKY, K HalicTapimly HayKy IpoO 3aKOHH PyXy
TiJI, ajie 1 NP0 reHeTHYHY MeXaHiKy 3 IHIIMM TOIJIAA0M B yMOBax iH(popMarliiiHoro Budyxy. Came 3
TaKHX MO3UL1H HaMU 3alIPONIOHOBAHA KOHIEN sl CTBOPEHHS BePCTaTiB HOBUX MOKOJIIHb | HOBUH
NOIJISI HA MaTepiajJibHYy TOYKY, SIK HOCisi reHeTH4YHOI iHdopManii NMpu CHHTe3l CKJIATHHUX
TeXHIYHMX CHCTeM THIY «00’€KT» i «mpouec» Ha TPUKIANl 3aTUCKHUX MeXaHi3MiB [ | i
KiIHEMaTUYHHUX CXEM pi3aHHS.

CTOCOBHO OCECHMETPUYHHX OO €KTIB, IO OOEPTAIOTHCS, MO aHAJOril 3 BIIKPHUTOIO 3aB.
kadenporo enexrpomexaniku KIII nmpod. [unkapenko B.D. Ilepiognunoro TabiauIe0 nepBUHHUX
JDKEpEeNT eJICKTPOMArHiTHOTO TOJs [4] Bhepile 3ampoNOHOBAHO OMHCYBATH HAa €IHHIMH
indopMmaniiiniii MoBi ejilekTpoMexaHiuHi i MexaHiYHi cHcTeMM, HANpPUKIAJA. €NEKTPOJIBUTYH 1
HiIMUITHAK KOYEHHS y BHIJIAAI TEHETHYHUX KOMIB 1 cTpykTypHUX (opmyn [5]. Lle 3aiiBumii pa3s
miATBepKy€e e(DEeKTUBHICTh MIKAMCUUIUTIHAPHUX CHUTBHUX JOCHIDKEHb 1 MOYaTOK 3apOKEHHS
TeHETUYHOI MEXaHIKH. Pe3ypTaToM TakuxX TOCIIIKEHb € BAKOPUCTAHHS YHIBEPCATHHUX TeHETHUYHUX
orepaTopiB CHMHTE3a (peruikailii, CXpelryBaHHs, iHBEpcii, KPOCMHIOBepa, MyTallii) B KOMIIOHOBKaxX
BEpCTaTiB,  CHOPSAMOBAaHMKA  CHHTE3  CAMOMIIOYMX  MOTOP-IINHHJENIIB,  MOTOP-TOJOBOK
0araToOIINMUHAEIBHUX 1 PEBOJIbBEPHUX 3 HAMMCAHHSIM F€HETUYHUX (HOPMYIIL..

I'oBopstum po MailOyTHE PO3BUTKY CBITOBOTO 1 BITYM3HSIHOTO BEPCTATOOYIyBaHHS HEOOXiTHO
3BEPHYTHCS 0 BIJIOMHUX 1 HOBHX METO/I1B POrHO3yBaHHs 1 mepeadaueHHs Ha 50 — 100 i GinbIe pokiB
BIIEpE]I, 10 MOJAHO Yy BUIIIAAI mipaMigu [3], sika UTiocTpye 3MiHY CITIBBIIHOIIECHHS Baru (po3Mipy)
Bepcrara i aenanmi. [ ycix BepcTariB MaitOyTHROTO Tpu HaOMMKeH1 POpPMH 3arOTOBKHU JI0 TOTOBOI
Jenaii, ToOTO MPH CYyTTEBOMY 3MEHIIIEH] MPUITYCKiB, CHJI Pi3aHHS 1 BUCOKMX IIBHJIKOCTSIX 00POOKH,
a TaKO’ 3 [IEPEX0JIOM JI0 KapKaCHUX 1 000JIOHKOBUX HECYUYHX CUCTEM (CTaHUH, KOJIOH, CTiHOK, TOILO)
BiJmaza€e HEOOXimHICTh y (yHIaMEHTaX, MOYMHAIOYM BiJ MiHI-BEpPCTATiB 1 110 yHIKaJIbHUX.
3’ABIATBCA BEpCTaTH Barol MeHIle Baru jaertani. Blactexxyroun 3axonu Ilpuponu, ne Bce xuBe
BUPOIIYETHCS 3 €JIEMEHTAPHOT'O MAJIOTO (YACTUHKH ), MOYKHA TPHUITYCTHTH, 110 TIOPUIHI BEpCTaTH 3a
aIUTUBHUMHU (I0JABAJILHUMH) TEXHOJIOTIIMM 3aMiCThb CyYOTPAaKTHBHUX (BiIHIMAJIbLHUX)
TEeXHOJIOTil crmovaTky OyIyTh BHUpPOIIYyBaTH 3arOTOBKY, a MOTIM ()OPMYBAaTH CTPYKTypy HeTai,
3a0e3Mmeuyr4n TOYHICTE OOPOOKHU 3 MIHIMaJIbHUM 3HATTSIM CTPY>KKH Ha BUCOKUX HIBUAKOCTSX.

