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OB30P XOJOJHOI'O T'A3BOAUHAMUNYECKOI'O HAIIBIJIEHUA:
ITPOBJIEMBI 1 ITIEPCIIEKTUBbBI
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Annomanusa. Ilposeden ananus co8pemMenHo20 cOCMOSIHUL B0NPOCA 6 0OIACHIU HANBLIEHUS. 3AUJUTNMHBIX
U 60CCMAHOBUMENLHBIX NOKPLIMULL MEMOOOM XON00H020 2a300UHaMU4ecko2o Hanvinenus (XI'H) u nep-
Ccnexmug e20 OanbHelule20 pasgumusi, KOMopwlil NOKA3AI, YMo pazeumue X0JN00H020 HANbLIeHUs mpe-
O6yem nposedeHuUs: UCCIe008aHUl NO OONOTHUMENLHOMY B030€liCIBUI0 HA MeMNePamypHO-CKOPOCHHbLE
Xapaxmepucmuxky 4acmuy HAanvligemMo20 MAmepuand U3 UCMOYHUKO8 NOMUMO 2a300UHAMUYECKO20

npoyecca.

Knwueswvie cnosa: xonoonoe 2azodunamuueckoe Hanvlienue, nokpvimue, I’lO()JlOOfCKa, ceotlicmea no-

Kpbimutl, 3hhexmusHocmo.

Beenenne

SAsnenne QopmupoBanus mokpeituss XI'H
BIIEpBBIE OBLTO OOHapykeHO B MHCTUTYyTE Teo-
peTUYeCKOM W MPUKIATHOM MEXaHWKH WM.
C. A. Xpuctuanouua CHOHPCKOTO OTICICHUS
Poccwiickoii akanemun nayk (UTIIM CO PAH)
B Hayase 80-X roJ0B MPOILIOrO BeKa IMpHU H3Y-
YeHUU OOTEKaHHs 3aTYIUICHHBIX TeNl CBEPX3BY-
KOBBIM JIBYX(a3HbIM MOTOKOM (Ta3 ILTIOC TBEP-
meie dactunbl) [1]. Merog XI'H mpomomxkaer
HCCJEN0BAaThCA U PAa3BUBATHCS KaK NEPCIEKTUB-
Has aJJUTHUBHAS TEXHOJOTHS B adpPOKOCMHYE-
CKOi1, aBTOMOOMJIPHON W MHOTHX JPYTHUX OTpac-
JISIX IPOMBILIIIEHHOCTH.

AHaJIu3 My0JuKaIuii

3a mocnenHWE ECATHIIETHS TEXHOJIOTHS
XT'H noaseprajiack pasHOCTOPOHHEMY HCCIIE-
JOBaHHIO. BOIBIIMHCTBO PabOT MOCBSIIEHBI BO-
mpocaM BO3MOXKHOCTH HANBUICHHUS Pa3HOOOpa3-
HBIX TOPOIIKOB W WX CMECEH M TMOIy4YeHHS
TpeOyeMOro MOKpBITHS, ONHUPasiCh Ha HCCIEA0-
BaHUSl MaHUITYJSIIUSAMA JaBICHUEM U TeMIiepa-
Typod Ta3a-HOCHUTENS WU CMecel razoB [2—6],
U3 KOTOPBIX HauOOJbIllee PacCIpOCTPaHEHHE T10-
JYYHIH BO3AYX, a30T, TEIMH U UX CMECH B pa3-
HBIX TMPOMOpIUAX. V3ydyaroTcs BIUSHHE Ha IO-
JydaeMbl€ TIOKpBITHS  CBOMCTB MaTrepuaia
HAMbBUIIEMOT0 TOPOIIKAa U MOPQOIOTUU YaCTHLL
HANBULIEMOTO TOPOIIKa JHOO IMOPOIIKOBOM
CMECH, a TaKXKe CBOMCTBa M Mop(osorus Mate-
puana nomioxku [7-10]. bonpmoe BHUMaHue
yAeNsieTcs pallioHaIN3aIi TeOMETPHH COILIO-
Boro ammapara [11-13]. Taxke ecTh HECKOIBKO
UCCIIEIOBAaHUI 10 BHEIPEHUIO BCIIOMOTATEIb-
HOTO 00OpYZOBaHHSA, KOCBEHHO CIIOCOOCTBYIO-
IIETO TOJYYCHHIO JyYIero pe3yibTara MpH
HaHECEHUH MOKPHITHSA [14-16].

Ileab ¥ MoCTaHOBKA 3a1a4M

Takum 00pazom, yenvio OaHHOU pabomul SB-
JSETCS aHaNU3 COBPEMEHHOTO COCTOSHHS BO-
mpoca B 00JIACTH HAIBUICHUS 3alllUTHBIX B BOC-
CTaHOBUTEJIBHBIX TOKPBITHIHA METOJIOM
XOJIOAHOTO Ta30MHAMHUYCCKOTO HAIBUICHHS H
TIEPCTIICKTUBEI €T0 TaTbHEHIIIETO pa3BUTHS.

JIns NOCTHKEHUS TIOCTABJICHHOM LI HeoO-
XOJTUMO BBITIOJIHUTE CIICAYIONIUE 3aIaUH;

— BCECTOPOHHHUH 0030p OCOOCHHOCTEW IpOo-
11ecca XOJIOJHOTO Ta30UHAMHUYCCKOTO HaITblIe-
HUS,

— aHaJM3 BO3MOXKHOCTEW JalbHEWIero pas-
BuUTHS TexHosoruu XI'H.

Ocodennoctu nponecca XI'H

Meton XI'H ocHOBaH Ha CITOCOOHOCTH pac-
IIpsieMoro B coruie JlaBayis raza-HOCHTENS Iie-
penaBaTh KHUHETHUECKYIO) JHEPrHUI0 HU3KOAMC-
MEPCHBIM TBEPABIM YacTUIAM TIOPOIIKA IS
JIOCTH)KCHHUS MMM KPHUTHYECKOW CKOPOCTH, TO
€CTh CKOPOCTH, MPU KOTOPOU YACTHUIBI IPU CO-
YAapeHUH C TOJUIOKKONW (POPMHUPYIOT yCTONYH-
BYIO CBSI3b.

Hnsa mpouecca XI'H paccmaTpuBaroT 1BE
OCHOBHBIC TEOpHH (POPMHUPOBAHUS TOKPHITHS:
MG Gy3UOHHYIO B MeTaILTypruveckyto [17].

s obecrieueHust CHEIUICHUS TPH HambLIe-
HUM HCIOJB3YETCS] KOMOMHAIUS KUHETHUYECKOM
W TEIJIOBOM SHEPruM, TIE TeIIoBas SHEPrHs
pasMsrdaeT WM IUTAaBHT HANBUIAEMBIH MaTepH-
ajg, a KUHETHUYeCKash DHEPrus VYIUIOTHSAET U
YIPOYHSET CICTUICHNE.

CrnemyeT TakXe OTMETHTb, YTO TEXHOJOTHSA
XI'H wumeeT naBa MOABHUAA, OTIHYUTCILHBIM
MPU3HAKOM KOTOPBIX BBICTYHAeT AMAMAa30H pa-
Oouux nmaBieHHH rasza-mocurens ot 0,6 mo 1,0
MlIla u ot 1,5 mo 6,0 MIla, Ha3sIBacMBIE «XO-
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JIOTHOE Ta30IMHAMUYECKOE HAIBUICHUE HU3KOTO
nmasneHus» (XI'HHJ]) m «xomomgHoe Ta3omuHa-
MUYECKOE HAMBUICHUE BBICOKOTO JaBJICHUS»
(XI'HB/I) cooTBETCTBEHHO.

XI'HB/I, 6;arogapst 3SHaYUTETHHO OOJIBIIEMY
3amacy 3HEpruil ajs nepefadyd HambUISIEMOMY
MOPOIIIKY, TO3BOJISICT HAMBLIATE O0JIee MUPOKUit
JMAna3oH MaTepUajioB C BBICOKUMHU IOKazaTe-
JSIMU SKCILTYyaTallUOHHBIX CBOMCTB, TAKUMHU Kak
MUKPOTBEPIOCTh, aJre3uMOHHas / KOTe3WOHHAS
MPOYHOCTh, MOPUCTOCTH U T.1.

