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I.J1. Pako@, [.B. lNaymoGB, M.B. CmupHoG, H.B. KykauHa

O BO3MOXXHOCTU CO3AHNA YTUIIUSALIMOHHDbIX TYPBOTEHEPATOPOB
C OCECMMMETPUYHbIMU COIJTIAMU
ONA ABUTATEJIEA BHYTPEHHEIO CTOPAHUSA

G.L. Rakov, D.V. Pautov, M.V. Smirnov, N.V. Kuklina

A POSSIBIBLITY OF DESIGNING RECOVERY TURBOGENERATORS
WITH AXISYMMETRIC NOZZLES FOR INTERNAL COMBUSTION ENGINES

B pamkax mporpaMmsbl ctparermdeckoro maptHepcrBa Mexay CIIOITY m JIaitonun YHuBepcuTeTOM
l'aHHOBepa MPOBOAUTCS COBMECTHOE MCCIeN0BaHME BO3MOXHOCTHU CO3AaHUSI YTUIM3ALMOHHbBIX
TypOOreHepaTopoB ISl JBUTaTesieil BHYTPEHHEro CropaHus Irpy30BbIX aBToOMoOWIel. B kauecTse
TEPMOAMHAMUYECKOTO IIMKJIA 17151 YTUJIM3AMOHHOTO TypOoreHepaTopa paccMOTpeHa BO3MOXHOCTh
MPpUMEHEHUsI opraHndeckoro 1ukiaa PenkuHa. [IpoaHain3anupoBaHbl HOMUHAJBHbBIN U TIEpEMEHHbIE
pexumbl pabotel JIBC. 111 3TUX peXKMMOB pabOThI BBITIOJHEH aHAJIU3 YCIOBUI paboThI TypOOreHepaTopa,
BBIOOD MapaMeTpoOB U OJHOMEPHBIN ra30MMHAMMYECKHUI pacyeT TYpOMHBI, B KOTOPOI MpUMeHEH
COIJIOBOH ammapaT ¢ OCECUMMETPUYHBIMU COMJIaMU. BbIMogHeHO MpodUInpoBaHUe COMIOBOTO
arnmnapara 1 pabovero KoJjeca.

MAJIOPACXOJIHBIE TYPEMHBI; MUKPOTYPBUHDBI; YTUJIM3ALMOHHBIE YCTAHOBKHW; TYPBUHBI C
OCECUMMETPUYHbBIMU COIJIAMU; TYPEOI'EHEPATOPDI.

As part of the strategic partnership between SPbPU and Leibniz Universitdt Hannover conducted a joint
investigation of the possibility of creating an utilizing turbo-generator for an internal combustion engines
trucks. As a thermodynamic cycle for the utilizing turbo-generator considered the possibility of using an
organic Rankine cycle. Design modes, part-load modes and full-load modes of the ICE was analyzed.
For these operating modes the followings were performed: analysis of working conditions of the turbo-
generator, parameters selection and one-dimensional calculation of the turbine. As turbine nozzles used
an axially symmetric nozzles. Profiling of nozzles and rotor blades was performed.

LOW FLOW RATE TURBINES; MICROTURBINES; RECOVERY UNITS; TURBINE WITH AXISYMMETRIC
NOZZLES; TURBOGENERATORS.

Bgenenne TOIUIMBA. «AXIJIJIECOBA MSITa» TEIUIOBBIX IBUTATEIC —
TepMOIMHAMMYECKM 00yCI0BIeHHASI HEU30€XKHOCTD
TEIJIOBBIX TIOTEPh B XOJIOXHBIN MCTOUHUK (IUTS pa-
30MKHYTBIX LIUKJIOB — B OKPYXXAlOIILYI0 Cpefy).
B Hacrosiiiee BpeMsi IBUraTeii BHYTPEHHETO CTO-
panus (JIBC) nmerot BeicOKMi KO3(MDOULIMEHT T0-

7

IToBbimenue 3(pHEeKTUBHOCTU TEILIOBBIX IBU-
raTeyieil — ofgHa U3 HanboJiee MPUOPUTETHBIX 3a1a4
COBPEMEHHOM 9HEPTETUKH B CBETE HEOOXOTMMOCTH
CHUKEHUSI MaTepuabHbIX 3aTpaT U MOTpeOICHMS
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JIE3HOTO ACHCTBUS, TP 3TOM TOTEPU TEILJIOTHI C
yXoasamumu razamMu gocturaiot 40 %. OcHOBHOM
nyTh noBbieHust KIT TenaoBbIx aBUraTeneii —
yBeJIMUEHUEe HayaJlbHOU TeMIlepaTyphl Mpolecca
paciIMpeHus: pabouero Teja ¢ COOTBETCTBYIOIIUM
yBeJMUYEHUEM HauyaJbHOTO NaBJIEHUSI, YTO OTpaHU-
YEeHO BO3MOXKHOCTSIMU COBPEMEHHBIX MaTepHaIOB.
B 3701 CBA3M yTUIM3AIMS TETUIOBOI SHEPTUH YXO-
JSIIMX Ta30B B yTUJIM3ALMOHHBIX TypOOTreHepaTopax
CTaHOBUTCS aKTYaJIbHBIM MEPOIPUSTUEM, TTOCKOJTb-
KY I103BOJISIET MOBBICUTH 3(P(PEKTUBHOCTH IKCILTY-
aTUpyeMoro B HacTosee Bpems napka JIBC.

OavH U3 BO3MOXHBIX MYTel MOBBIIEHUS -
(pextuBHOCTU JIBC CBsI3aH C yTuiu3aiyeii TeraoThl
YXOMSIIUX ra30B Ipu coBMecTHOU padote [ABC u
YTUIU3aLMOHHOIO TypOOoTreHepaTopa, padoTalole-
ro no opraHuueckomy uukiay Penkuna (ORC) [1].
CyliecTBeHHOe BiavsiHue Ha 3¢ (PEeKTUBHOCTD YTU-
JIM3ALIMOHHBIX TYpOOTreHEepaTOpPOB OKa3bIBAET BLIOOP
Tuna TypouHbl. OH onpenesieTcs: pabouynMMu napa-
MEeTpaMH ¥ OCHOBHBIMU TPeOOBAHMSIMU, TIPEIbIB-
JISIEMBIMU K JIEKTPOTeHEPUPYIOIIMM YCTAaHOBKaM, B
4yucyie KOTOPbIX: BbIcOKast 9((PeKTUBHOCTD; HaleX-
HOCTb; KOMIIaKTHOCTb; IIPOCTOTA OOCTY>KUBAHMSI.

[lepBoe ycioBUE BBHITIONHSIETCS MPU BHICOKOM
COBEPIIEHCTBE BCEX BJEMEHTOB, YUaCTBYIOLIMUX B
npoliecce Mpeodpa3oBaHUs KWHETUUECKO SHEPTUU
pabouero Tesia B MeXaHMUYEeCKYI0 SHEPTUIO BpallleHUSI
poTOpa M Jajee B 3J1eKTPUIECKYIo SHepruio. Bropoe
VCIIOBHE TOCTUTAETCS IIPOCTOTON KOHCTPYKIIMM TyP-
ooreHepatopa. I[Ipu omHOBaJbHOI KOMITOHOBKE
TypOMHAa—TeHepaTop BBIOTHSIETCS U TPEThE YCI0-
Bue. OMHAKO TPEThe YCI0BUE TPEOYET BEICOKMX Yac-
TOT BpallleH!sI, 9TO B OTIpeIeICHHOM CTeTICHN KOH-
GaukTyeT ¢ ycioBMeM HalexHocTu. bamaHc
MPOTUBOPEUUil obecreunBaeTcss BLIOOPOM COBpe-
MEHHBIX HaJIe>KHBIX CEPUIHBIX BBICOKOOOOPOTHBIX
TeHEePaTOPOB, MOAIIUITHUKOB U a3 POIMHAMUICCKHI
3anupaemMbIx yruioTHeHuit. [TocienHue nBa Tpe6o-
BaHWUSI OTIPEACIISIIOT BIOOP OJHOCTYIIEHUATON Typ-
OMHBI 17151 TPUBOJIA JIEKTPOreHepaTopa.

B nocnenxee Bpems mpu pa3paboTKe yTUIM3a-
LIMOHHBIX TypOOreHepaToOpOB MPaKTUUeCKU Oe3alb-
TEpHATUBHBIM CTaJl BHIOOP aKTUBHBIX TYPOMHHBIX
CTyIEeHe ¢ IIoCKMMU coruiaMu [ 1, 2]. Tem He MeHee
B paboTax [3, 4] moka3zaHbl IPEeMMYILECTBA AKTUBHBIX
TYpOMHHBIX CTyMEHENW ¢ OCECUMMETPUYHBIMHU CO-
IJIaMU TI0 CPaBHEHMIO CO CTYMEHSIMU, UMEIOIIIUMU
TJIOCKUE CcOTLIa. B 9TOl CBS3U MpenCcTaBsieT MHTepeC
HcCIeI0BaHNE BO3MOXKHOCTA TIPUMEHUTD MIJIST YTH-
JIM3ALMOHHBIX TYpOOreHepaTopOB aKTUBHbIE TYPOMH-
HBIE CTYTIEHU C OCECUMMETPUYHBIMU COTUTAMH.