[lpy HaykoBOMY TpOTHO3yBaHHI 1 mepeadavdeHHi MOXYTh 3 SIBUTHCS MOOUIBHI
OaraTokoOpIMHATHI 1 0araToliibOBI BEpCTaTH — POOOTH 3 EIEKTPUYHHMH KiHEMaTHYHUMU
JaHIFOTaMu 0€3 MEXaHIYHUX Mepenad (maTeHT YKpaiHu Ha BuHaxim Nel01447), ne reHeTwdHi
MOJIeJIi CTPYKTYpPOYTBOPEHHS 1 KIHEMAaTUYHI1 JIAHIIOTH MMOAaHI TeHETHYHUMU (HOPMYITIaMHU.

Jlpyrum MpUKIIa oM eBOJIOIIIHOTO CHHTE3Y € TiOpUIHI OaraTomIMUHACTbHI TOKapHi aBTOMATH
3 UIIK, sii Moryiu 6 BUTOTOBJIATHCSA Ha 3HUIEHUX KuiBcbkoMy 1 JKutoMupchkoMy BepcTaTo3aBoiax
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3 IEPEX0/I0M B JJAJIEKOMY Maii0yTHhOMY Ha TIOBHE BUKOPUCTAHHS €JIEKTPOMATHITHUX KIHEMaTHUYHUX
JIQHITIOTIB Y BUTIISAI TEHETUYHHUX MOJIENCH 3 TEHETHYHUMU POpMyTIaMu

JlocsTHYTH HaMmiveHi 1Tl A1 po3B’si3aHHS MpooOsieM B cycniiabeTBl B ymoBax «IHAYCTPIA
4.0» HeMOXIUBO 0€3 TBOPUYOro MmiaXoay B ocBiTi. TiibKu mepexij 10 KpeaTUBHOI (oopMHU nepeaayvi
3HAHb PO3LMIMPIOE KPYIrorjisii 3a pPaxyHOK METOAOJOTii TBOPYOCTI, CHUCTEMHOI BCeOIUHOT
camMoOCBiTH, mepekBamidikamii 1 migBUIIeHHS KBamidikamii BpaxoByrounm MKIUCUMIUTIHAPDHUN
XapakTep 3HaHb, B OCTAHHIM Yac YacTillle B MPUPOJHHO HAYKOBHX, COIlIAIbHUX 1 TYMaHITapHUX
HayKaX TOBOPATH MPO KOHBEPICHINI0 — HE TUIBKH B3a€EMHOTO BIUIMBY, aJie¢ B3a€MO MPOHUKHEHHS
TEXHOJIOTif, KOJM MeXI MDK HHMH 3HUKAlOTh, a pe3yJbTaTH BUHHKAIOTh CaMe B paMKax
MDKIMCHUTUTIHAPHUX JOCTIKeHb Ha CTUKY ramyseid y Buriaai NBICS — texnomnoriii, ae N - HaHo; B
— 6i0; I - iHdo0; C - KOTHO; S —corio.