XI'HH/I, B cBoro odepenp, uMmest Oonee y3-
KM IMaNa30H NIPUMEHSIEMBbIX MaTEpUAIIOB, UMeE-
€T TPEUMYIIECTBA B MOOWIBHOCTU, IKOJIOTHY-
HOCTH, HU3KOW IIYMHOCTH, OC30MACHOCTU H
HU3KOH CTOMMOCTH IPHUMEHSEMOTO 000pyIoBa-
HUS, HU3KUX 3aTpaTax Ha pacXoIHbIC MaTepua-
JBI, @ TaKXKe He TPeOyeT BBICOKOKBAIHU(DUIIUPO-
BaHHOTI'O IIEpPCOHAA.

BaxapIM acriekToM 11e5ecoodpa3HOCTH MPH-
MEHEHHUsI TOTO0 WJIM HWHOTO METOJa HAIBUICHUS
BBICTYNAE€T COOTHOIICHHUE LEHBI-KAaueCTBa MOy~
yaeMbIX MOKpbITUH. Kak yxe ynomuHanioch pa-
nee, meton XI'H ocHoBan Ha obecrieueHny 4Ya-
CTHUIIAM HAMBUISIEMOI0 MOPOIIKAa HEOOXOIMMBIX
TEMIIEPaTyPHO-CKOPOCTHBIX XapaKTEPUCTUK Iie-
pel coylapeHuem ¢ noasioxkkou. [Ipu atom nipu
HCITIOJIb30BaHUU XT'HBJ TeMIIepaTypHO-
CKOPOCTHBIE XapaKTEPUCTUKU YACTHUL] HaIbLIse-
MOTO TIOPOIIKAa MOTYT OBITh YBEITUYEHHI HE3Ha-
YUTEIBHO B CPABHEHUH C JOCTHTAEMBIMH IIPHU
ncnonp3opann XI'HHJI, HO 3a cuer 3Ha4u-
TENHHO OOJBININX IHEPTETUYECKHUX 3aTpar | 3a-
TpaT Ha PACXOIHBIC MaTEPHAIIEI.

Jlns Ooslee MOTHOTO IMOHMMAHUS MpoIEcca
PacCMOTPUM OCHOBHBIE 3JIEMEHTHI U MapaMeTphbl
nporecca XI'H, Biusitonye Ha JOCTUXKEHUE He-
00XOJIMMBIX TEMIIEPATyPHO-CKOPOCTHBIX XapaK-
TEPUCTUK YACTUIL] HAMBUISIEMOTO MOPOLIKA.

I'eomeTpus comia

CorioM Ha3bIBaIOT KaHall, B KOTOPOM MPO-
WCXOJNT YCKOPEHHE Ta3a 3a CUYET ero paciimupe-
HUS C MMaJieHUuEM JaBiieHus. B mpoctom cyxkaro-
IIeMCsl COIUIE BO3MOXKHO YCKOPEHHE MOTOKa JI0
3HA4YeHUs, PABHOTO CKOPOCTH 3ByKa. Tak Kak
nporneccy XI'H HeoOXoamMpl 3HAYEHHUS CKOPO-
CTH, 3HAUUTEIBHO MPEBBILIAIOIINE CKOPOCTh
3BYyKa, IUISl 3TOM NENW HCIONB3YIOTCS KaHAbI,
TUTOIIAIh CEYEHUs] KOTOPHIX CHaJalla yMEHbIIa-
eTCsl, a 3aTeM — YBEIWYMBacTCs. Takue KaHaJIbI
HA3BIBAIOT corUiamMu JlaBas.

Jnsa monmydeHHWs ONTHMAaIbHOH T€OMETPHH
coruta JlaBains 3a7al0TCs ONPEACIICHHBIMU pado-
YUMH TEeMIEPaTypoi U JaBICHUEM Ia3a, a TaKkKe
CBOMCTBAaMH UCTIONH3yEMOTO ra3a-HOCHUTEIIS.

Jns mocTrbkeHusT MakcHMaibHOTO 3ddexTa
WCTIOJIB30BaHMA coria JlaBans ero reoMmerpude-
CKME€ TapaMeTpsl H3Y4alluCh M HEOTHOKPATHO
ONTHUMHU3HUPOBAINCH MHOTUMH UCCJICIOBATEIISIMHU
[2,11-13]. B pabote [2] ObuiO TMpOBENEHO HC-
CJIEJOBaHNE 10 CO3/IaHUIO COTUIA C TTOJHOM JIJTH-
HOi <70 MM, KOTOpO€ TOKa3allo, YTO CO3JaHHe
KOPOTKUX COmen Uil paboThl B OrpaHUYCHHOM
npocTpaHcTBe BO3MOkHO. HccnegoBanue [11]
MOKa3aJIo, YTO TPH MUCTIOIB30BAHUN BO3TyXa KaK
raza-HOCHUTEIs CyIIECTBYET OrpaHUUYCHUE YHCIIa
Maxa Ha BBIXOJC M3 coIula B aHama3zoHe 1,5-3.
Hwxass TpaHuma amamazoHa MPOAWKTOBaHA
HEO0OXOIUMOCTEIO U30€KaTh CIUIIIKOM BBICOKHX
TeMIepaTyp BOJU3W TOJUIOKKH, a BEPXHAA -
MOSIBIICHUEM yIApHON BOJIHBL, CYIIECTBEHHO
CHIDKAIOIIEH CKOpocTh yacTuil. B pabore [12]
OBUIO CMOJETHPOBAHO COIUIO C ONTHUMAIIbHOM
reoMeTprel s HaHeCeHHs] MATKHX MaTepua-
noB (mommMepoB) metomoM XI'H. Jlns mpomre-
HUS CPOKA KCILTyaTal[uK Coria OBUIO MPOBeIe-
HO wucciegoBanue [13] Mo HMCHOIL30BaHUIO
BOJIHOTO OXJIAXJICHHUS COIUIa, KOTOpOe TOoKa3a-
70, yTO 0Oe3 CYIIECTBEHHOI'O BIIMSHUS Ha CKO-
POCTh YaCTHUIl CHHXKEHUE TEeMIEpaTypbl CTCHKU
coIla TO3BOJSAET W30€kKaTh NPUIHIAHUS dYa-
CTHUI[ K CTEHKaM COIUIa M MPEISITCTBYET €ro 3a-
COpEHHIO.

Temmneparypa u 1aBJieHHE Ta3a-HOCHTEJS

TemmepaTypa ¥ JAaBleHHE Tra3a-HOCUTEINS
JIAIOT HEKOTOPYI «TUOKOCTBY» MPH HUCIOIB30Ba-
Huu Metosia XI'H, To ecTh, MaHUMYJIUPYS STUMU
rmapaMeTpaMy, BO3MOXKHO YIIPABJIATH IIpOLiEC-
COM HAambBUJICHUS U, COOTBETCTBEHHO, €ro pe-
3yJbTaTaMH.

Kak yxe OpUI0 CKazaHO paHee, TeMIleparypa
U JaBJICHHE Ta3a-HOCUTENA TECHO CBS3aHBI C
TeOMEeTpHUeH WCIONB3yEeMOT0 COIUIa. DHEpTrHs
ra3a-HOCHUTENs, B 3aBUCUMOCTH OT €r0 TeMIlepa-
TYpbl M JIaBJICHUS, CpabaThIBACTCS B COIUIE, Iie-
pexolii B KMHETHYECKYI0 SHEPTUI0 MOTOKa, TO
€CTb B €ro ckopocTh. [Ipu crtaTuyeckoit reomer-
pHUU colyia €CTh OMpEIeNeHHBIH TUana3oH TeM-
nepaTtyp U JaBJICHHS Ta3a-HOCUTENS, IPU KOTO-
POM TPOUCXOIUT TIONHBIN TEpeXxoj] YHEPTUU B
KHHETHYECKYIO, TO €CTh IPEBBIIIEHHE 3TOTO
JMarna3oHa OECCMBICIICHHO, TaK KaK CKOPOCTh
MOTOKA pacTh He OyAeT, HO MOXKET MPHUBECTU K
HETaTUBHBIM pe3yJbTaTaM W HEHY)XHBIM 3aTpa-
tam. TemmepaTypa Traza-HOCHUTENS TaKXke dYa-
CTUYHO BHOCUT CBOHM BKJIaJ B HarpeB YacTHI]
HANBUIIEMOTO TIOPOIIKa W MaTepuana MOJI0XK-
KM, YTO HEOOXOJMMO YYHUTHIBATH MPH BHIOOPE
paboumx mapaMeTpoB mpoiecca.
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BaxHO MOHMMAaTh, YTO TPU MOBBILICHUH pa-
0ouero AaBleHMs ra3a-HOCUTENS] CKOPOCTh Ya-
CTHIl BO3pacTaeT HE TOJIBKO 3a c4yeT Oojee BbI-
COKOW CKOPOCTH Ta3a, HO M 33 CUeT yBEJIUYEHUS
€ro IUIOTHOCTH, a 3HAYUT, CIIOCOOHOCTH Tepena-
Y Ta30M CBOEH KMHETHYECKOH DHEPTHUU YaCTH-
naMm [2]. Ho, kak ObLIO CKa3aHO BHIIIC, MOBBI-
IIEHHE JaBJIEHUS MOXKET MMETb U HEraTUBHBIC
¢ dexrbl. OCHOBHBIMH OTpaHMYCHUSMH JaBiie-
HUSI Ta3a-HOCUTEIS SIBJISIIOTCSI TEOMETPHS COILIa
U 3KCIUTyaTallMOHHBIE 3aTpaThl.