8

TepmoauHaMUYeCKUiA UK

Bornpoc BrIOOpa TEpMOAMHAMUYECKOTO 1IUKIIA
YCTaHOBKU — OCHOBoOMoJiarawol1uii. OT BbIoopa KOH-
(urypauuy 1mykiaa, ero HadaJabHBIX TTapaMeTPOB
3aBUCST COCTaB 000OPY/IOBaHUSI YCTAHOBKHM, €€ Mac-
corabapuTHbIe MoKa3aTejau U, B KOHEUHOM CYeTe,
a¢ddekTuBHOCTD [5]. B mocnenHee BpeMs 1151 yTU-
JIM3al1U TETIJIOBOM SHEPTUU C HU3KHUM TePMOIMHA-
MMYECKUM ITOTEHIIMAJIOM IITMPOKOE PaCIIPOCTpaHe-
HUE TMOJYYWIU OpraHuYecKue IUKIb PeHKuHa
(Organic Rankine Cycles, ORC), B KOTOpbIX B Ka-
yecTBe paboyero Tejaa MCIOJb3YIOTCS pa3IMuHbIC
opraHMuYecKue coeqrnHeHus [6, 7]. B mpemmaraemoit
paboTe 3a OCHOBY B3$IT TEPMOAMHAMMYECKUIA ITUKII,
KCCleoBaHHbBIN paHee B [2].

IpaHuYHbIE YCIOBUS, B COOTBETCTBUM C KOTO-
pbIMU B [2] ocylecTBIIsUICS BbIOOp paboyero Teina,
npuBeneHbl B Ta0. 1. O61acTh MOMCKa ONTUMAJIb-
HBIX HauaJIbHBIX TapaMeTpOB 1IMKJIa Jiexkasa B Aua-
Ma30He NaBAeHU I, OTpaHUYEHHOM MaKCUMaTbHbIM
napneHueM B uukie p = 4,0 MIla n naBnennem
koHzeHcauuu p_ = 0,05 MIla npu MUHMMATEHOM
TeMITepaTypHOM HaIlope B TEIIIOOOMEHHOM allIma-
pare AT =20K.

Tabnuua 1
ITapameTpsl yxoasumx ra3os [2]
HwuzenbHblit JIBC
(12,8 11; 375 kBT) Oy KT/C Ty K
HoMuHaIbHBINA peXuM 0,249 615,15
YacTtuuHag Harpys3Ka 0,126 569,15
ITeperpyska 0,338 630,15

3aBUCUMOCTH MOIITHOCTH IIMKJIa OT HaYaTbHOM
TeMIepaTyphl IJIs1 pa3IudHbIX pabOUYuX Te, MOJy-
yeHHas B [2], mpuBeneHa Ha puc. 1.

B c¢Bsi3u ¢ Gojiee BBICOKOI IO CPaBHEHMIO C
OCTAJIbHBIMU PabOYMMM TEJIAMHU MOIITHOCTHIO IIUK-
JIa B pabodeM Iuana3oHe TeMIiepaTyp B [2] B Kaue-
cTBe pabouero Tejaa ObLT BeIOpaH 3TaHoa. biaro-
napst 06oJjiee BBICOKOIN MOJIEKYJISIpHOM Macce 1o
CpPaBHEHUIO C BOJIOI 1 METAHOM 3TAHOJI UMeeT OoJiee
HU3KYI0 CKOPOCTb 3ByKa, UTO MTO3BOJISIET 00ECTIEUUTh
boJiee HU3KYIO YacTOTY BpallleHUsI pOTOpa IpY paB-
HBIX CPEAHMUX IUaMeTpaXx.

3HavYeHUS HaYaIbHBIX TApaMeTPOB TEPMOIHA-
MUYECKOTO LIMKJIa, BBIOpaHHbIE 1 000CHOBAaHHBIC B
pa6ore [2], ciemytomiue:
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P, kBt

S g PR

S i - A ——

400 450 500

550 600 T ,K

max’

Puc. 1. 3aBucumocTb MomHOCTH LKA PenkuHa npu n, = 0,7 OT TeMIepaTypbl
B Hauajie pacmmpenus [2] (I — sranoir; 2 — meranos; 3 — usorneHTad; 4 — Bona; 5 — R245fa)

.............. ..0,0523 kr/c
=0,7] cooonn. 10,7 kBt

O0ocHOBaHME BHIOOpPA THIIA TYPOMHHOM CTyNEHH

OCHOBHbIE TUITBI TYPOUH, IIIMPOKO MTPUMEHSIe-
Mbl€ B HACTOSIIEE BPEMS B ra30TypOMHHBIX yCTa-
HOBKaXx: OCeBbI€, pauajibHbIE U paJIMaIbHO-OCEBBIE.
TTpuBeneHHbI€ BbIlE HAYAIbHbIE TAPAMETPHI LIMK-
Jla 00eCeyrBaloT BbICOKYIO CTENEHb PACUIMPEHUS
BTypOuHe (7= 49), KoTOopast B COYE€TaHUU C BBICO-

KOW 4acTOTOU BpallleHUsI TPUBOAUT K BBEACHUIO
TMTapIMaIbHOTO BITycKa pabodero Tefa. B Takmx ycino-
BMSIX paboyne JTOTIaTK! paTuaibHBIX U paqralbHO-
OCEBBIX CTYMEeHEl, HaXOs1IMecs BHE 30HbI BITYCKa,
OyayT paboTaTh B KOMIIPECCOPHOM PEXMME, UTO
CYIIIECTBEHHO CKaxeTcsl Ha uX 3(P(PeKTUBHOCTU U
Ha/e>XXHOCTU. [TOMBITKM CHU3UTD BBICOTHI JIONATOK
IUTST OOECTIeYeHUS TIOJTHOTO BITYCKa ITPUBEIYT K TIe-
pexomy CTyNeH! B KaTeTOPHIO BUXPEBBIX HU3KO(-
¢exTuBHBIX cTyneHel. KpoMme Toro, paauajibHbie
CTYIIEHU XapaKTEePU3YIOTCS MOBBIILIEHHBIMU OCEBbI -
MU YCUJIMSIMU, BBIXOISIIIIMMU 32 MPeebl BO3MOX-
HbIX YCUJINIA, BOCTIPUHUMAEMbIX BHICOKOOOOPOTHBI -
MM MTaPUKOBBIMU TTOAITATTHUKAMH.

al ‘

B2
Y
B2

d
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Puc. 2. Kitaccuueckast akTuBHas1 TYpOMHHAs CTYNEHb C MaplialbHbIM MOIBOIOM paboyero Teaa
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Velocity
Streamline 9

6.139e+002

4.605e+002

3.070e+002

1.535e+002

1.823e-002
[m s*-1]

Puc. 3. JIunuu TOKa B KOCOM Cpe3e COIlia ¢ UMIMHAPUIECKUMU 00BOIaMU IMMPOTOYHOM YacTH:
(a — xpuTHUECKOE CEeYeHME M HAYaI0 KOCOTO CPe3a; b — KOHEL KOCOro Cpe3a)

Velocity
Streamline 6

3.858e+002

2.894e+002

1.929e+0

9.646e+00f

1.948e-003
[m s?-1]

Puc. 4. Jlunnu ToKa B KOCOM Cpe3e OCECUMMETPUYHOIO COIIa
(a — KpuTHUecKoe ceueHue U Hauallo KOCOro cpe3a; b — KOHEll KOCOro cpe3a)

10
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W3 psina oceBbIX CTyTEHe i HEOOXOIMMO UCKITIO-
YUTb PEAKTUBHBIE CTYIIEHU M3-32 BBICOKUX OCEBBIX
YCWIMI U yTeYEK padOYETo TeJa B MPOTOYHOMN YacTu
C MaJIbIMU BBICOTaMU JIOMATOK U CPEIHUM JraMe-
TPOM.

TakuMm o6pa3zom, Oe3aabTepHATUBHOM CTYIIEHBIO
OKa3bIBAETCS OCeBasi aKTUBHAS CTYIEHb.

B BbIOpaHHOIT 00J1aCTH CYLIECTBYIOT CTYIIEHU C
(hopMupoBaHMEM MPOTOUYHOM YaCTU HAIpaBIIsIIO-
LIMX aIllIapaToB JIONIaTKaMU 1 coriaMu. D heKTUB-
HOCTb aKTUBHBIX TYPOMHHBIX CTYIIEHEN C OCECUM-
METPUYHBIMU COTLJIaMU (puc. 2) U MaplyalbHbIM
MOJIBOZIOM COTJIACHO Pa3HbIM JaHHBIM HAXOAUTCS B
nuamasoHe 35—65 % |3, 4, 8]. B pa6ote [3] Ha oc-
HOBE 9KCTNIEPUMEHTATIbHBIX PE3YJIbTATOB ITOKA3aHO,
4To npu yrcnax M, > 1,4 Hanpasigioliye anmnapa-
ThI C OCECUMMETPUYHBIMU cotuiaMu 3 heKTUBHEE
JIOITAaTOYHBIX HampaBJstionyx arnmnapaTon. B CITOITY
MPOBENEH PSAJl UCCIIETOBAHUIN YUCIEHHBIMU METO-
namu [9, 10], mo3BOJISIIONINIA ITOATBEPAUTH ITOT BbI-
BO/I HA OCHOBE aHaJIM3a CTPYKTYPbl IOTOKA B KOCOM
cpese cormen (puc. 3 u 4).

Ha puc. 3 u 4 npeacraBieHa CTPYKTypa II0TOKa
B KOCOM Cpe3e COoTesl HalmpaBJ/IsIIoIIMX armnapaToB
C UMJIUHAPUYECKUMU KOPHEBBIMU U Tiepudepuii-
HbIMU OTPAaHUYMBAIOIIMMHU MOBEPXHOCTSIMU U C
ocecuMMeTpUYHbIMU coruiamu. Ha puc. 3 cTpyk-
Typa MoToKa 00JiafaeT CylleCTBEeHHO HepaBHO-
MEPHOCThBIO [9], B TO e BpeMsl B OCECUMMETPUY-
HOM COIlJIe IOTOK 0o0Jiee paBHOMEpPHLIN (puc. 4),
YTO COOTBETCTBYET pe3yJibTaTaM (prU3nuecKoro 3Kc-
nepuMeHTa [3, 4].