CporogHi HEOOXiZTHO OCOONMBO BaXJIMBHH aKIIEHT 3pOOMTH Ha OCBITI 3 MIATOTOBKOIO
iHHoBaliliHMX iH)KeHepiB a1 MPOMUCIOBOCTI Ha PiBHI TOJIOBHHX IHXXEHEPIB 1 T'eHEpabHUX
KOHCTPYKTOpIB MO HOBiM cremiamizanii «IHHoBauiiiHuii imkiHipinr» s wmarictpiB. Takoro
MiATOTOBKOIO 3aiiMaroThes B pisHMX Kpainax (I3paitnme, Pocis, Yexis Ta inmii). s miarotoBku
(axiBIiB-MalIMHOOYIIBHUKIB Ha PIBHI CBITOBUX BUMOT B yMOBax AE(IIUTY KOIITIB JOIIHHO
CTBOPIOBATH HABYAJIBHO-IOCIITHAIIbKI KaOiHETH 1 1abopaTopii ManorabapuTHOI TEXHIKK 3 POOOUHM
MICIIeM 11 KOKHOTO CTYICHTa, KOMIT FOTEPHHM KEPYBaHHSIM 1 MEXaTPOHHHMMHU CHCTEMaMH Ha
MOJIyJTbHOMY TPUHITUTII .
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GEAR GRINDING TEMPERATURE DETERMINATION

Larshin! V.P., Lishchenko? N.V.
1 - Odessa National Polytechnic University, Odessa, Ukraine
2 - Odessa National Academy of Food Technologies, Odessa, Ukraine

Annotation The work is devoted to solving an important scientific and technical problem of determining the gear
grinding temperature in profile gear grinding on CNC machines on the basis of the development of subsystems for the
designing, monitoring and technological diagnosis of the operation, which allow adapting the elements of the
technological system. For this purpose a methodology is developed for researching the technological grinding system
using scientific methods of modeling, optimization and control. The software for these subsystems is created on the basis
of the mathematical models of the temperature field. It is substantiated the use of a solution of a one-dimensional
differential heat equation for gear grinding designing and diagnosis, including taking into account the cooling effect of
lubricoolant. On the basis of this solution, a single mathematical model of a grinding temperature cycle is developed.

Keywords: profile gear grinding, grinding system, gear grinding temperature, gear grinding modes.

Among the main requirements for the quality of gears is the lack of grinding burns and

microcracks. The quality of the gear surface layer is formed on a gear grinding operation. The most
application in modern technologies of grinding were obtained the only two methods: the profile gear
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grinding and the warm one. The first method is distinguished by higher accuracy (DIN 3-6) with the
same performance of these methods, and the second — by higher performance at the same accuracy.

Several works are devoted to the study of thermal phenomena of profiled grinding [1-3]. The
solutions presented in these papers are obtained without the formulation of the problem as well as the
initial and boundary conditions. The most complete thermal field from the moving strip source is
investigated by the author of the source J.C. Jaeger [4,5] and then prof. Yakimov A.V [6] and prof.
V.A. Sypailov [7]. However, the classification of similar one-, two- and three-dimensional tasks for
determining the gear grinding temperature, and a complex of comparative studies of these solutions
for the purpose of determining engineering calculations that are acceptable for engineering purposes,
have not yet been fulfilled.

In accordance with the scheme of profiled grinding, the moving heat source has a rectangular
shape 1234 (Fig. 1, a) and moves in the direction of the axial feed vector at the steady temperature
field. Such a thermal circuit can be converted into an equivalent form on the grinding plane (Fig. 1,
b) in the coordinate system adopted in [6,7].