Emé Goxee MHOrOrpaHHoO BIMSHHE TeMIepa-
TypBl Tasza-Hocutess. [Ipu moBblLICHUH TeMIie-
paTypsl raza CKOpocTh 3ByKa ra3a BO3pacTaeT, a
3aTeM yBeJIMUYMBaeTcsi oOmas CKOpOCTh rasa H,
KaK CIIeJICTBHE, cKopocTh vacTull [3, 18]. bomee
TOT0, TTOBBIIIEHHE TeMIIEpaTyphl ra3a-HOCUTENS
CHIDKAaeT KPUTHYECKYI0 CKOpPOCTb 4YacTHI[ 3a
CYET TX TEPMHUUECKOTO Pa3MATYCHHS YACTHII.

TemmepaTypa ra3a-HOCUTEISI 3HAYUTENBHO
BIMSIET Ha MUKPOCTPYKTYpy MHOKpbITHA [4, 19,
20]. Kak BugHO Ha puc. 1, mOKpeITHE, TOTYyYEH-
Hoe npu Oosiee BBICOKOW TemIeparype rasa-
HOCHUTEINA, ToTydaercss Ooyiee MIOTHBIM, a TIIy-
OWHa IIEpPOXOBATOCTH — MEHBIIEH, 3a CcYeT
Tydqiei 1eopMUpyeMOCTH YacTHIl.

1004 m 1004 m
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1001 m 100 m

B r

Puc. 1. Ilomepeunsie MukpodoTOorpaduu HarbI-
nennit Ti B ycnoBusx HambuieHus pu 500°C
Ha seBoil cropoHe u npu 830 °C ¢ mpaoii
CTOPOHBI C WCIOJBb30BaHHEM Ta3a-HOCHUTEINS
Nj: a, 0 — BepxHHMii CJIOH; B, T — CJIOMH, OJIH3-
KU K TOJIOKKE [4]

OmHuM U3 BaKHEUITMX CBOWCTB TMOKPBITHS
SIBJIIETCS IPOYHOCTH cIieruieHus. Kak mokaszano
Ha pHUC. 2, TPOYHOCTH CIEIUICHUS YBEIMUNBALT-
s C TIOBBITIICHUEM TEMIIEPaTyPhI T'a3a-HOCUTEIS.

Bonbuioe BnusHUE TeMmmepaTrypa rasa-
HOCUTENS UMeeT Ha 3(PPEeKTUBHOCTH Mpolecca

HABUICHUS, TO €CTh Ha OTHOIIICHUE KOJIMYECTBA
3aKPEUBIINXCS YaCTUI] K HAMBUIIEMOMY KOIH-
yecTBy uvactull. Kak mokazaHo Ha puc. 3, mpu
HaIbUICHUU TakuxX matepuaiioB kak Cu, Al u Ni,
MOBBIIIICHNE TEMIIEPaTyphl Ta3a-HOCUTENS Ha
150-200 °C mossimaeT 3¢(HEKTUBHOCTH OT 55
10 95 %. Ho mns Takux marepuaioB kak Nb, Ti,
CoNiCrAlY u HepkaBeromasi ctaib 316 MOBHI-
[ICHHE TEeMIIepaTypbl Tra3a-HOCUTENI HUMeeT
BEChbMa OTpaHUICHHBINA P PEKT.
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Puc. 2. CooTHomieHHE MEXIy TeMIEpaTypoi
ra3a-HOCUTENS U MPOYHOCTHIO cuerieHus Ni
MOKPBITUN HA TPEX Pa3HBIX MOJJIOKKAX [4]
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Puc. 3. CootHomnienne Mexay 3¢ (HEeKTUBHOCTHIO
HAMbBUICHUS U TEMIEPATypoOil ra3a-HOCHTENs
st Cu, Al m Ni [4]

Kak mokasaHo Ha puc. 4, 3)(HEeKTUBHOCTD
HansuieHns Ti gocturia 90 % mpu 500 °C u He
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YBEJIMYUBAIACH TPHU MOBBIIICHUNA TEMIICPATYPhI
raza-HocuTens, a 3(P(QEeKTHBHOCTh HAIBUICHUS
CoNiCrAlY oueHs HU3Kas Hake TIPH BBICOKOM
OTHOCHUTCJIIBHO APYTUX MaTcpuajioOB TEMIICpaTy-
pe B 850 °C.
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Puc. 4. CootHomienne Mexny 3¢ (HEeKTUBHOCTHIO
HAIBUICHHS METAJIOB U TEMIIepaTypo rasa-
Hocurenst s Nb, Ti, CoNiCrAlY u Hepxa-
Beromeit crainu 316 [4]

Wrak, moBbILIEHHE TeMIepaTypbl rasa-
HOCHTEJNS UMEET 3HAUYUTENBHOE MOJIOKUTENBHOE
BJIMSIHUE HA CBOMCTBA MOKPBITHM, MOIyYaeMbIX
MetrogoM XI'H. Hcnonb3oBaHHe KOHKPETHOIO
3G (PEeKTHBHOTO JWama3oHa TeMIepaTryp rasza-
HOCHUTEISI OTPAHUYHMBACTCS PIIOM BO3MOXKHBIX
HETaTUBHBIX (haKTOPOB, OCHOBHBIMHU U3 KOTOPBIX
SBIISIOTCS:

— HETaTUBHOE BIIUSHUE HA CBOMCTBA MaTepU-
aja HambUISIEMbIX YacTULl MPH, MOBBIIIEHHBIX,
TEMIIepaTypax raza-HOCUTENS U KaK CIICICTBUE
Ha CBOMICTBA IOKPBITUS;

— HETaTUBHOE BJIMSIHME HA HAINBUISIEMYIO IO-
BEPXHOCTh IMpPH IOBBILIEHHBIX TEMIIEpaTypax
ra3a-HOCHUTEs;

— YyBCTBUTEIBHOCTH MaTepuaja HamblIse-
MBIX YaCTHII K MOBBIIICHUIO TEMIIEPaTyphl ra3a-
Hocutens (3PPEKTUBHOCTh HAMBUICHUS ),

— YyBCTBUTEIBHOCTH MaTepuaja HamblIse-
MBIX YaCTUI[ K COCTAaBy HCHOJb3yE€MOIO ra3a-
HOCHTEJIS IIPH MOBBIIICHHBIX TEMIIEPATypax;

— MPOYHOCTHBIE XapPaKTEPUCTUKHU COILIIOBOTO
afnmapara Mnpu HOBBIIICHHBIX TEMIEPATypax.

HNcnonb3yemblii ra3-HOCUTEb
Hna meroga XI'H mUpoKo HCHONB3YIOTCS
TPH ra3a-HOCUTEIN: BO3AYX, a30T, [Nl U cMe-
CH BO31yXa C a30TOM U BO31yXa C TeIIUEM.