EnvHCTBeHHOI aJITepHATUBOM TYPOUHHOM CTY-
MEeHU C OCECUMMETPUUYHBIMHU COTLJIAMU MOXET CJTy-
KUTb CTYTNIEHb C OOJIBILIMM OTHOCUTEIbHBIM 111aroM
JIOMATOK COIJIOBOTO armapaTta U paboyero KoJjeca
(ctynens JITIN) [11]. OnHaKo cpaBHUTEIbHbBIC DKC-
MepuMEeHTHI U aHaIu3 3(P(HEKTUBHBIX MOKa3aTesei
paccMaTpuBaeMbIX CTyIIEHE| B 00J1aCTH MaJIbIX CTe-
MeHel mapuyuaJlbHOCTU He IPpOoBOAUINCEH. B pabote
[11] oOpamiaercst BHUMaHWE HAa MEHBIIIYIO YYBCTBU -
TenbHOCTh cTyrnieHu JIIIM K mapuuanbHOCTH MO
CPaBHEHUIO C JIOMATOUYHBIMU CTYIEHSIMU. AHaJIO-
rM4HO B paborte [4] rmoka3aHbl IIpeuMyllecTBa 3J1-
JIMIITUYHON (DOPMBI BBIXOIHOTO CEYEHMUS COILIA,
KOTOpasi MO3BOJISIET CHU3UTD MOTePU KUHETUYECKOI
9HEpPruy Ha Kpasix JAyr noipoja padboyero teja u
Jipyrve nmoTepu OT mnapiuajibHocT. Kpome toro,
BaXXHO OTMETUTb, YTO aKTUBHbIE TYPOUHHBIE CTY-

MeHU 0oJiee TEXHOJIOTUYHbBI C TOUKU 3pEHUS U3ro-
ToBIeHU [3].

Pacuet reomeTpiiyecKux u peKUMHBIX TAPAMETPOB
TypPOMHBI

Kak 6b110 YKa3aHo 1 000CHOBAHO BbIIIIE, UCCTIe-
JOBAJIaCh BO3MOXHOCTb CO3IAaHMST BBICOKOI(P(HEKTHB-
HOI OTHOCTYIIEHYATOM 0CEeBOI aKTUBHOM TYpOMHBI Ha
HavYaTbHbIE TIapaMeTPhl TEPMOIMHAMUYECKOTO ITUKJIA,
MpuBeaeHHbBIE BbIle. OnpeaeneHre 061acTh orcka
ONTUMATBHBIX TEOMETPUUECKUX TTapaMeTPOB TIPOCK-
TUPYEMOil TYpOMHHOI CTYIIEHU MPOU3BOIUIOCH 10
MeTOoAuKe, paspaboTaHHOi Ha Kadeape TIuAJl
CIIoITY npodeccopom B.A. PaccoxuHbIM 1 peayii-
30BaHHOI B IPOTpaMMHOM KoMITIekce «Br1ioop ma-
pametpos. Turbo» [12—14] (puc. 5).

B xavecTBe MCXOMHBIX TAHHBIX IS pacyeTa hc-
none3yorea T, p* ., p,, G. Ilpu IPOEKTUPOBAHU K
TypOUHBI TSI pabOTHI B Mape ¢ yKe Mog00paHHbIM
TeHepaTOPOM YacTOTa BPAILIEHUS POTOPA CUUTACTCS
3agaHHo#. [lo pesyabraTaM pacyeToB MOCTPOEHBI
3aBUCUMOCTH /| (Dcp) u u/CO(DCp). PesynbraThl pu-
BeJcHBI Ha pyc. 6 1 7.

[IpoBoaMTCS COBMECTHBIN aHAIM3 TIap KPUBBIX
(D) nu/Cy(D,). ITo coobpakeHHsIM IPOTHOCTH
1 TEXHOJIOTUYHOCTH PEKOMEHAYETCS COOIIOCTH
yenosue D /I, > 8 [14]. 115t mpoeKTHpYeMOit Typ-
OMHBI BO3MOXKEH BBIOOD B MOJIb3Y OAHOCTYIIEHYATOM
0CEBOI KNMHEMATUYECKOI CXeMbI, TOCKOJIbKY 3Ha-
yeHus napaMerpa u/C; puHAIIeXKAT TUana3soHy
0,38—0,45. B aTOoM quamna3oHe Mpou3BeIeH BLIOOD
naphl apaMeTpoB /, u Dcp.

[To npeaBapuTeSbHBIM 3HAYEHUST MapaMeTPOB
[ n Dcp Mpou3BeIeHa OlIeHKA yIjla BXxoJa B pabouee
KOJIECO B OTHOCUTEJIbHOM JIBMKEHUHM [3, U pacriofia-
raeMoii MOLIHOCTH TypOUHBI (puc. 8 u 9).

Pesybratel mpenBapuTeILHOTO BhIOOpPA Mapa-
METPOB TYPOMHBI, KOTOPBIE MCIIOIb30BAJIUCH B Ta-
30IMHAMUYECKOM pacueTe, CAeAyIolIue:

Pacmromaraemasg MmomrHocts N, BT.......... 14450
YacToTa BpallieHUsI #, 00/MHUH.............. 105000
CpenHuii fuaMeTp TYpOMHHOM

CTYIEHU DCD, 1Y 1Y TR
XapakTepuctuyeckoe uucio u/C .. .
BricoTa COMIOBO# JIOMATKK /|, MM ...............
Yron BbIX01a U3 COIIOBOTO anmapara o, ,

TPAL +vvvvvvvveeereeereeeeeeeerereeeeeeeereererreeeeeerereeeeees 16
CreneHb NapIUATBHOCTH € ..........cvvvvnnnnn.... 0,2
Huco comnen Z, mir.
Topno comna A ., MM

min’



* HayuHo-TexHunyeckme BegomocTyt CaHKT-TeTepbyprckoro rocyiapcTBEHHOMO MOIMTEXHUYECKOTO yHMBepcuTeTa. 3(226)2015

|
QBhlﬁnp napameTpol TYpAHHEI (Be pcya 2) IE
dadin Cuer [padie Pesyvietarsl  Cnpaska
| Bz = = ?
Brmog Cuer  3arpyssme Coxparsme Cnpasxa
“Tuibo [Bepcua 2) 3a0aHHE NAPAMETDOE

Hecneayembiid napatetp | | MameHsenssi napamerp Haw Masnetase Po s
MowHocTe Npacn Hau Aaenetme Po

Pacvon G Mok aaabarsLK MNok-nb apuataredk 1,088
Cp.anaeserp Dep Ko gasnerue, P2 KoH gasneHue P2 0.031e6
Crenene,e [az0827 nocTomMan. R

Hau Te a0 lNssoman nocrosmman R (1807
Gronseonadphal | | [EFTERETE e

Yucno conenZe CrenewsEps Hetre wa.10 =0
Yron exona.Bettal Yron exmona.slphal Crenens Eps 02
Hucno USCo Koo, pacxoga,mul

Hucno MaxaMcl Crenens peakTHeHOCTH 100 Hron esiona.alphal 16
Yucno Maxa Mwl Pacxon.G Ko, pacxonamul 0,098
K-r npon. en-ru, &

Crenene peaxtuesocTirot| 0,05
~MenonssosaTs -~ Ouanason- = | | JRacknG Qe

" MowpocTe Npacn PR Iu.m

* Pacxon G Marcumigpa |n.1i

Kon-eo Tosex I1|;|u
Puc. 5. Buemrnuit Bun nuatepdeiica mporpaMMHOTO KoMmIniekca « Turbo»

I,m .

1 T \| ‘ u/Cy] : | |
0,013 ] ! = 1:6" 0.65 = 105000 o/ j |
0,012 ] \ : : a = 06 n ; 0p/MUH ; |
oot ] \ ‘ —e= 02 055 11— //

0 —Npes yd
0,009 repil : - 045

] N\ 7 ] |
0,008 - N - 04 : -

-, 1 : | /

0,007 = , 035 e
0,006 |>\ j 53 : 03 5 pd _

] 0N D/l » ] ! e |
0,005 1 Ve [ N 0,25 - 7
0,004 . - —— 02 ] pd |

1 L~ | ; b — e ] /
0003 1 T 0,15 {—r
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0,015 0,025 0,035 0,045 0,055 0,065 0,075 0,085 0,095D,, M 0015 0,025 0035 0045 0055 0,065 0075 0,085 00950 .M
Puc. 6. 3aBUCUMOCTD ll(Dcp) Puc. 7. 3aBucumocTth u/CO(DCp)
By, Tpan | : - N, Br ‘ |
ai= 16" 5 ! ‘ ) 1,=0,0065 m | /

46 : - 22000 L

Fil= 0,96 / L

42 ! / 20000 /

38 - 18000 |

34 ] : : 16000 /

! | " |
30 — 14000 |
26 | 7 E f 12000 ~
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18 =" 5 : : 8000 ——
0015 0,025 0,035 0,045 0,055 0,065 0,075 0085 D . m 0,03 0,04 0,05 0,06 0,07 008 DM

Puc. 8. 3aBucumMocTb [31(Dcp) Puc. 9. 3aBucuMocThb N(Dcp)
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* DHepreTuKa
|
I'a3onMHaAMHYeCKHit pacyeT TypOMHBI P TTa i 2260632,8
MeTonnKa ra30IMHAMHUYECKOTO pacdyeTa Typ- ﬁ[naMeTp KpUTMECKOro ceueHns CA 0.002833
. M oo
OMHHOI CTYNEHU C OCECUMMETPUUYHBIMU COTLIIAMU Ii(lljl’aMeT BLIXOLHOMO CoueH s 13 CA ’
Obl1a cpopMUpoBaHa Ha OCHOBE PEKOMEHIAIUIA, i P A 0.00760
WTOKEHHBIX B [8, 15]. [TapaMeTpbi, HEOOXOMMMbIE 1M e ,
. Bricora paboueii tonatku L, M ......... 0,006439
U1 TIpODUINPOBAHUS PACIIUPSIONIECHCS YacTu 2
OKpPYKHASI CKOPOCTb U, M/C .....ccceeeennnnn... 329,9

COIUIA, PACCUMTHIBAIMCH HA OCHOBE pEKOMEHIAIINIA,
MPUBEICHHBIX B [16].