2h 3 T'/4

2™

Fig.1. Schematic view of moving real heat source on the grinding tooth (a) and the nearest one on the
grinding plane (b)

The determination of temperature on the basis of moving strip source mathematical model with
the restriction of this source along the yaxis (Fig. 1, a) is a complex task of mathematical

thermophysics which was first solved by J.C. Jaeger [7]. The solution of this problem for the
determination of the temperature at a constant density of the heat flux on the surface in the contact
zone has the following form [7]

riranm= ol S o o ) m

(=)o) e

where ¢ is the intensity or density of the heat flux, W /m?; «a- coefficient of temperature conductivity,

m? / s; A is coefficient of thermal conductivity, W / (m -° C); ¥ is velocity of the source in the
direction of the z axis (axial feed), m/s; X, Y, Z are dimensionless or relative coordinates, which
correspond to dimensional coordinates x,y,y; H, L are dimensionless half-width (parameter
Peclet) and dimensionless half-length of the source of heat, which correspond to the same dimensional
parameters ~ and /.

V(iz-z' . .
g;)(:Vx;y V. z V2o Vb Vo and —h<z<n,
2a 2a 2a 2a 2a 2a

-I<y<l (Fig. 2, a). In formula (1) the following notation for the Gauss error function (special

Here is indicated: £ =

function) is used @(s) = erf(s) = \/_ _[exp( )
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The purpose of the work is to investigate the continuity of the solutions of three- and two-
dimensional differential heat equations to establish the criteria for continuity and the ranges of their
changes for the profile grinding conditions. The solution (1) is investigated by comparing it with the
solution for a two-dimensional temperature field from a moving strip source (Fig. 2, b), which is
infinite in the direction of the axis 0y (—w < y <) and having the form in the adopted notation

T(Z,X,H) :%Zlexp(—ﬁ)&) (1/)(2 + &2 )dg, Q)

where K, (s)is the zeroth order modified Bessel function of the second kind.

+/LZ/‘ +h:7
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_;,"/ v >

i
X

Fig. 2. Rectangular moving heat source (@) and a strip one (b)

Dividing both parts of equations (1) and (2) into a multiplier2ga/nAV , we obtain these three-
and two-dimensional equations in dimensionless form, respectively:

O(X.Y,Z,L.H)=
F R ©
O(Z,X,H)= j: exp(-¢) KO(W ) L. 4)

As an example, we will calculate the temperature on the surface by the equation (3) multiplied
by 2ga/mV with the following output data: ¢g=22.7 - 10 W /m? a =5.683 - 10°m?/s; .=24 W
/(m-°C); ¥=02m/s(12m/min); z=0; #=2.72 - 102 m (h=./D¢, /2 ; D is diameter of the grinding
wheel, D= 0.4 m; vertical grinding depth 7, = 0.074 - 103 m); / = 3,469 -10° m; Z=-5H..5H , and
X=0; H=47.869; L=17,597. The coordinates along the y axis are the following: y =0, i.e.Y = 0;
y=1/2,1e.Y=28,799; y=31/4,1e. Y=13,198; y=71/8,1.e. Y=15397; y=1,1.e.Y=17,597. It is
established the maximum temperatures are located practically at the rear edge of the source at
Z=-0,95H .

Thus, a study of the temperature field in grinding is performed on the basis of the used
phenomenological approach to the determination of temperature from the moving flat source in the
form of three-dimensional rectangular, two-dimensional strip or one-dimensional that bounded on
one side. It is shown that the involute profile curvature cannot be taken into account. It is found areas
of the contact zone between grinding wheel and workpiece in which the results of the temperature
determination differ by no more than 10%.

The temperature field simulation by means of COMSOL Multiphysics environment is
performed. It is established that the maximum values of both the temperature and the heat flow density
are located in the involute tooth profile upper part and are in different places of height of tooth, besides
the temperature maximum is located below the heat flux density maximum which is located at the
top of the tooth. The transient process of formation of the temperature field around the moving
thermal source is studied and the thermal saturation time is set. The possibility of replacing the
moving (3D) source with the unmoving one (2D) at #>4 and #/L<1 (H /L= 0.85) is confirmed,
since the maximum surface temperatures are close to each other (the difference between them does
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not exceed 0.7 — 4.03%) in the interval of the heat source velocity (axial feed) from 1m / min to
12m / min. It is established that the greatest influence of cooling on the maximum surface temperature
leads to its decrease by 7%. The simulation model confirmed the possibility of replacing the heat
source's velocity in a three- and two-dimensional solution with the time of its action in a one-
dimensional solution (1D), and also allowed to determine the number of 3 sections in the contact area
of the involute surface located at the height of the tooth.