Bo3ngyx — camblil JemeBbld U JIETKOJOCTYI-
HbI U3 Ta30B-HOCUTENEH; MHEBMOMAruCTpaIl
CO CXKAThIM BO3JIYXOM IIHMPOKO HCIOIB3YIOTCA
MHOTUMH TPEIANPUATHIMHE, YTO JejaeT ero ¢a-
BOPUTOM JJi1 ucnosib3oBaHus B merome XI'H,
HO BBHUJIy YyBCTBUTEJIBHOCTH HEKOTOPHIX MaTe-
pHYanoB K HATMYECTBYIOMIEMY B BO3yX€ KHUCIIO-
poay U a3oTy, IpU OMNPEICICHHBIX TeMIIepaTy-
pax, ¥ W3MEHEHHUS CIIOCOOHOCTH TIepemayn
KMHETUYECKOW 3HEPTrMy YacTUIlaM HalbUIsIeMO-
ro MOpPOIIKA, MPUBOAUT K HEKOTOPBIM OTrPaHU-
YeHUSIM Ha €ro MCITOJIb30BaHME.

A3oT — OoJlee IOpOTOW ra3 B CpaBHEHHHU C
BO3yXOM, C HEMHOTO OOJIbIIEeH CIIOCOOHOCTHIO
nepefayd KUHETUYECKOW HHEPrud dYacTUIlaM
HampUIsieMoro mopoiika. Ero mmpoko npume-
HSIOT TIPH HANBUICHUH (DYHKIIMOHAJIBHBIX TI0-
KPBITUM W3 MaTepuanoB, UYyBCTBUTEIBHBIX K
KHUCIIOPOAY.

lenuit umeeT 3HAYMUTENBbHYIO CTOUMOCTH B
CpPaBHCHUU C MPEABIAYIIUMU IBYMS razaMu, HO
€ro IPEeBOCXO/HAsl CIMOCOOHOCTH Iepeladyn KH-
HETUYECKON BSHEPruyd 4YacTUIlaM HaIlblJIsSeMOro
MOPOIIIKAa M MHEPTHOCTh K MaTepuaaM YacTHI]
HaIBUIIEMOT0 MOPOIIKA U MOAJIOKKH JETAeT eTo
YHUBEPCAJIBHBIM Ta30M-HOCUTENEM MAJI IIUPO-
KOT'O CIIEKTpa MaTEpUaIOB U TEMIIEPaTyp.

CKOpOCTh Ta3a MOKET ObITH BEIUMCIICHA U3:

V=M\/yRT , (1)

rae M — uucino Maxa; y — mokasarellb aguada-
ThI; T — TemmepaTypa ra3a; R — yaenbHas ra3o-
Bas IIOCTOSTHHAS.

BrlmenpuBeieHHOE ypaBHEHHE ITOKA3BIBACT,
MoYeMy TeIUil CYUTAeTCS Jy4YlIUM Ta3oM-
HocuteneM st XI'H. OH umMeeT MEHBIIIYI0 MO-
TeKyIsIpHyto Maccy U (R= 8314/u) n 6omee BBI-
COKHMI Toka3zaTenb amuabatel [5]. Ilokazarenu
aanabaThl BO3MyXa, a30Ta W T'eJIUs COCTABJISIOT
1,4, 1,4 u 1,66 COOTBETCTBEHHO, a YyHAEJbHbIE
ra30BbIe TIOCTOSHHBIC JJIST BO3IyXa, a30Ta W Te-
must coctaBisiior 287 Jx/kr-K, 296,8 JIx/xr-K u
2077 Ox/xr-K coorBercTBeHHO. CoriacHo Npu-
BEJICHHOMY BEIIIC YPaBHEHHUIO: CKOPOCTh a30Ta
Oyner HIKE CKOPOCTH TelUs U, COOTBETCTBEH-
HO, CKOPOCTh BO3JyXa OyJIeT HIKE, 4YeM y a30Ta
W TeNHs, a PU YBEITUYCHUU TeMIIepaTyphl ra3a
— CKOpOCTh Tasza Bo3pacraeT. BrocnemcrBun
CKOPOCTb YacCTHI] Takxke Bo3pacraer. Cmia jo-
0O0BOTO CONPOTHBIIEHUS YaCTHI[ BO3PACTaeT MPH
YBEIUYCHUH JABJICHHUS Ta3a, IMOCKOJIBKY Ooiee
BBICOKOE JIaBJICHHE Ta3za YBEIWYUBAET IUIOT-
HOCTb ra3a, KaK y>ke TOBOPHIIOCH PaHEe.

B uccnenoanuu [6] ObLTO MPOBENEHO CpaB-
HEHHWE a30Ta M Tenus B KaueCTBE Ta30B-
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HOCHUTEJICH TPU YCIOBUU OJMHAKOBOUW CKOPOCTH
YaCcTHIl HAMbUIIEMOTro Marepuana. bpuio ycra-
HOBJICHO, YTO MPH TOH YK€ CKOPOCTH YaCTHUIL d-
(hbeKTUBHOCTH HAMBUICHUS M IUIOTHOCTH MOKPHI-
TUS 3aBUCETH B OCHOBHOM OT TeMIIEpaTyphl
YaCTUIl ¥ MOJUIOKKH, a MPH YCIOBUH UCIIOJIB30-
BaHUs 0OJiee BBICOKOW TeMIepaTyphbl rasa, Io-
KPBITHS, TIOJYUYCHHBIE C UCIIOJI30BAHUEM a30Ta
KaK ra3a-HOCHUTENsI, UMel 0oJiee BBICOKYIO 3(-
(DeKTUBHOCTh HAIBUICHUS W OOJBIIYIO TIIOT-
HOCTb, YEM TPU UCIIOJIb30BAHUY TEIIHSL.

CaoiicTBa MaTepuaJia, pasmep u
MOp$0J10rusi HaNbLISEMBbIX YaCTHIL

CBoiicTBa MaTepHaa HAMBUISIEMBIX YaCTHI] B
3HAUYUTEIBHOM CTENEHU BJIMSIOT Ha IapaMeTpbl
nporecca. CoriacHO OCHOBHBIM TEOPHUSM TIPO-
necca HamsuieHus MeronoM XI'H, sBienue o00-
MIUPHOW TIJIACTUYECKOW JedopMariii YacTHIL
npu yaape u GopMHpPOBaHHE TOHKOTO CIIOS pac-
TUIaBJIGHHOTO Martepuana Tonumuon & < 0,015d
(d — nuameTtp wactunen) [1, 21, 22], B KOTOpOM
TemmepaTypa OJM3Ka K TeMIepaType TUIaBIeHHs
MaTepualia YacTHIIBI, SIBJISIFOTCS OCHOBHBIMU
npuyuHamMu (GopMupoBaHUs MOKpbITHI. Ouye-
BHUJIHO, YTO BaKHEUIIMMU CBOMCTBaMU MaTepu-
ana nis HambUICHHUS SBISIIOTCS €ro  Mpejen
MPOYHOCTH, TEIUIOEMKOCTh U  TeMIlepaTypa
IUIaBleHUs. B 3aBUCHUMOCTH OT CBOMX CBOICTB,
KaXJIbld MaTepual UMEET ONpe/eJICHHBIN aua-
MA30H CKOpPOCTEH, B KOTOPOM IIPOLIECC 3PO3UU
MEepeXoAUT B Mpoliecc HambuleHus. bonee HuU3-
Kasl CKOPOCTb, KaK U €€ MPEBbILICHNUE, IPUBEIYT
K 3po3un. Meron XI'HH/I mupoko ucnosb3yer-
Cs NSl HANBUICHUS IUIACTHYHBIX MAaTEPHUAJIOB,
takux kak Zn, Cu, Al, Ni, Pb, Sn, a taxkxkxe ux
cMecell U CIUIaBOB; B CBOK O4YEpEelb AKTUBHO
MPOBOJISITCSL UCCIICOBAHUS 110 HAMNBUICHUIO MO-
JUMEPHBIX, KEPaMUYECKHUX, KOMIIO3UTHBIX U
HaHOPAa3MEPHBIX MATEPUATIOB.

HemanoBaxubim ¢akropom B niporiecce XI'H
SIBIISIETCS pa3Mep YacTHUI] HABUIIEMOTO MaTepH-
ama. Tak Kak yCKOpeHHEe YacTHIIbI, 0a3upysch Ha
3akoHe HpioTOoHA, 00paTHO MPOMOPIMOHAIBHO
e€ pasMepy, Ooylee TPEANOYTUTENEHBIMH IS
WCTIOJB30BAHUS SIBIIAIOTCS MEIKOAUCIIEPCHBIE
yactuibl. g XTH mupoko HCHoIb3yroTCs
gacTule! pasmepom 5—100 Mxm.