IIpu MpoeKTUPOBAHMHU COTIJIOBOIO arrmapara
(CA) Ha HOMUHaJIbHBIE MapaMeTphl paboTa Ha pe-
XKHUMe TIeperpy3Kyd He MOXET ObITh oOeclieyeHa.
B 27011 cB$131 OBLIO PUHSITO pPellieHUe YCTAHOBUTD
U 3a/1eICTBOBATD ITPU pabOTE B PEKUME MEPErpy3Ku
JOTIOJIHUTESIbHOE cOTLTo. MIcXonHble TaHHbIE IS
ra3oMHaMMUYECKOro pacyera:

ITonHoe JaBJICHNEC Ha BXOAC

B CTYIIEHb pg, Ma............................ 3980000
[MosHast TemmepaTypa Ha BXOJIe

B CTYIIEHb TO*, Ko 530
Cratuyeckoe 1aBjeHUE Ha BBIXOE

U3 CTyNEHU p,, ITa .o, 81000
Cpennuiit inamerp CTyneHun D, M ........... 0,06
Yron Beixona notoka u3z CA a, rpaf. .......... 16

CreneHb NapUUATBHOCTH € ............ccvvven....
Koadpunmenrt ckopoctu CA @
TepmonmHammyeckast CTelieHb

PEAKTUBHOCTU CTYICHM O oeveevvenvianrannnnse 0,05
XapakTepucTuieckoe ucio u/C .............. 0,4
Pacxon G, KT/c ... 0,0523
Yacrorta BpallieHus pabouero KoJjieca

71, O0/MUH .....ovvvvvvvvrrrrerrereereeressessresenenns 105000

lazoBas nmocrostHHas R, JIx/(kr-K) ....... 180,7
IToxa3aTtenp anuadaThl k B Havase

MIPOILECCA PACIIUPEHUS ....vvveeeneeerrrnnnnn.. 1,182
VienbHas TEIUIOEMKOCTh B Havajie rpoiiecca

pacIIMpeHsi ¢,, T/ (KT K) v, 1173,557

PesynpraThl ra3oaMHaMUYECKOrO pacuyera Ha
HOMMWHAJIBHOM PEXMME pabOTHI MOJYYUIUCEH ClIe-
TYIOUIUMMU:

Pacrnionaraemplii iepenan SHTaIbNNUN Ha

CTYTEHD Ay, JIK/KT oo, 280521,3
Teopetnyeckast CKOPOCTh Ha BBIXOJIE

U3 CAc , M/C i 749,0
Cxopoctsb Ha Bbixozie U3 CAc, M/c ...... .726,6
CkopocTb B KputndeckoM ceueHnu CA,

Cop LY 322,1
TemriepaTtypa B KputrueckoM ceuennu CA

T Ko 485.8

Kp’

Jasnenue B KputudeckoM ceueHum CA

CxkopocTb Ha Bxoje / Beixoae u3 PK
B OTHOCHTEILHOM JIBUKEHUU W, = W,, M/C 396,2
VYron Bxoaa,/BbIX0aa OTHOCUTETBHOM
CKOPOCTH B/U3 paboyero Koseca 3, = [3;, rpam 25,62

VYron Beixoga n3 PK B abcontoTHOM

JIBIKEHUU oc;, 072 1 SN 80,92
AOcomoTHasI CKOpoCThb Ha Beixon n3 PK

Cpy M/C i 173,50
OxkpyxHoit KITI cTymeHu 0, ... 0,5873
PacnonaraeMast MOIITHOCTb TYpOMHHOT
ctynmeHU N, BT ... 8616,43

IIpodunmpoBanue conen 1 padOYHX JOMATOK

Kaxk yxe yka3pIBanoch, TeUeHME B COILJIOBBIX 1
pabounx KaHaJax MPUMEHUTEIbHO K paccMaTpUBa-
€MBbIM YCJIOBUSIM OyZIeT HOCUTDb CBEPX3BYKOBOM Xa-
pakTep. CBepX3BYKOBBIC KaHAJIbI, B OTJIMUME OT 10-
3BYKOBBIX, BBITIOJTHSIIOTCS C TIEpEMEHHBIM CEUCHUEM.
XapakTep U3MEHEHUs CeUeHMsT KaHasa OIpeaesi-
eTcs yruciaaMu Maxa U TeOMeTPUIECKOM CTEIIEHBIO
paciupeHus. [Tpu mpoeKTUpOBaHNM KaK COTLIOBO-
ro armapara, Tak M pabo4ero Kojieca CTOUT IIpH-
HUMAaTh BO BHUMaHME BHICOKUE aOCOJIIOTHBIC U OT-
HOCHUTEJIbHBIE CKOpPOCTH pabodero Tena.
CBepx3ByKOBOE TeUEHUE B MEXKJIOMATOYHBIX KaHa-
JIaxX COITPOBOKIAETCSI CKAUYKaMU YIJIoTHeHUsI. CKau-
KU YTUIOTHEHUST HAUOOIbIIEH MHTEHCUBHOCTHY BO3-
HUKAIOT, KaK MpaBUJIO, Ha BXOOHBIX M BBIXOMTHBIX
KPOMKAaX COILJIOBOIO arrapaTa 1 padbodero KoJeca.
HerartuBHoe BiavsiHIE TOMILMHBI BBIXOAHO KPOMKH
COILIOBOTrO amnrapara Ha IoTepy B TYPOMHHOI CTy-
IIEHU IIPY CBEPX3BYKOBOM T€UYSHUHU OBLIO IIOKA3aHO
B [9, 10]. B aT0i1 CBSI3M 1711 MUHUMM3AllUU UHTEH-
CHBHOCTM CKA4YKOB YIUIOTHEHUSI HEOOXOIMMO MM-
HUMU3UPOBATh TOJIIMUHY BXOJHBIX U BBIXOJHBIX
KPOMOK COITEJI 11 JIOTIaTOK pab0Yero KoJieca C yueToM
IMPOYHOCTHBIX U TEXHOJOTMYECKUX BO3MOKHOCTEIH.

ITo pe3ynabraTaM mpeaBapuUTEILHOTO U Ta3001-
HaAMMUYECKOro pacyeToB, a TAaKXKe C yUeTOM BhIlIe-
M3JIOKEHHBIX PeKOMEHAALIMI ObljIa CIIPOEKTHUPOBA-
Ha oceBasg MajopacxoaHass TypOuHa ¢
0CeCMMMETPUIHBIMU coriamu. IIpodunmupoBanue
JI03BYKOBBIX YaCTEI COTIE I BBITTOJHSIIOCH IO MPUH-
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13,25

=52

17,4

188,5

\ ¢2,83

Puc. 10. Dckm3 pa3BepTKA Ha CpeTHEM AuaMeTpe MpoTodHoit yact CA
(coruo st peskuMa Tmeperpy3Ku He ToKa3aHo)

188,56

R0,2

RO,2

Puc. 11. Dcku3 pa3BepTKu Ha CpeaHeM auaMeTpe IpoTouHoi yactu PK

Lunmy coruia BurommHckoro, nmpoguinpoBaHue
CBEPX3BYKOBBIX YACTE COIesl — Ha OCHOBAaHUM pe-
KOMEHJALIMI, U3JIOKEHHBIX B [16]. DcKu3bl pas-
BEPTOK MPOTOYHBIX YACTEl COIIOBOTO amapara 1
pabouero KoJjieca Ha CpeiHEM AuaMeTpe MpeacTaB-
JeHbl Ha puc. 10 m 11.