It is established that the optimal number of 3 sections from the possible variants 1, 2, 3, 6 and 9
with heat flux densities, which are averaged over these areas by their instantaneous values. That is,
one-dimensional solution can be used in the center of these 3 sections to calculate the temperature.

It is substantiated the use of a solution of a one-dimensional differential heat equation for gear
grinding designing and diagnosis, including taking into account the cooling effect of lubricoolant. On
the basis of this solution, a single mathematical model of a grinding temperature cycle is developed
for heating and forced cooling stages under boundary conditions of the second and third kinds,
respectively. The influence of lubricoolant on the grinding temperature and its distribution by the
surface layer depth is investigated taking into account the constant and variable temperature of the
lubricoolant.
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INCREASE IN PRODUCTIVITY FOR PROFILE CNC GEAR
GRINDING
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Annotation The paper is devoted to solving an important scientific and technical problem of increasing the
productivity of defect-free profile gear grinding on CNC machines on the basis of the development of information
subsystems which allow adapting the elements of the technological system. For this purpose a question status analysis is
performed as well as purpose and tasks of the study. Then a theoretical analysis of the profile grinding productivity on a
CNC machine is given on the basis of both the gear grinding stock and specific material removal rate studying. A theorem
about an equivalent rectangular profile which at the same depth of cut has the same cross-sectional area as an involute
profile has is mentioned. Besides, experimental studies of the gear grinding system state parameters are carried out with
the use of high-porous grinding wheels of sol-gel corundum, electrocorundum, monocorundum. Development of
theoretical premises for determining the gear grinding modes and subsystems for automated designing, monitoring and
grinding diagnosis were also considered.
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In section “A question status analysis, purpose and tasks of the study” the significant
amount of time spent on profile CNC gear grinding operation (from 40 up to 70%) is established.
Therefore, the task of increasing the productivity of the gear grinding is actual one. Existing gear
grinding methods technological possibilities are considered. It is established that the only two
methods of gear grinding are the most used: discontinuous profile and continuous generating ones.
The analysis of the methods of determining gear grinding stock, including ones when measuring it at
the stage of adjustment of the CNC grinding machine is performed. It is established that the stock is
a variable value along the periphery of the gear and is not considered as a totality of systematic and
random components. That is why there is no appropriate theory for the stock determining which based
on the deterministic and stochastic models that correspond to the specified components of the stock.
In addition, these models could be used to withdraw the grinding wheel from the grinding gear to
prevent the occurrence of thermal grinding defects. That’s why with a limited number of grinding
stock measurements the grinding temperature is one of the important factors which limit the
productivity of the operation.

Two approaches to determining the temperature of grinding are known: phenomenological or
temperature determination analytical method on the basis of the Fourier’ differential heat conductivity
equation solution and temperature field simulation on the basis of computer simulation by the finite
element method. As a mathematical support of operation designing, monitoring and technological
diagnosis subsystems for profiled grinding operations which are working in real time, the advantage
has the first approach, because it requires less time to make a decision. The second approach is more
labor intensive and can be used to justify the legality of the former. In this area, the analysis and
classification of available analytical solutions that are adequate to thermal phenomena during tooth
grinding is not carried out. These decisions should be similar to each other as for the initial and
boundary conditions. There was no research on the continuity of these solutions as well as the
establishment of continuity criteria and their ranges for conditions of profile grinding.