MHorue WCCIIeIoBaHHUs TIOATBEPIMIN, YTO
TUTOTHOCTB, pazMep ¥ MOpP(OJIOTHS YacTHIIBI 3HA-
YUTETHHO BIUSIOT HA €e CKOpocTh [7-9, 24, 25].
Yactunbl w3 MarepualioB ¢ Oojiee BBICOKOM
TUIOTHOCTBIO TIPHOOPETAIOT 3HAYUTETHHO MEHB-
IIyI0 cKOpocTh. bonee Menkue yacTHIlbl TpoIe
YCKOPSIIOTCS, HO CJIHIIKOM MEJNKOJUCIIEPCHBIC
TaKXKe JIETKO 3aMEeJUITIOTCS M YBJIEKaIOTCS TI0TO-
KOM, HE JIOCTUTAas MOJIOKKH. Tak Kak TeMIiepa-
Typa B KOHTakTe OOpaTHO MPONOPIMOHAIBHA
00bEMy YaCTHUIIBI, YCIEBAIOIIEMY 3aMETHO IPO-
TpeThcs 3a BpeMs yaapa, OT pa3Mepa YacTHIl 3Ha-
YHUTEIILHO 3aBUCUT MX CIIOCOOHOCTH MPHOOPETaTh
TEeMIIepaTypy Hepen coydapeHneM, YTO SBISIETCS
BakHeHmuM QaxtopoM. COOTBETCTBEHHO OoJiee
MEJIKOTUCTICPCHBIC YACTHUIIBI UMEIOT OoJiee BBI-
COKYIO KPUTHUECKYIO CKOPOCTb.

OrpaHudeHus 1o pa3Mepy YacTHIl UMEeT Me-
CTO BBUIY HX CIUNAHUS W YMEHBIICHUS CHJIBI
BO3JICICTBHUS, NEUCTBYIOLIEH HAa YacTUIy IpO-
MOPIHOHATBHO KO3(PPUIMEHTY a’dpOJHAMUYE-
cKkoro comportuBieHus. B pabore [23] Oblam
paccuuTaHbl KPUTHYECKHE JAHAMETPHI YACTHII
(puc. 5), BbIIIIe KOTOPHIX PACIIPOCTPAHEHUE TETI-
Jla TPOHWCXOIUT AOCTATOYHO MEIJICHHO, YTOOBI
Ha MOBEPXHOCTH COYAAPSIONIMXCS CHEPUUSCKUX
YacTHUI[ TPOUCXOIWI JIOKAJIW30BAHHBIA He-
YCTOMUYUBBIN CIABUT, KOTOPBIA paccMaTpUBaETCs
Kak MUHUMajabHOE TpeboBaHWE K (DOpMHpPOBa-
HUIO TIOKPBITHS. JTO O3HAYaeT, 4To OoJiee Mell-
KH€ YacTHUIBl HE CMOTYT JOCTHYhL ITapaMeTpOB,
HEOOXOJUMBIX IS CHETUICHUS.
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Puc. 5. MunumanbHbBIC AUaMCTPhbI 4aCTHUIl AJI JIOKAJIN30BAHHOT'O a,Z[I/Ia6aTH‘IeCKOFO CABHUIa IIpU yaape,

pacCUYMTaHHBIC AT Pa3HbIX MaTepHaIoB [23]
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TokprrTHE ¢ yMEHBIIEHHEM
NOPHCTOCTH H NMOBBIIIICHHCM
ek THBHOCTH HANBLIEHHA
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Puc. 6. KpI/ITI/IIICCKaﬂ CKOPOCTb HAIIbUTACMBIX YACTUL] — V¢rjy 1 CKOPOCTH HAIIBUISACMBIX YaCTHUI] IIEPEI
yAaapoM O HOMJIOXKKY — Vimpact B 3aBUCUMOCTH OT pasMepa 4acCTHL. OnrtuMansHOE pacrpeacjacHmue

pasmepoB vactuil st XI'H [23]

Takxe B [23] ObUI TIPOBEACH aHAIMU3 OMTH-
MaJbHBIX Pa3MEpoB 4YacTHIl (puc. 6), COTIACHO
KOTOpOMY 17151 OOJIBIIMHCTBA MaTEpHUajoB OIl-
TUMaJIbHBIA pa3Mep YacTHI JIGKHUT B AUANa3oHe,
I/Ie CKOPOCTh COYJapEeHUsT YaCTUIBI 3HAYUTEIb-
HO BBIIIE, YeM KPUTHIECKass CKOPOCTh YaCTHIIBI.
CneBa OT 3TOro Auama3oHa — HaIbIJICHUE HE
MIPOUCXO/IUT, a CIIpaBa — MOKPHITHS UMEIOT BbI-
COKYIO TIOPHUCTOCTh M HHU3KYIO 3()PEKTHBHOCTH
HaTBUICHHUS.

CpaBHEHHE CKOPOCTH YacTHI] C pa3HON Mop-
(homoruelt [9] mokazano, 4YTO MPU OJUHAKOBBIX
YCIIOBHUSIX YacTHIBI ¢ HEpaBHOMeEpHOW (hopmoit
UMEIOT OonbIIni KO3 PHUIUEHT T0O0BOTO CO-
MPOTHUBIICHUSI W, KaK CIEACTBUE, MPUOOPETAIOT
OompIlice  YCKOPEHHE, YeM YacTHIBI cheprye-
cKoil (popmeI.

Tax >xe, TOBOPS O BIUSHUY pa3Mepa YaCTHII,
BaXHO MMOHWMATh, YTO YaCTHUIIBI MOPOIIKA, WC-
MOJIb3yeMbIe JJISl HAIbUICHUS, 3a9acTyl0 UMEIOT
IIMPOKHUI TUamna3oH paclpeleNeHus Mo pasMe-
pam H, KaK cIie/ICTBHE, YeM JHAaIa3oH IIHupe, TeEM
TpyJHEe TMPaBWIBHO MOAO00paTh ONTHMAaNbHbIE
pexumsbl HanbuieHus [10].

Kputnuyeckasi KoHueHTpauus

Cpoit Bkiag B 3()()EeKTUBHOCTh HAIBUICHUS
BHOCUT KOHIEHTpALUsl YacTHLl B MoToke. B pa-
oote [1] mpoBoamIHCH MCCiIeMOBaHUS KO3 dHH-
nuenTa HanbuieHus (k;) MpU yCIOBUH, YTO CKO-
POCTb YaCTHLBI IPAKTUYECKU HE 3aBHCEa OT X
KOHIICHTpallMd. bblla paccMOTpeHa 3aBUCH-
MOCTb k; TIpY 3HAYEHUSAX KPUTHUECKOH KOHIIEH-
tparuu O; = 1,0-2,0 r/(cM” €) ¢ HCTOTB30BAHH-
€M pa3HbIX MaTepHalIOB Mperpansl (puc. 7).

bruta oTMeueHa TeHAEHINS K yBEIWYCHHIO,
kq st 06pasioB u3 6oyiee TBEPABIX MATEPHUATIOB

Py 3TOM HUMEIOLMX 00Jee HU3KYIO TeIIonpo-
BOJIHOCTb.

Jannbiii 3¢ ekt o0BsICHIETCS HArpeBOM To-
BEPXHOCTH TOAJIOKKH M YacTHIl 32 cYeT Iepe-
X0Zla KHHETUYECKOM SHEPTUU B TEIUIOBYIO NPH
COyZIapeHHH, a TAKKE BIUSHUS B3aMMOJACHCTBUS
YaCTHII, TO €CTh JOMOJHUTEIBHOTO yaapa JIeTs-
e cIeI0OM YaCTHLBL.

k- 10¢

AN

6 O,. r/(cm*c)

2
s

Puc. 7. 3aBucumocth kod(dduIrieHTa HaIbLIe-
HUS OT yJAENBHOTO pacxoja YacTHIl Ha MOJ-
noxkax u3: 1 — cramu X18HI9T; 2 — cramu
Cr. 35; 3 — GepumueBoii 6ponssl bp. b; 4 —
natynan JIC59; 5 — matynn JI1 62 [1]

Takoe B3aUMOJIIEHCTBHE YaCTHI] Ha3bIBAIOT
JMIBOWHBIM yIapoM; OH MPHBOIUT K OOJIBIIEH
CTereHu AegopMaluy, U TaKKe MOoCIeayIomas
YacTHIla MPENATCTBYET OTPHIBY MPEAILIECCTBYIO-
e, 9TO MOBBIIIAET BEPOATHOCTD HAITBIICHHS.