BriBoapl

B pamkax coBmecTHOII Hay4yHOI paOOTHI
NHcTuTyTa TypOOMAIIIMH UM ra3oBOi JMHAMUKU
JIgitonun Yausepcuteta [anHoBepa (Iepmanus) u
Kadeapsl «TypOMHBI, THAPOMAIIIMHBI K aBUALIMOH-
Hble aeuratenn» CaHkr-IlerepOyprckoro rocyaap-
CTBEHHOTO TMOJUTEXHUYECKOTO YHUBEPCUTETA T10-
CBSIIIIEHHOM MCCJIeIOBAHUIO BO3MOXHOCTHY CO3IaHUS
YTWIN3ALMOHHOIO TypOoreHepaTopa Ajisl IBUrate-
JIell TPY30BBIX aBTOMOOMJICH, MOKa3aHa MePCIeK-

14

TUBHOCTh UCITOJIb30BAaHUSI B HEM TYPOMHHBIX CTY-
MeHEeM ¢ 0CECUMMETPUUHBIMU COTJIAMMU.
ITpoBeaeHHBIN aHAIU3 TTO3BOJIUI 000CHOBATh
MpenMYIIeCTBA TYPOMHHBIX CTYIIEHEH C OCECUMMeE-
TPUUYHBIMU COIJIaMU. BBIOOp peXXMMHBIX mapame-
TPOB ¥ TEOMETPUUECKUX XapaKTEPUCTUK TYPOUHHOMN
CTYNEHU MPOU3BE/ICH Ha 6a3e OTPabOTAHHBIX METO-
JIVK Y IIPOrpaMMHBIX KoMITIeKCcoB Kadeapnl TTA]L
CIIoITY, uMmeromux B CBOEii OCHOBE MHOTOJIETHUIA
SKCIIEPUMEHTABHBIN OMBIT Kadenprl. B pe3ynbra-
T€ MPOBEACHHBIX M3bICKAHUI MOKa3aHa BO3MOXK-
HOCTb CO3JaHUST BHICOKO3((HEKTUBHON aKTUBHOM
0CEeBOI1 TYpOMHBI C OCECUMMETPUYHBIMU COTLIAMU
IJ1s1 ipuBoaa TypooreHepaTopa. CorjacHoO IOJy-
YEHHBIM pe3yJIbTaTaM pacueToB TYpOMHHAsI CTYTIeHb
ob6ecrieunBaeT MoIHOCTL N = 8,62 kBT mipu KI1/]

Ha PaCYeTHOM peXuMe 1 = 0,587.
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BNIUAHUE YAEJIbHOIO 3/TEKTPUYECKOIO COMNMPOTUBJ/IEHUA TPYHTA

HA BblBOP BUAA KATOAHOM 3ALLUTDI
NMNOA3EMHbIX TPYBOINPOBOA OB

V.G. Kiselev

INFLUENCE OF THE SPECIFIC ELECTRIC SOIL RESISTANCE
ON THE SELECTION OF THE FORM
OF CATHODE PROTECTION OF UNDERGROUND CONDUITS

[IpoBeneH cpaBHUTEILHBIN aHAJIM3 CTOMMOCTH KAaTOIHOM 3alIUThl HAJIOXKEHHBIM TOKOM U KaTOJIHOM
rajJlbBaHMYECKOI 3allMUThl MOA3EMHbBIX METAIIMYECKUX COOPYKEHUI Ha MpuMepe TpyOoONpPOBOAOB.
BbIsiBIIeHBI 9KOHOMUYECKME MPEUMYIIECTBA MPOTEKTOPHOM 3allIUThl, KAK MUHUMYM TIPU UCTIOJIb30-
BaHMU €€ IS TPYOOIIPOBOJIOB C COBPEMEHHOU KaueCTBEHHOI aHTMKOPPO3UOHHON M30JsIMeit, 00-
JIafialoleil BBICOKUMU IURJIEKTPUUECKUMU XapakTtepuctukamu. [1oBbIllIeHHOE BHUMaHUE YIeJeHO
CPaBHUTEJIbHOM OLIEHKE CTOMMOCTH KaTOJHOM 3alllUThl €AMHULIBI JUTMHBI TTOA3€MHOTO TPyOOITpOBO/Ia,
KOTOpasi oTpeessieTcsi MpU U3MEHEHUH YIeJbHOTO COMTPOTUBIICHUSI TPYHTA B MHTEPBAJIe OT HYJISI 10
100 OM*M.

KOPPO3WA; 3ALLIUTA OT KOPPO3UU; SJIEKTPOXUMUYECKASA KOPPO3WA; 3ALLIMTA OT BJIEKTPO-

XUMUYECKOW KOPPO3UU; DIIEKTPOXMMUYECKAS 3ALIIUTA; KATOOHAS 3ALIUTA; TPOTEKTOPHAS
SAILNUTA; TATTbBAHUYECKAS 3ALLINUTA.

In the article is carried out the comparative analysis of the cost of cathode protection by the superimposed
current and the cathodic galvanic protection of underground metallic construction based on the example
of conduits. Are revealed the economic advantages of protector protection, as the minimum with its use
for the conduits with the contemporary qualitative anticorrosive isolation, which possesses high dielectric
characteristics. The increased attention is given to the comparative estimate of the cost of the cathode
protection of the unit of the length of underground conduit, which is determined with a change of the
specific resistance of soil in the range from zero to hundred Om'm

CORROSION, CORROSION PROTECTION, ELECTROCHEMICAL CORROSION; PROTECTION FROM THE

ELECTROCHEMICAL CORROSION; ELECTROCHEMICAL PROTECTION; CATHODE PROTECTION;
PROTECTOR PROTECTION; GALVANIC PROTECTION.

ITocTanoBka nmpooJiemMsl

[pu pa3paGoTKe 1 BHEAPEHUH B IIPOU3BOICTBO
HOBBIX U3EIUii, 000PyL1OBaHUsA, KOHCTPYKLIUIA U
COOPYKEHUI Pa3JIMYHOTO TUIA CYIIECTBEHHYIO
POJIb UTPaeT UX KOPPO3HOHHAsK CTOMKOCTh. Koppo-
31T OTHOCUTCSI BOCHOBHOM K 9KOHOMHWYECKHM ITPO-
0JieMaM, TaK KaK CBsI3aHa C BO3MOXHBIMU ITOTEPSI -
MM OCHOBHBIX M OOOPOTHBIX (DOHIOB, a TaKXkKe
MpeANPUHIMATETECKOM TPUOBIIN. J1JTs 3a1IUTHI OT

KOPPO3UHU MOA3EMHBIX METANTMYECKIX COOPYXKe-
HUI1 BCe Yallle UCITOJIb3YIOTCSI METOIbI DJIEKTPOXH -
MHWYECKOM 3alIUThI, B YACTHOCTU MPOTEKTOPHAS
3amuTa. OQHAKO CYIIECTBYIOIIME HOPMATHUBHBIE
gokyMeHThl, Hampumep I'OCT 9.602 — 2005 [1] u
I'OCT P 51164 — 98 [2], naneko He Bceraa crocoo-
CTBYIOT HanOoJjiee 3(p(PeKTUBHOMY C SKOHOMMYE-
CKOI TOYKHU 3pPEHUsI pa3pelleHuIo MpodaeMbl 3a-
IIATEI OT KOPPO3WH MOA3EMHBIX METATNIeCKIX

17



* HayuHo-TexHunyeckme BegomocTyt CaHKT-TeTepbyprckoro rocyiapcTBEHHOMO MOIMTEXHUYECKOTO yHMBepcrTeTa. 3(226)2015

coopyxenuii (IIMC). Pemenuto 3Toii 3agauu u
MOCBSIIIEHA TaHHAs CTaThs.

Karoanas 3amura oT KOPPO3HH HAJIOKEHHBIM
TOKOM MOJ3€MHBIX METALIHYECKUX COOPYKEHUI

Karonnas 3ammura oT KOppo3uu HaJIOKEHHBIM
TOKOM (B JajibHEWIIeM — KaTOAHAsI 3allnTa, WA
BJIEKTPOXUMMUECKAs 3a11Ta) B CJTy4ae MOA3eMHbBIX
METANTMUECKUX COOPYKEHUI UCITOJb3YeTCsI B OC-
HOBHOM [IJIsI 3alIUTHI OT ITOYBEHHOI KOppO3UH, a
TaK3Ke U OT KOPPO3UH, BBI3bIBAEMOI TOCTOSTHHBIMU
U TIepeMEeHHbIMU OJ1y:Kaatomumu Tokamu. CoBpe-
MEHHBbIE YCTPOMCTBA KATOAHOM 3allUThl IPeICTaB-
JISIIOT co0OIi, KaK MPaBWJIO, BBIMPSIMUTEIU Tiepe-
MEHHOTO TOKa, CHaOXeHHble CHelMalbHbIMU
0JIoKaMU, KOTOpbIE 00ECIIeYrBaOT aBTOMATUYECKOE
peryJiupoBaHue 3JEeKTPUYECKUX XapaKTEPUCTUK
3JIEKTPOXMMUYECKOI 3a1uThl (puc. 1). B kauecTBe
OCHOBHOTO ITapaMeTpa, MoUIeKaIlero peryJIupoBKe,
00BIYHO MPUHUMAIOT JIEKTPOXUMUYECKUI MOTEH -
LMaJj 3allMIlaeMOro COOPYKeHMS 0 OTHOLIEHUIO
K TpyHTY. I[Ip1 0oTCYyTCTBMM 0COOBIX YCIIOBUIA arpec-
CHBHOCTH €ro IOAAePXK1UBaOT B rpaHuax ot —0,85
no —1,15 B. U3MepeHus B 3TOM ciiy4dae IpOBOIIT C

Cetb 220 B

HCTIOJIb30BaHEM METHO-CYJIb(AaTHBIX 3JIEKTPOIOB
CpaBHEHMUS.