In analyzing mathematical models for determining the temperature field during grinding, a
phenomenological approach to determining the grinding temperature for a three-, two-, and one-
dimensional temperature field was used on the basis of a Fourier' differential heat conductivity
equation. For subsystems of designing, monitoring and technological diagnostics of profile gear
grinding it is necessary to find the conditions for the replacement of more complex solutions (two-
and three-dimensional) of the thermophysical problem to a simpler (one-dimensional) without a
significant loss of accuracy of temperature determination. To confirm the legality of these conditions,
it is advisable to apply the simulation model with the help of appropriate computer programs. Besides
it is necessary to describe the grinding temperature in a wide range of changes in the frequency and
intensity of the heat flux pulses, ranging from the macrocycles of the reciprocating displacements of
the grinding wheel to the microcycles of grinding with high porous wheels. Such an approach in the
literature is not considered and of interest for choosing grinding modes by the temperature criterion
and to substantiate the high porous wheel specifications for profile grinding with the aim of
productivity increase.

A number of parameters are used to assess the grinding operation effectiveness at the stages of
production and its preparation: Q, in mm’/s, @/ in MM*/(s'MM), ¥, in MMm>, V. in mm>/mm. It is
necessary to establish a connection between these parameters with the grinding temperature and the
grinding wheel wear. Monitoring and gear grinding diagnosis systems analysis is made as like as
information elements of the adaptive grinding technology on CNC machines, which allow to provide
the final parameters of gears. On the basis of performed analysis, the aim and tasks of the scientific
research are formulated.

95



Marepiaaun XIX-MHTK «IIporpecuBHa TexHika, TeXHOJIOTisI Ta iHKeHepHa ocBiTay, 2018

In section “Theoretical analysis of the profile grinding productivity on a CNC machine”,
the methodology of scientific research is given, which includes three directions of the gear grinding
system study, to wit: modeling, optimization and control. These directions characterize the
investigating object as a system that has parameters: input, state, and output ones. On the basis of the
theoretical-probabilistic and frequency approaches, methods of determining the gear grinding stock
are developed and allow determining the stock maximum value along the gear periphery. It is
established that according to the results of measurements, the stock for gear grinding contains a
constant z, and variable Az components. In accordance with the theoretical-probabilistic approach,

the variable component Az of the stock is considered, assuming the presence of a systematic periodic
Az, and random aperiodic component Az,,, in it. The method of simulation of the stock on the basis

Ssys
of virtual instruments which form the signal containing the systematic and random components of the
stock is proposed. The stochastic and deterministic-and-stochastic models of the stock are developed
for determining the maximum stock value based on the results of its selective discrete measurements.
The reduction in the number of measurements, which is the resource for increasing the productivity
of the operation, must be substantiated and investigated through the two evaluation functions. The
first of the functions is the sum of the squares of the differences in the readouts of the stock extreme
values which is found by the limited and the maximum number of measurements. The second is the
difference between the ordinal numbers of the maximum stock spaces, which are found for a limited
and maximum number of measurements. The nomogram on the choice of the measurements number
of the stock is developed at the CNC grinding machine adjustment stage. A number of common

parameters are investigated to evaluate the process efficiency, to wit: Q,,, O, , ¥, , and V,, . In the
analysis of the profile grinding scheme, it can be found an analogy with the pattern of profile
rectangular grinding on the amount of material removed per unit time Q,,. Consideration of this

analogy allowed us to formulate and prove the theorem about an equivalent rectangular profile which
at the same depth of cut 7,,, has the same cross-sectional area s,,, = W, iny tin » Where W, is the active

i+1 i+1) i+l a(i+

profile width. A method for determining the active width ., of an equivalent rectangular profile

is developed. Besides the theoretical and experimental analysis made it possible to formulate and
prove the stock alignment theorem, according to which the extreme values of the stock (minimum,
maximum or difference between them, etc.) aligned to the left and to the right, do not depend on the
location of the initial space (gap), from which the stock is measured on the two sides.