Yroa HanblIeHUus
BecbMa BaKHBIM TakKe SBISIETCS YIOJ
HaIBUICHUS, TO €CTh YTOJI MEXIY TIOIOXKKON U
HambUIIeMBIMU 4YacTulaMu. [lpu coynmapeHun
YaCcTHIl TOJ VYTIJIOM, OTIMYHBIM OT HOpMAalH,
CKOPOCTH COYIApCHHsI YaCTHI] MOXET OBITh pa3-
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JIO’)KEHa Ha HOPMANbHYIO M TaHTCHIHUAIBHYIO
COCTaBJISIONIME IO OTHOIIEHUIO K TOJIOXKKE,
Kak MOoKa3aHo Ha puc. 8.

YacTHIia IpH
COYIapeHHH

Vi n TTonmosxka

: .‘l"
\P

Puc. 8. PaznoxxeHne CKOpPOCTH CTOJIKHOBEHUS
YaCTUIL TI0J] YIJIOM HamblieHus 0 [26]

Hopwmanenas (V,) u tanrennuansHas (V;)
CKOPOCTH MOTYT OBITh BBIPXKEHBI KaK:

V,=V,sind , 2)
V,=V,cos0, 3)

rae ¥, — CKOpoCTh COyAapeHus yacTul; 0 —
YTOJI HAaIBUIEHUSI MEXIY OChIO COTLIA U TMTOBEPX-
HOCTBHIO TIOJUIOKKH; V), YMEHBIIAeTCsS C YMEHb-
mienueM 0 ot 90° 1o HyJs.

B paborax [1, 26] momy4yeHBI pe3yJbTaThl
JUTS Pa3IMYHBIX YIJIOB HAMBUICHHS, COTJIACHO
KOTOPBIM ONTHMAIBHBIA JHANa3oH HaIbLIICHHUS
nexut B npenenax 80-90 ° mus IuIacTUYHBIX
MaTepHaJIOB, TAKUX KaK MeJllb, © HEMHOTO IIHpPe
70-90 ° misg MeHee MIACTUYHBIX, TAKUX KaK TH-
TaH. JTO OOBACHIETCS 3HAUYUTEIHHBIM yBEIIHYC-
HHEeM ko3¢ ¢unmenta spo3un Cy st yriaos 40—
70° [27], yMecHBIIICHHEM HOPMAaJIbHOW COCTaB-
JISTFOIIEH CKOPOCTH COYJApCHHs YaCTHIIBI C TIOJI-
JIO)KKOW M HaJU4YMeM CHUJIBHOTO BpalIaloIIeTo
MOMEHTA TIPY KOHTAKTE YaCTHI] C MOJIJIOKKOM.

Ha puc. 9 u 10 [26] moka3aHO BIUSHUE yTiIa
HAIBUICHUS Ha OTHOCUTENIbHYIO 3()()EKTUBHOCTD
HaANBUICHUS MEHM U TUTaHA COOTBETCTBEHHO.
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Puc. 9. Bnusgaue yrna HambuIeHHS ~Ha
OTHOCUTENBHYIO 3((EKTUBHOCTH HAIBUICHUS
Memu (15-37 Mrm) [26]

Kak TOBOPWJIOCH paHCEC, Ha MOJJIOXKKY HallbI-
JIAKOTCA TOJBKO YaCTHUILbI, UMCHOIIUC CKOPOCTH
BBIIIIC KpPITH‘IGCKOﬁ CKOpPOCTHU IPU HOPpMAJIbHOM

yaape. IIpm yMeHbIIEHHWM yrIia HalbUICHUS
HOpPMaJbHAasl COCTABJIIONIAsi CKOPOCTH TaKkKe
OyzeT yMeHbIIAThCs, a KOIJa €€ 3HAaueHHe CTa-
HET MEHBIIIe KPUTHYECKOM CKOPOCTH, HacCTHIlA
He OyIeT HaNbUIAThCS Ha MOUIOKKY.
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Puc. 10. BnusiHue yria HambUIEHUS Ha OTHO-
CUTCIIbHYIO  3(Q(PEKTUBHOCTh  HAIbLICHUS
tutana (3744 Mxm) [26]

Yro KacaeTcs 3aBUCUMOCTH OTHOCHUTEIBHOM
3¢ (GEKTUBHOCTH HAMBUICHUS OT yTIja Hamblie-
HHS, YTOJI HAITBUICHHUS MOXKHO Pa3/eNuTh Ha TPpU
yIJla: QUamasoH yTJIOB MaKCHMAaJIbHOTO HaIlbl-
JIeHUs, TUaNa3oH yIJIOB MEPeXOJHOro Iporecca
W TMamna3oH yriaoB 0e3 HampuieHus (puc. 11)

i [lepexoanasn
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50

DippexruprocTsb HanbuleHus [Yo]

V1o HankUIeHHS

‘F

Puc. 11. OOmas cxema 3aBUCUMOCTH OTHOCH-
TeNbHON A(PPEKTUBHOCTH HANBUICHHUS OT YT-
J1a HambLICHUS [26]

Kpome Toro, 6onee mmpokuii [uamnazoH pac-
MpenesieHusT pa3Mepa 4acTHLl MOPOIIKa MPHUBO-
IUT K OONbBIIEeMY pacHpeeICHUI0 CKOPOCTEH,
KOTOpoe OyJeT BIUATh Ha JMAINa30H yriioB MaK-
CUMAJIbHOTO OC&XIEHUSA M MEPEXOTHOro IMpo-
1ecca, 9To MOKHO HaOmromaTh Ha puc. 9 u 10.
YacTunsl TUTAHA WMEIOT OOJBLIMKA IHUaIla3oH
MaKCUMAaJIbHOT'O HANbUICHUS U MEHbIIUN Iuamna-
30H MEPEeXOJHOr0 MpoIecca n3-3a ux donee y3-
KOTO Juarna3oHa pacupeeIcHIs 10 pa3Mepy 1o
CpPaBHEHUIO C MEIHBIMH YacTuiiamu [26]. Yron
HaIbUICHUS TaKXe BIMSIET HA MUKPOCTPYKTYPY
MOKPBITHS, MMOCKOJBKY HampasjicHUuEe nedopma-
MM YacTUIl B MOKPHITUH H3MEHSIETCS B COOT-
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BETCTBUU C YIJIOM HambuleHus. Tak B pabote
[1] oTrmeueHo, 4YTO KOCOH ymap MpH yriax
HambUTeHU < 90 ° MOXET NMPUBECTH K yITydIIle-
HUIO CBOWCTB TOKPBITUS BBUAY JONOJHHUTEIH-
HOTO CKOJIBKEHHSI B KOHTAKT€ B MOMEHT COy[a-
peHus W OoJiee TOJHOTO TposBiIcHusS 3(dekra
paspylieHust OKCHIHBIX cioeB. CTOHWT Takxke
OTMETHUTH, YTO B TAKOM CIIyyae NMPOUCXOAMT Ce-
JIEKIUS 9aCTHUI], IPU KOTOPOH YaCTHUIBI CO Clia-
00l CBSI3BIO OTPHIBAIOTCS M YHOCATCS TTOTOKOM,
a MOKpHITHE (DOPMHUPYIOT JIUILIL MPOYHO 3aKpe-
MTUBIIAECS YaCTHUIIBL.

IHIepoxoBaTocTh MOBEPXHOCTH

Cunraercs, YTO LIEPOXOBATOCTh IOBEPXHO-
cTH BiausAeT Ha J(PGEKTHBHOCTh HAIBIICHHS
TOJILKO JJISl TIEPBBIX HECKOJIBKHX CJIOEB YacTHII,
HANBUISIEMBIX Ha TIOJJIOKKY. Takum o0pa3om,
CTAaHOBUTCS Ba)KHBIM OIpE/ENIEHUE HAYaIbHOTO
CBSI3YIONIETO MEXaHW3Ma Ha TpaHUWIe pasjaerna
MIOJJTOKKA / TOKPBITHE.