B coorBerctBrm ¢ DIN 30676 [3] HEOOXOAMMBI-
MU YCJIOBUSIMU JIJTs1 OCYLIECTBJIEHUS KaUeCTBEHHOM
3JIEKTPOXMMUYECKON 3allUThl OT KOPPO3UU SIBJISI-
10TCS:

obecrneyeHne BBICOKOM MPOA0JIbHON MPOBOIN-
MOCTHU TPYyOOIIPOBOJAOB (OTCYTCTBUE UZOJUPYIOLINX
(bnaH1IEeB, ycTpaHEHUE COEIMHEHU B TPYOOTTPOBO-
JIe C BBICOKUM 2JIEKTPUUYECKUM COMTPOTUBJIEHUEM U
T. I1.);

OTCYTCTBUE KOHTAKTOB C 3a3€MJIEHHBIMU COOPY-
KEHUSIMU (3a3eMIIsIIolIMe yCTpoiicTBa, apMaTypa
2Kene300eTOHHBIX (PyHAAMEHTOB, APYryue MoA3eM-
HbIe METAJLINUECKE COOPYKEHUsI, He ToIeKallne
KaTOIHON 3allIUTe U T. 11.);

HaJIMYMe KaueCTBeHHOM TUAJIEKTPUUECKOM U30-
JEILWN.

bynem cuMTaTh, 4TO BCe 3TU TPeOOBAHMUS BbI-
MOJIHEHBI, U TIPUCTYITUM K COOCTBEHHO pacyeTy Ka-
TOMHOW 3alUTHI U OLICHKE €€ TeXHUKO-3KOHOMU-
yecKol 3(p(HeKTUBHOCTY KaK (DYHKIIMHU yIEJIbHOTO
COMPOTUBJICHUS TpyHTa Mpu Hamuuu y ITMC co-
BPEMEHHOI AMAJIEKTPUUYECKON n3osauun. B kave-
CTBE 00BEKTAa 3alIUThl BEIOEPEM OTAEIbHO PacIio-

Puc. 1. Cxema KaTOIHO# 3alIUTHI:
1 — xaronHasi ctaHuus (mpeodpazosatesb); 2 — BJIP (610K AnonHo-pe3ucTop-
HbIi1); 3 — aHOABI (KOHTYP aHOIHOTO 3a3eMJIeHUs); 4 — KOHTYPHBII KabeJb;
5 — 2IIeKTPOJ CpaBHEHHUsI; 6 — BOIOIPOBOI; 7 — TEIUIOHOCUTENb; § — TelehOHHbIe
Kabenu; 9 — cuIoBble KabeIr BBICOKOTO HATIPSIKEHUS
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JIOXXEeHHBIN TPYOOIIPOBO, HAXOMAIINICS B TPYHTE
U UMEIOUIUI KaueCTBeHHOE, HalpuMep MOJIUITH-
JIECHOBOE, aHTUKOPPO3MOHHOE TTOKPBITHE.

OCHOBHbIE NPUHIMIBI KATOAHOM 3aIUThI XO-
PpOIIIO U3BECTHEI, a €€ OCOOCHHOCTH, CBSI3aHHEBIE C
Pa3IMYHBIMU CBOMCTBAMM IUIIEKTPUUECKON U30-
JIIUUU TpyOOIIPpOBOIA, M3T0XKEHBI, HAIIpUMep, B
nyoaukauuu «OCHOBHbIE TPUHITUIIBI POEKTUPO-
BaHWS KaTOMHOM 3aIUTHI IOA3EMHBIX MeTaJUTIYe-
CKMX COOpYKeHUIi» [4]. Bocrob3yeMcst HEKOTOPBI-
MM TaHHBIMH, TTOJYYEHHBIMU B 3TO# paboTe, I
OLIEHKM 9KOHOMMUYECKOH 2(PHEeKTUBHOCTU KaTOI-
HOI 3aIINUTH KaK (QYHKIIMH YASTBHOTO COITPOTUB-
JieHus rpyHTa npu Hanuuuu y ITMC BeicokoKaue-
CTBEHHOM TonuMepHON wm3onguuu. IlycTs,
HampuMep, TpyOOIIPOBOI XapaKTepU3yeTcsl Cemy-
OIMMU TTapaMeTpaMu: yIeIbHOE COMTPOTUBICHUE
Marepuana (CTajib) p. paBHO 1,8 OM'M; HapyXHbIi
IuaMeTp TpyoorpoBona d — 321 MM; s — TOJIIIIMHA
CTeHKHU TpybompoBoa (s = 6 Mm). B cooTBeTcTBUM
CO CIIPAaBOYHBIMU JAHHBIMU [5] yaeIbHbII 3alIUT-
HBIH TOK j, B 9TOM CJIydae 11t TpyOOIpOBOIOB, PO-
JIOKEHHBIX B TPYHTE, U3MEHSIETCSI B Ipeaesiax ot 1073
10 10-° A/m?.

Texanyeckue mapaMeTphbl KATOMHOM 3aIllNTHI,
onpezaessieMble IMPU Pa3INYHBIX JIOTHOCTSIX 3AILIUT-
HOTI'O TOKA, IIpeICTaBIeHEI B TabauiIe 2 cTaThu [4].
Hac untepecytoT yacTb ABYX HUXKHUX CTPOK JaHHOM
TaOIUIIBI, COOTBETCTBYIOIINX BRIOPAHHBIM TLIOT-
HOCTSM 3aLIUTHOIO TOKa j , A/M?, KOTOpBIE, B CBOIO
odepenb, OMPENeITIOT MPOTIKEHHOCTD 2L, KM,
30HBbI KaTOJHOM 3alIMThl TPYOOIIPOBOAA U 3alUT-
HBIA TOK 1, A, TpyOornpoBoja. Bocripousseneém nx
B Tab/. 1 ¢ LeIbI0 UCTIOJBb30BAHUS B TaTbHEHUIIIMX
BBIYMCIICHUSIX.

Ta6mumna 1

OcHOBHbIE TApAMETPbl, XaPAKTEPU3YIOLIME 30HY 3aLIUTbI

TpyOOonpoBoaa
Jo» A/M? 2L, kM 1A
1073 89,443 0,902
107 282,800 0,285

Ha ocHoBaHMM 3THX TAaHHBIX B 3aBUCUMOCTH OT
BBIOpaHHBIX HAMM 3HAYEHU I TNTOTHOCTH 3aIIIUTHO-
IO TOKa j, MOXHO PaccYuTaTh OCHOBHBIE TEXHUYE-
CKH€ U 9KOHOMUYECKUE XapaKTepUCTUKU KAaTOAHOM
3amuTel. [IpoBeneM 3TH pacueThbl, OCHOBBIBASICH Ha
cxeme AefcTBUiA, MpUBeAcHHON B padote [4]. s
3TOTO OTPENETUM TEXHUIECKHE TTapaMeTPhl M 9KO-

HOMUYECKYIO 3G PEKTUBHOCTh KATOAHOM 3aIIUThI
TpyOONnpoBoa 1 BHIOpaHHBIX HAMY 3HAYEHUI 3a-
LIUTHOM ITOTHOCTU TOKA KaK (DYHKIIUIO YIEILHOTO
COIPOTUBJICHUS TPYHTA B IpeeiaxX ero U3MEeHEHUS
ot Hy1st 10100 Om-M.

B cooTBeTcTBUU C TIpUBEAEHHBIMU JaHHBIMU
IIJISI BRIOPAaHHOTO 3HAYEHUSI TIJIOTHOCTH 3aLIUTHOTO
TOKa peaJibHbIe UBMEHEHUSI KOCHYTCSI IIPEXIe BCe-
ro TAKMX BEJIMUUH, KaK ONTUMAJIbHOE KOJMUECTBO
N AHOIOB B aHOIHOM 3a3€MJIEHUH, COTIPOTUBIIEHUE
R, pacTekaHus aHOIHOTO 3a3€MJIEHHUS, MOIHOCTD
npeodpa3oBaresisi Wi HeoOXOaUMBbII pacxo JIeK-
TPOSHEPruu W, B €IMHUILYy BDEMEHM.

Paccuntaem 3HaueHMST 3TUX BEJUUYMH B COOT-
BETCTBUHU C (DOPMYJIAMU, UCITOIb30BAHHBIMUA HAMU
paHee B padote [4]. [TosydeHHbIE pe3yJIBTaThI ITpe/ -
CTaBUM B TaOIMYHOI (hopMe.

Onpenene}me OINTUMAJIbHOT'O KOJIHYECTBA
3JICKTPO/A0B B AaHOAHOM 3a3€MJICHUN

OnTUMaIbHOE KOJTMIECTBO 3JIEKTPOIOB B aHOM -
HOM 3a3eMJIEHUH MOXET OBbITh ONPEAEIEHO T10 ClIe-
nyrolei popmysie, B3SITOI U3 MoHorpaduu [6]:

FR,pktT

(D
Ky pow

w10
rae F— (akTop B3aMMOBINSTHUS aHOIOB, OTIpeIe-
JISIIOIIUI yBeJTMUEHUE COMPOTUBIICHUSI aHOAHOTO
YCTPOMCTBA B pe3yJIbTaTe B3aMMHOTO 3KpaHNPOBa-
HUS OTIACIbHBIX aHOAOB. DT0 BeJUYMHA OOBIYHO
Kosiebsercs B npeaenax ot 1 go 2,5. B Hamumx pa-
cyeTtax sl OoJblIeH HATJASIHOCTH MbI MIPUMEM
F=1;t— xomm4ecTBO yacoB B roxy (¢ = 8760 gac.);
T — pacyeTHBIN CPOK IKCIUTyaTalluy aHOAHOTO 3a-
3eMiyieHUs (ronabl). Mbl ipuHuMaeM T = 10 jer;
0 — yaeJIbHOE COMPOTUBJIEHUE TPYHTA B pailoHe pac-
ITOJIOKEHUSI aHOMTHOTO 3a3eMJICHUS (OHO MOXKET
KoJIe0aThCs B OUEHb IIIMPOKUX Mpenesax; Mbl 0ynemM
CUUTATh, YTO P U3MeEHsIeTcst OT Hyst 10 100 Om - M
caroM 10 OM - M); k — CTOMMOCTb 3JIEKTPO3HEPIU
(B TeKyllIeM Toay OHa cocTaBisieT 3, 39 py6is 3a
1 kBr/4.); K — CTOMMOCTb OTAENLHOIO aHO.a,
BKJIIOUasi €ro yCTaHOBKY; TpuMeM ee paBHoit 10 000
pyoneit; w — KoadOUILIMEHT MOJAE3HOIo NeHCTBUS
npeobpasoBaressi (nmpumem ero paBHbiM 0,5);
P, — ynenbHoe CONpPOTUBIIEHME IPYHTA, PaBHOE
10 OmM"M; R — cONPOTUBIIEHUE PACTEKAHUS OT/IEb-
HOTO aHOJIa MPHU YAETbHOM COMPOTUBICHUU TPYHTA
0,- s ciydast BepTMKAIbHBIX aHOIOB JUTMHOM /,
nuamMeTpoM d U TiIyOuHO# 3ajoxeHus ¢t = 0 oHO
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MOXET OBITh BBIYMCJICHO IO CAeAyIolei popmyiie

[5]:

0 =&1n£.
2nl d

IMycts /= 1,2 M, d = 0,06 M; Torna R ~ 5,83 Om.