In section “Experimental studies of the gear grinding system state parameters”,
experimental studies of ordinary and high-porous grinding wheels are given. The influence of
grinding modes on the grinding power and grinding specific energy as well as on the heat flow density
with taking into account elastic deformations in surface grinding is established. In accordance with
the accepted methodology of the active experiment on the analogue process (surface grinding),
parameters which characterize the performance of ordinary and high-porous grinding wheels were
determined. According to the results of this experiment, the advantage of high-porous wheels is
determined by their performance characteristics compared with conventional wheels. Therefore,
similar gear grinding wheels which are ordered and manufactured for the CNC machine Hofler
RAPID 1250 are used. The actual gear grinding process with conventional and high-porous grinding
wheels is experimentally tested and researched. It is established that with the same gear grinding
modes, high-porous wheels (sol-gel corundum, electrocorundum, monocorundum) in comparison
with the conventional electrocorundum wheels (without pores) provide better performances by the
number of dressings, gear grinding power, the level of the acoustic emission signal.

The high-porous wheels surface topography was studied on the microscope YUM-21 to confirm
the possibility of the developed discontinuous grinding theory. The averaged dimensions of the grain
cutting regions (/) and the pores (/,) between them are found for the high-porous wheels having

different specifications. The averaged parameters N (the number of cutting ledges on the wheel) and
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s (the duty factor) are obtained for these wheels. It is established that these parameters correspond to
the interval of reduced grinding temperatures in the obtained theoretical dependence.

In section “Development of theoretical premises for determining the gear grinding modes”
it is made a study on the design of a gear grinding technological operation and a development of an
appropriate automated design subsystem. To do this, an analysis of the gear grinding cycle structure
on a CNC machine is performed. Elements of the cycle structure are the following: the number of
stages and strokes in each of the stages, the sequence of gear spaces (gaps) machining, the sequence
of measuring cycles, and the number of wheel dressings in each of the stages, etc. The automated
grinding cycle includes the following steps: measuring the stock at the periphery of the gear, grinding
itself, intermediate measurements of the gear parameters (length of the general norm, individual pitch
deviation, total pitch deviation, radial runout, total profile deviation, tooth trace total deviation, etc.),
intermediate grinding wheel dressing and gear output parameters final measurement. There are instant
depths of gear grinding which determine the profile grinding temperature, namely are normal ¢, and
vertical ¢, ones. Since in the gear grinding thermal phenomena study it is taken into account
simultaneously both ¢, and ¢, , it is necessary to know their relation which allows to find one of these
depths under the known other.

A method of calculating the instant values of the heat flux density and the temperature mean
values of the profile grinding is developed, which allows determining the surface temperature in
several sections of the grinding wheel involute profile by averaging the heat flux density instant
calculated values over the area of these sections. It is developed a method to determine the gear
grinding modes with the use of grinding specific material removal rate O/, which is predetermined on
the rough, semi-finish, and finish stages of machining and which is related to the grinding
temperature. An axial feed 7, is assigned as much as possible. Knowing the values of Q;, and 4

spec
parameters which are determined at the stage of testing grinding wheels, it is calculated the
temperature of 7,, and compared with the fixed critical value of 7,,,. If T, < T,,, then the defect-
free depth of the grinding ¢, is calculated from the equation of O}, =1, -7, . In the opposite case, i.e.

T, >Typ , the parameter value of Q] are reduced to a defect-free level.

It is established that in order to eliminate an accumulation of heat at the third stage of gear
grinding with the known kind and method of lubricoolant feeding, it is possible to control the value
of the heat transfer coefficienta,, the value of the initial temperature of the lubricoolant¢(z ), gear
grinding modes (7,andV, ), and the use of idle working steps (without a set of grinding depth, i.e.
t,=0).

In section “Development of subsystems of automated designing, monitoring and grinding
diagnosis” the theoretical premises for the development of embedded designing, monitoring and
grinding diagnosis systems as well as methods which take into account the individual features of
gears during process control are presented. Designing, monitoring and technological diagnostics
subsystems structural schemes are developed. In addition to the parameters Q! and ¥}, it is proposed
to use the specific grinding energy 4,

spec

and grinding temperature 7, , since they determine the quality

of the surface layer of ground parts and are used in the mathematical software of a developed
subsystem of automated design.
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