OnHa U3 MpeaIoKEHHBIX TEOPU MEXaHU3Ma
CIETUICHUS] TIOKPBITHH, MOTYyYEeHHBIX METOJIOM
XOJIOZIHOTO HANBUICHHS, CBSi3aHA C MeXaHHue-
CKUM CICTUICHUEM YaCTHI[ HAIBUIIEMOIO I10-
pOILKa ¢ MOBEPXHOCTHIO MOANOXKKH [1]. Takum
00pazoM, MOXHO TMIPEIINOJIOKUTh, YTO TIOBBI-
HIEHHAas [MIEPOXOBATOCTh MOBEPXHOCTH MOAIONK-
KH elle 0OJbIle TOBBICHT CIETUIEHHE, TOCKOIhb-
Ky OHa IIPEICTaBIIsICT COOOH MacCHB C OOJBIITIM
KOJIMYECTBOM YTJIOB W yIIIyOJCHUH, B KOTOpHIC
MOTYT OBITh ITOMEIIEHBI HABUISIEMbIE YaCTHIIBI.
OTH YacTUIBI 3aT€M MOJBEPTaloOTCs JOTOIHH-
TEJILHOMY VIUIOTHEHHIO, KOTZa Ha TOIJIOKKY
BO3JICHCTBYIOT TMOCIEAYIOMINE YACTHUIBL. IJTO
SIBIICHUE WJLTIOCTPUPYETCs Ha puc. 12.

KpynHbie
YacTHLbl
Al-Mg

Puc. 12. Cxemarmdeckoe H300pakeHHE OOIb-
mmx vactui, Al-Mg, majaronmx Ha MOBEpX-
HOCTB TIOJUTOXKH ¢ (a) HU3KOU IIEPOXOBATO-
CTBIO TOBEPXHOCTH ® (0) BBICOKOWM
IIEPOXOBATOCTHIO MMOBEPXHOCTH [28]

s moBepXHOCTEH € HU3KOM IIEpOXOBATO-
CTBIO IEPBHIE YaCTHIbI, IOIBEPIaAIOIINECsS CO-
yAapeHu1o, UMET HeOOJbLIYI0 IIOMaAb I0-

BEPXHOCTH, C KOTOPOH OHM MOTYT CLEIUIATHCH,
YTO NPHUBOAUT K Oosee crnabbiM CBA3AM. OTH
YaCTHIBl UMEIOT MEHBIIYIO BEPOSATHOCTh BONTH
B CLEIUIEHHE C TOJUIOKKOW, YTO MPUBOAMUT K
NEPBOHAYATILHOMY YMEHBLICHUIO 3((EKTHUBHO-
CTH HaIlbLICHMUSL.

Hpyrue aBtopsl [29] cooOmaror, 4ro s
MOJUIOKKH C IIEPOXOBAaTOCThIO Ra~2,6 MKM
MIPOYHOCTh CIEMJICHMs BBINIE, Y€M JUIS OTIEC-
KOCTPYEHHOH MOJJIOKKH C IIEPOXOBAaTOCTBIO
Ra=3,5 MKM, COCTaBIAIOLINE COOTBETCTBEHHO
37 u 32 Mlla. OTt0o MOXeT OBITh CBS3aHO C
YIOPOYHEHUEM, TOIYYEHHBIM BO BpeMs IIec-
KOCTPYHHOH 00pa0OTKH MOBEPXHOCTH TOAIONK-
KM, 4TO 3aTpyJHsET CLEIUIEHHE IOKPBITHA C
MTOJUTOXKKOM.

Bo3MoxkHbIe MyTH Pa3BUTHS X0JI0AHOIO
HANbLIEHUS

AHanuzupysi B3aUMOJCHCTBUSI 3JIEMEHTOB U
napameTpoB mnpouecca XI'H, paccMOTpeHHBIX
BBIIIIE, MOKHO CJ/IeJaTh BBIBOJ, YTO OOJBIINH-
CTBO HCCJIEAOBAHMM IO palMOHAJIU3ALMH IIPO-
necca XI'H HanpaBiieHbl Ha M3yYEHHE NIPSIMbIX
U KOCBEHHBIX IyTeW BO3JEHCTBUSA HAa KpPUTHUE-
CKYIO CKOPOCTb YacCTHI] HaNbUIIEMOr0 MaTepua-
Ja W, KaK CJIEICTBHE, yIpPaBICHUE CBONCTBAMHU
MOJIyYaeMbIX TTOKPBITHH.

CTOUT OTMETUTH, YTO YacTh HUCCICAOBAHMM,
MOCBSILICHHBIX BO3JCHCTBUIO HA TEMIIEPATYyPHO-
CKOPOCTHBIE XapaKTePUCTUKU YACTHUI] HAIBLIsC-
MOTO MOpPOIIKAa, COBMECTHO C Ta30AHMHAMMYE-
CKHM IIPOLIECCOM, HE3HAYUTENbHA.

Nwmerotcst  cBenenuss 00  HCCIeIOBaHUIX
3JIEKTPOCTATUYECKOTO BO3JECHCTBUA Ha HAaHO-
pa3MepHbIe YaCTHUIBl HAMbUIIEMOrO IMOPOLIKA
[14, 15], a Takxke TOTyICHHSI TTOKPBITHS C COB-
MEUICHUEM  XOJOJHOTO Ta30JUHAMUYECKOTO
HaIbUICHUS C JIa3€PHBIMU TEXHOIOTUSAMU [16].

DIIEKTPOCTATHUECKOE YCKOPEHHE, 0e3yCIoB-
HO, CIIOCOOHO PACIIUPHUTH JUANa30H pPa3MepoB
YacTHIl, WCIOJB3YEMbIX IJS HAaIbUICHUS, 0
HaHOPAa3MEPOB, UTO MOXKET NMPUBECTU K IOTyde-
HUIO TIOKPBITHI C COBEPIICHHO HOBBIMH IKCILTY-
arTallMOHHBIMUA cBoMcTBamMu. Ho HeoOxomumo
PaCIIMPUTh ATH HUCCIAEAOBAHMS IJISI BO3MOXKHO-
CTU HCIONB30BAHUS YaCTHULl MUKPOPA3MEPHOTO
JIMana3oHa, KOTOPbIe IMIMPOKO HCHOIB3YIOTCA U
KOMMEPYECKU AOCTYIIHBL.

Uro kacaercs nmazepHoro Bo3zzaeicTBus [30],
TO €r0 IPUMEHECHHE KpaliHe OTPAHUICHHO BBUIY
€ro HETaTUBHOTO TEIUIOBOTO BO3ACHCTBHS, YTO
HuBenupyet npeumyuiectsa XI'H.

Takum 00pa3oM, MpoaHAIU3MPOBAB OCOOCH-
HocTu mnpouecca XI'H, Hy)KHO OTMETUTH, YTO
IUIsl paclivpeHus Bo3MoxHocTed metona XI'H,
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a TaKKe YJIYYIIEHUS Pe3ylbTaTOB €ro HCIONb-
30BaHMUSA €CThb HEOOXOAMMOCTH HCCIICIOBAHUS
BO3MOXKHOCTEl TrHOpUAM3alud €ro ¢ APYTUMH
METOJ]aMH BO3JEHCTBHS Ha YacTHUIBl HaIbLIsde-
Moro mopomka. B mepByio ouepenp cuemyer
pPaccMOTPeTh BO3MOXKHOCTH JIOTIOJIHUTEIBHOTO
BIMSIHUS Ha CKOPOCTh YacTHIBl HAIBUIIEMOIO
MOPOIIIKA, TaK KaK BO3ACHCTBUE HA TEMIEPATypy
HaNbUISIEMbIX YacTUI] OTPAaHUMYCHO CBOWCTBAMU
MaTepuana 4acTHIL.

BriBoaBI

Bcecropornnii 0630p XI'H mokasai, uro 3a
MOCJCHNUE YEThIPE HECATHIICTHS JCCSITKaMH
HAYYHBIX TPYIIT ObLTH UCCIICAOBAHbI PA3TUYHBIC
BO3MOKHOCTH HCIIOJIF30BAHUS METOMA, PAaIro-
HaJM3alys MapamMeTpoB IIpolecca U 00opyao-
BaHUs. Bce mpoBeieHHBIC UCCIIEAOBaHUS MIPSIMO
WJIM KOCBEHHO OBLIM HAaIlpaBlIeHBI HA U3MEHEHHE
TEeMIEePaTypPHO-CKOPOCTHBIX XapaKTePUCTHUK Ya-
CTHII HAITBLUIIEMOTO TOPOIIKA JUIsl TIONAJaHus B
JIUATa30H KPUTHIECKUX CKOPOCTEH HambLIsIeMO-
ro MaTepuaa.