PesynbraTel pacueTa ONTUMAILHOTO KOJTMYECTBA
AHOJIOB B aHOJHOM 3a3eMJICHUU TIPEACTABICHHI B
TalI. 2.

OnpeiesieHne BeJIMIUHBI CONPOTUBJICHUS pacTe-
KaHus 1JIs1 aHOAHOTO 3a3eMiieHus. [1pu ocyrecTsire-
HUU JaJIbHEUIINX BBIYMCICHUI TTOTpedyeTcst 3HaHKe
BEJIMYUHbBI COIMMPOTUBJIEHNST PACTEKAHUS aHOIHOTO
3a3eMJICHUsI, KOTOPOE OIpeAesieTCsl CleayIoIIeii
dopmyoit [6]:

@)

R,=F L
n p
B Hamrem cirygae p — yaesbHOe COITPOTUBICHNE
TPYHTa B palioOHE PaCITOI0XEeHUSI aHOTHOTO 3a3eM-
JieHusi. OHO MOXeT KoJie0aTbCsd B OU€Hb HIMPOKUX
npeaenaax. Mul OyaeM cuuTaTh, YTO O U3MEHSIETCS
oT HyJisg 10 100 Om - M ¢ marom 10 Om - M; Beruuc-
JIEHUSI TIPOU3BEJEHBI C TTOMOIIBIO (hopMyJIbl (3) U
MOJIyYEeHHbIE TaHHbIE TTOMEIIIEHbI B Ta0JI. 2.
Onpenenenne BXOIHOTO CONMPOTHBIEHUS TPyOoO-
npoBona. B cOOTBETCTBUM C IIIMPOKO pacIrpocTpa-
HEHHBIM B HEMELIKOSI3bIYHOM MPOCTPAaHCTBE CITpa-
BOYHUKOM [5] u pabotoii [7] pacyeT BXOIHOTO
COIPOTUBJICHUSI TPYOONpPOBOAa Oy1eM MPOU3BOAUTh
o ciienytoliieit popmyiie:

Ry

3)

_ 0,9
Iy’
rae I, — 1py 3a1aHHBIX 3HAYEHUSX IUIOTHOCTH 3a-
IIATHOTO TOKa (CM. TabJI. 1) M reoOMeTpUIeCKIX T1a-
paMeTpoB TPyOOIIPOBOIA SIBJISIETCI KOHCTAHTOM (B
HaiueM ciaydae [, = 0,902 A). PasmepHblii Koo du-
uueHT 0,9 B o6ycnosneH kputepuem NASE [5], B
COOTBETCTBUU C KOTOPBIM, BO-TIEPBBIX, «KaXYIlee-
csl yieJIbHOE CONTPOTUBJICHUE U30JISILIMU TPYOOITpO-
BOJA MPHUOIU3UTEIBHO PABHO YAESTBHOMY TTOJISIPY-
3allMOHHOMY COIIPOTUBJIEHHIO B JOedeKkrax
U30JISIHAN» U, BO-BTOPBIX, CUMTAECTCSI, YTO «CTALU-
OHAPHBIN TTOTEHIINAJ TTOJIOXUTETbHEee 3aIllIMTHOTO
noteHuuana Ha 0,3 B». B To e Bpemsa maneHue
MOTeHLIMAaNa B TpyOOIIPOBOIE OT €r0 MUHUMAJIbHO-
ro 3HaueHus —0,85 B mo ero MakcnMabHO BeJH -
yuHbl —1,15 B cocrtaBnsier 0,3 B. CnepgoBarenbHo,
001Ut MOTeHIIMAI B TOUKE IPEHUPOBAHUS TPYOO-
MpoBOAa OTHOCHUTEJIbHO rpyHTa coctaBuT 0,9 B.
JaHHbIe pacyeTa IpeacTaBieHbl B Ta0JI. 2.

20
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Br100p onTHMAJILHOTO CeYeHHsl IPEHAKHOro Ka-
0esg. Boibop onTUMAaIbHOTO ceueHUsT Kabest Tmo-
CTOSTHHOTO TOKA OOBIYHO IMPOU3BOISAT ITPU TTOMOLIU
crneuualibHOro rpacuka (cMm., HarpumMmep, CripaBoy-
HUK [5]) UCX0as U3 BEIMUYMHbBI 3alIUTHOIO TOKA U
CpOKa CJIy>KObl YCTAHOBKU 3JIEKTPOXMMUUYECKOM 3a-
LLIATHI WJIY 110 BEJIMYMHE MAaKCUMAJIBHO JOMTYCTUMO-
ro najeHusi HampsikeHust Ha HeM. Kpowme Toro,
ONTMMAJIbHOE CeYeHUe Kabes 71, MM*, MOXET ObITh
ornpeaeseHo U Mo cieaywlieit, pa3padboTaHHOM
HaMmu paHee hopmyie [4]:
RktT

Kw'’
rae K, — CTOMMOCTb OIHOTO ITOTOHHOTO MeTpa Ka-
Gerst cedeHneEM | MM? COBMECTHO C LIEHOM €r0 MOH-
Taxa (rmyctb oHa cocTaBisieT 1000 py6sieii 3a 1o-
TOHHBIA MeTp Kabenst cedyeHueM 1 MM?;, B
JajabHeNIIeM Mbl OyaeM MPUOIVXKEHHO CUMTATh, YTO
CTOMMOCTb IIPOITOPLIMOHAIEHO BO3PACTAET C POCTOM
CeYeHMs Kabells v €ro IIMHOM); R, — CONpOTUBIIE-
HUE OIHOTO ITOTOHHOTO MeTpa Kabes ceueHreM 1
MM?, KOTOPOE, B CBOIO 0UYepelb, Oorpeaesiercs Gpop-
MYJIOA

)

no 210

Ri=py &, (©)
hy

rie P, — YIAEIbHOE CONPOTUBIEHUE Mean (P, =
=1,75-10% Om - m); [, — nnuna Kabend (B HaeM
cayyae [, = 1 m); §, — ceueHue kabesist (B HalleM
ciaydae paBHoe 10 M?); kK — CTOMMOCTD 3JIEKTPO-
SHepruu (mpumem ee paBHoit 3, 39 pyosisi 3a 1 kBr-yac);
w — KO3 GULIMEHT MOJE3HOro AeUCTBUS TPeos-
paszoBatess (mpuHumMaeM w = 0,5); T — cpoK c1yK-
OBl yCTAHOBKY BJICKTPOXUMHWUIECKOM 3aIIUTHI (TTPH-
Humaem 1 = 10 yer).

[ToxcraHoBKa Bcex yKa3aHHBIX BEJTMYMH B pa-
cueTHYI0 hopmyny (5) ¥ IpoBeIeHNE BEIYMCICHUIA
JaoT clieAylolliee ONTUMAaJIbHOE 3HAaUeHUE CEUeHU ST
Kabens: n, = 2,91-10° m”.

OnpeneseHne 00IIEro CONPOTHUBIECHUS JIPeHAXK-
Horo Kaoensa. O01ee COMPOTUBICHUE NPEHAXKHOTO
KabeJsst MOXKET ObITh PACCUMTAHO C UCITOJb30BaHU -
€M IIUPOKO U3BECTHOM 13 Kypca (GU3UKU (POPMYJIbI
[7]

R =pk IL,
ny
e O, — YAEJIbHOE CONPOTUBJIECHUE MM (0, =
=1,75-10% Om - m); [, — nHa Kabens. B Hamem
ciTydae IpUHUMAaeM TS OOJTBITIeH HATTISTHOCTH BBI-
YHCJIEHUI BO BCEX pacCMaTpUBaeMbIX BapuaHTax

(7
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BIIEKTPOXUMUYECKO 3aIIUTHI / = 100 w; n,— OI-
TUMaJIbHOE ceueHue Kabesi, M2, (B COOTBETCTBUU C
pacyeToM IS JaHHOM TIJIOTHOCTH TOKA OHO COCTaB-
qstet 2,91-10°6 m2).

OmpenenumM o0IIee CONPOTUBICHUS KaOels
npoTsixkeHHOCThIo 100 MeTpoB 1Jis1 BbIOpaHHOI
IUIOTHOCTH TOKa I10 (hopmyJie (7) M IIOMECTHUM ITO0JTy-
YeHHbIE Pe3y/bTaThl BHIUMCICHU B Ta0I. 2.