OtMmedeHa HEOOXOJUMOCTh MOJCPHHU3AIMU
CYIIECTBYIOLIETO O0OPY/IOBaHUS U HEJIO0CTATOY-
HO€ KOIIMYECTBO HCCIIEOBAHUN TI0 THOpUAM3a-
UM METO/a XOJIOJHOT'O HANBLICHUS W/WIH BO3-
JieHCTBHS Ha  TEMIIEPaTypHO-CKOPOCTHBIC
XapaKTePUCTUKH YaCTHUI] HAITBUIIEMOTO MaTepH-
aja CTOPOHHMMH (HE Ta30JUHAMHYCCKAMU)
MPOIIECCaAMU.

OrpaHn4eHHOCTh BO3CHCTBUS Ha TeMIiepa-
Typy TOIUIONKH W YaCTHI] HAIBLIIEMOTO Mare-
puaia MPUBOIUT K HEOOXOIUMOCTH TOBBIIICHUS
CKOPOCTH COYJAapCHHS YaCTHUI] HAIbLIIEMOrO
MOpomIKa ¢ NoANoKKod. CTOpoHHEe BO3IEH-
CTBHE Ha CKOPOCTHh YaCTHI[ HANBUIIEMOTO IIO-
POIIIKa TIO3BOJIMT HE TOJIBKO YMEHBIIUTH TEMIIC-
paTypHOe  BIHMSHME H, KakKk CJEICTBUE,
BO3MOXKHBIE HETaTUBHBIC 3(PPEKTHI, HO ¥ 3HAUN-
TEBHO COKPATUTh JHEPreTHUCCKUE M MaTepH-
ANBHBIC PacXoJbl MpoIecca, 3a CUYET OTKaza OT
JIOPOTOCTOSIIIIEr0 00OPYI0BaHUS BHICOKOTO JIaB-
JICHHSI, @ TAKKE TIOBBICUTh 3()PEKTUBHOCTH MPO-
1ecca npu paboTe ¢ HU3KUM JIaBIICHUEM.
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Orasig X0J10AHOT0 ra30JHHAMIYHOTO
HANWJIIOBAHHS: MPO0JIeMH i MepCHeKTHBH
Anomauisn. 3 oenady na Hedocmamuicmo ingopmayii
npo MOACIUBOCMI 6NIUBY HA KINbKICHI Ma AKICHI no-
KA3HUKU YMEOPIOBAHUX 3AXUCHUX MA BIOHOGNI06Ab-
HUX NOKpUmmie i 6USUEHHA G1ACMUBOCHEN MAKUX
noKpummis 6y npogedeHUll aHai3 CyuacHo20 CMany
NUMAaHHA 8 2aly3i XOJI0OH020 2a300UHAMIYHO20
HanunenHs Husvkoeo mucky (XTHHT) 3 mooic-
JUBICMIO NOOANBULOZO BUKOPUCHAHHA HAKONUYEHO20
00c6i0y 01151 npogedents ocniodiceHb y Oanii cghepi.
B naw uwac memoo xonoomozo 2azoounamiunoco
HanuienHs Ol HAHECEHHs 3aXUCHUX MA GIOHOBTIO-
BANLHUX  HOKPUMMIE OOCUMb  WUPOKO 3ACHIOCO-
8YEMbCSL 8 AEPOKOCMIUHIN, ABMOMOOIIbHIL Ma THUWUX
eanyzax mexwiku. Pazom 3 @iominHumu excniyama-
YIUHUMU, 61ACMUBOCMAMU OONAOHAHHS OJisl MEMOQY
XTHHT icnyroms i Hedoniku: Hu3bKuil Koeghiyienm
BUKOPUCMAHHA MAMePIany, MONXCIUBA NOPUCMICTD,
wWo npu3gooums 00 3HUICEHHA MIYHOCMI ma Nozip-
wieHHs Kopo3iliHoi cmilikocmi. [{ns ycyHenHs nepepa-
XO8AHUX BUlfe HeOOIKi8 3ACOCcOo8yI0Mb 00NAOHANHSA
BUCOKO20 MUCKY, W0 00360Js€ 3abe3neuumu 3a0aHi
61aCMUGOCMIi NOBEPXOHbL 1 po3uwupumu 2any3i 3a-
CMOCy8anusi Memoody XON00OH020 2a300UHAMIYHO20
HANUNeHHs, pasom 3 MmuM Ha KilbKa pIGHIE 3pocma-
omy gumpamu Ha 0OIAOHAHHSA MA CYRYmHi eumpa-
mu. B maw uyac xonooue 2a3z00uHamiuHe HANULEHHS.
BUCOKO20 MUCKY MAE NOKA3HUKU KoeqiyicHma euxo-
pucmanns mamepiany oauseko 85-90 giocomkis. Ane
yeti Memoo Mae HeOONIKU: BUCOKA 8apmicmy 001a0-
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HaHHs [ npoyecy HANUNEHHs, HU3bKA MOOLIbHICMb
001a0HanHs, 3a2po3a 300po8'to nepcomany i m.o.
3pocmarouuti nonum Ha HU3bKOEHepeemuyHi, eKo-
J0eiuHO besneuni, egpekmusHi U Hedopoei npoyecu
HAaHeCeHHs. NOKPUMMIE CMUMYIIOI0Mb NOWYK i po-
3POOKY HOBUX ANbIMEPHAMUBHUX MemOoOi8, OOHUM 3
axux € XI'HHT. [lposedenuii ananiz cyuacnoeo cma-
HY NUMAHHA 6 2a1Y3l 6NAUEY HA KILIbKICHI Ma AKICHI
NOKA3HUKU YMBOPIOBAHUX 3AXUCHUX Ma GIOHOBIO-
BANbHUX NOKpUMMIG | UBYEHHS 6lacmusocmell ma-
Kux nokpummie, ompumanux memooom XI' HHT, no-
Kazanu, wo HeoOXiOHe Oinbul 21UbOKe BUBHUECHHS.
BNAUBY HA MEMNePAmypHO-WEUOKICHI napamempu
YACMOK HANUTIOBAHO20 MAMEPIANy 2a300UHAMIYHUX
ma CMmopoHHIX NPoyecie.

Kntouosi cnosa: xonodne 2a3o0uHamiuyHe HANULIO-
8aHHA, NOKpUMmMA, RNIOKIAOKA, 61ACMUBOCMI NO-
KpUMmIis, eqpexmusHicme.
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Overview of cold gas dynamic dusting: problems
and prospects

Abstract. Problem. At present, the method of cold
gas-dynamic coating for application of protective
and restorative coatings is widely used in aerospace,
automotive and other industries. Along with the ex-
cellent operational properties of the equipment for
the method of CS there are also disadvantages: low
coefficient of material use, possible porosity, which
leads to a decrease in strength and deterioration of
corrosion resistance. To eliminate the aforemen-
tioned shortcomings, high-pressure equipment is
used to ensure the specified properties of surfaces
and expand the application of the method of cold
gas-dynamic spraying, at the same time, the costs of
equipment and associated costs are multiplied by

several levels. Goal. The analysis of the current state
of the problem in the field of low pressure cold gas-
dynamic spraying (CS) on the possibility of influenc-
ing the quantitative and qualitative indices of the
protective and restorative coatings created by this
method and the study of the properties of such coat-
ings was conducted in order to gain experience for
further research in this field. Methodology. An anal-
ysis of literary sources led to the conclusion that it is
necessary to revise the principle of modeling and
development of equipment for producing coatings by
the method of cold gas-dynamic spraying.. Results.
The analysis of the current state of the issue in the
field of influence on the quantitative and qualitative
indicators of the protective and restorative coatings
created by this method and the study of the properties
of such coatings obtained by the method of CS
showed that a more profound study of the influence
on the temperature-speed parameters of particles of
the spray material by gas-dynamic and external forc-
es is required.Originality. The increasing demand for
low-energy, environmentally safe, efficient and low-
cost coating processes stimulates the search for and
development of new alternative methods, one of
which is cold spraying. Practical value. A third-party
effect on the particle speed of the sprayed powder
will not only reduce the temperature effect and, as a
result, possible negative effects, but also significantly
reduce the energy and material costs of the process,
due to the rejection of expensive high-pressure
equipment, as well as increase the efficiency of the
process when working with low pressure.
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