Pacuer o0mero conpoTuBiieHNsI HU3KOBOJIBTHOI
[eNH YCTAHOBKH 3AIHThI, 3aTPAT HA 3JIEKTPOIHEPTHIO U
MOIIHOCTH peodpa3oBareis. BeravcreHus OyaeM rmpo-
MU3BOAUTD C UCTIOIb30BAHMEM CIIEAYIOINX (hopMyJT:

R=R,+R +R; (8)
W,=kR; )
W=kk,IR; (10)

3nech k, — KOO(DPUUMEHT, YIUTHIBAIOLIMIA TTOTEPU
MOIIHOCTU MPU NpeoOdpa3oBaHUN BJIEKTPUUECKOTO
TOKa U3 TIEPEeMEHHOTO B MIOCTOSTHHBII; TIPUMEM €TO
paBHBIM 2 (KoadduiMeHT nosie3Horo aeicTus 0,5);
k ,— K03(D(HULIMEHT, yUUTHIBAIOILIMIA 3aT1aC MOLIIHOCTH
npeobpasoBateisl, TPUHSTHIN PY MTPOEKTUPOBAHUU
KaTOIHOM 3aIIUThI, K BO3MOXKHOE CHIKEHUE COTIPO-
TUBJICHUSI U30JISILIMU TPyOOITPOBOJA CO BPEMEHEM;
MPUMEM €ro paBHBIM 1,5; R — obl1iee CONpoTUBIIEHUE
B LIETIM TOCTOSIHHOTO TOKa, KOTOPOE BBIYMCISIETCS
no ¢opmyJie

R=R +R +R, (11)
rae R, — conpoTuBieHne pacTEKaHUS ULl aHOIHO-
ro 3a3eMJICHUSI, BKJIOUaloliee OMUIECKOe U MOJIsi-

PH3AlMOHHOE CONPOTUBIEHMS; R, — OMUYECKOE
CONPOTUBIIEHNE Kabesisl OCTOSHHOIO TOKa; R, —
BXOIHOE COTIPOTUBJICHNE TPYOOIIPOBOIa, BKIIIOUA-
Jo1llee OMMYECKOE 1 TOJISIPU3aLIMOHHOE COMPOTUB-
JICHUSI.

[TonyyeHHbIe TaHHBIE BHECEM B Ta0JI. 2.

PacueT 3KOHOMHYECKMX MAPAMETPOB YCTAHOBKHU
KaToAHo# 3ammThl. PaccuntaeM yaenbHble TOI0BbIE
pacxobl Ha obecIiedeHre KaTOMHOM 3aIIUThI y4acT-
Ka TpyOoIpoBoja eAMHUYHON AIuHBI (1 KM) 1O
cienyoomeit hopmyie [4]:

1, =11,/2L, (12)
rae Hl onpeaeasaeTcsa U3BBECTHBIM COOTHOILICHUEM
I, =K/T+C. (13)

B cBoro ouepenb, K u C pacCUMTHIBAIOTCS 1O
clienyromuM GhopMyiaM:

K=K +K +K, (14)

C=C,+C,, (15)
rae K — KanuTajlbHbIe 3aTpaThl HA COOPYKeHUE yCTa-
HOBKM KaTOJHOM 3aIUThl. DTOT BUJI 3aTPaT 3aBUCUT
B [IEPBYIO OYEPENb OT MOLLIHOCTH YCTAHOBKU KaTO[I -
HO 3allIUThI, U €70 YI0OHO pa30UTh Ha TPU COCTaB-
HbIE YaCTHU:

K=K +K +K,. (16)
3nech K, — KanuTalbHbIE 3aTPaThl, U3PACXOI0BaH -
HbIE Ha CoOopyxkeHre aHomHoro 3azemiaeHus (10000
pyOsieii Ha onuH aHom); K, — KaluTaIbHbIE 3aTPaThl
Ha MOKYMNKY M MOHTaxX ApeHaxkHoro kKaoess (1000
pyOJeii Ha MOKYNKY U ITpoKJIaaky 1 M Kabesst ceve-

Tabnura 2
OcHoBHbIE MApaMeTPbl, XaPAKTEPU3YIOIIKE KATOJHYIO 3aUIMTY TPYOONPOBOIA NMPH IJIOTHOCTHU 3AIMMTHOTO TOKA
J, = 10°A/m?

P, n, R, | R, R, R, w, w, K, | K., | K| K, Cp, c,| C u, | i,
OMM| T | OM | OM | Om | OM Br Bt | TBIC. |TBIC.|TBIC. | TBIC. | THIC. | TBIC. | THIC. | THIC. | TBIC.
py0. |pyO. | pyoO. | pyb. | pyO. | pyo. | pyO. | pyO. | pyo.

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 |16,7910,34710,998|0,602|1,947 (3,168 |4,752(167,9|291 | 100 |558,9| 100 |0,094|100,1|156,0| 1,744
20 (23,7410,49110,99810,602(2,091 | 3,402 (5,103 |237,4|291 | 100 |628,4| 100 (0,101|100,1|162,9|1,821
30 [29,08]0,601{0,998|0,602 2,201 |3,5815,372(290,8| 291 | 100 |681,8| 100 [0,107|100,1|169,3 1,893
40 133,580,694 (0,998 (0,602 (2,294 3,732|5,598 | 335,8 {291 | 100 |726,8| 100 |0,111{100,1|172,8|1,932
50 |37,54(0,77710,998 0,602 (2,377 | 3,867 |5,800|375,4| 291 | 100 {766,4| 100 [0,115/100,1|176,7 (1,976
60 |(41,13/0,8500,998|0,602(2,4503,986(5,979|411,3|291 | 100 |802,3| 100 [0,119{100,1|181,3(2,027
70 |44,4210,91910,99810,602(2,519 (4,098 6,147 | 444,21 291 | 100 |835,2| 100 [0,122{100,1|183,6(2,053
80 147,50(0,982(0,998|0,602 (2,598 4,227 6,341 [475,0|291 | 100 | 866 | 100 |0,126{100,1|186,6|2,086
90 [50,19(1,045]|0,998 0,602 |2,645|4,303|6,455|501,9|291 | 100 {892,9| 100 {0,128/100,1|190,4 2,129
100 [53,091,098|0,998|0,602|2,698|4,390|6,585|530,9| 291 | 100 {921,9| 100 |0,131|100,1|192,4|2,151
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HueM 1 Mm?); K| — KanuTaabHble 3aTPaThl HA MOKYTI-
Ky M YCTAaHOBKY MpeoOpaszoBaresisi (B CUJTy OTHOCH-
TeJIBHO HEeOOJIBIIIOTO BKJIaAa 3TOM BEJIMYMHBI B O0IITE
KarnurajibHble 3aTparthl mpuMeM K, pasabiv 100 000
pyosieit g moTHocTel Toka ot 10 mo 100 A/m?);
C — rofioBblie KCIUTyaTallMOHHbIE 3aTPaThl, PACCUM-
TaHHbIE HAa OIHY YCTAHOBKY KATOMHOI 3allUTHI; UX
yI00HO pa3oUTh Ha CJISIYIOIINE COCTABHbIC YaCTH:
C=C,+C,, (17)
rae C, — 3aTpaThl Ha NPO(PUIAKTUKY YCTAHOBKU
KaTOJHOM 3alllUTHI, MIPOBEACHUE PA3INYHBIX W3-
MEpPeHUi, KamUTaJTbHOTO U TeKYIEro peMOHTOB U
T. A. (111 KOHKPETHOM YCTAHOBKU X MOXKHO TIpU-
HSITh TOCTOSIHHBIMU B TEUEHME BCETO Meproaa 3KC-
IUTyaTalluy KaTOOHOM 3amnThl). OHU MaJio u3Me-
HSIIOTCS MPU U3MEHEHUU MOUIIHOCTU YCTaHOBKU
3JIEKTPOXMMUUECKOM 3alIUTHl. MBI MPUMEM HUX
yenoBHo paBHbiMu 100 000 py6./ron; C, — romnosblie
3aTpaThl Ha BJIEKTPOIHEPTUIO, IJISI KOHKPETHOM
YCTAaHOBKM MX MOXXHO IPUHSITh MOCTOSIHHBIMU B
TeUeHHUEe BCETO IepUoaa SKCIUIyaTalluu KaTOIHOMI
3alIUThl, HO OHU OYE€Hb CUJIBHO 3aBUCST OT BEJIU-
YUHBI 3aIUTHOTO TOKA U OTIPeaeISTIOTCST POPMYI0it
C,=ktW,, (18)
rae kK — CTOMMOCTD 3JIEKTPOSHEPTUM (IPUHUMAEM
e€ paBHoi1 3,39 py0ab/KBT - yac; t — KOJIMUECTBO

vacos B rofy (8760 yac); W, — MOLIHOCTb, MOTpeO-
JIsieMasi Ha BXoJie Tpeo0pa3oBaTesis 3J1eKTPOXUMU-
YeCKOM 3allUTHhI.

[TonyyeHHble TaHHBIE TOMECTUM B TabJI. 2.

lanbBannyeckas AHTUKOPPO3UOHHAA 3allIUTA
MOA3EMHBIX METAINYECKHUX prﬁOl’[pOBOIlOB

[IpoTekTopHas 3aluMTa OCHOBaHA Ha MCIOIb30-
BaHWUM TIPUHIIATIA PAOOTHI TATbBAHMIECKIX JIeMEH-
TOB. Tak, HampUMep, €U K CTATbHOMY IMOI3eMHOMY
COOPYXKEHUIO TIPUCOEANHUTD SJIEKTPOI M3 Oojiee
9JIEKTPOOTPULIATEILHOTO METaIa, YEM CTallb, TO OY-
JieT 0Opa3oBaHa KOPPO3WOHHAs TTapa, B KOTOPOI 3aIlli-
1IaeMOE COOPYKEHME OYIET KATOIOM, a AJIEKTPOJT — aHO-
moM. B cmiy 3TOTO TIPOTEKTOPHYIO 3aIlIUTy YacTO
Ha3bIBAIOT KaTOJHON 3alIMTON rajbBaHUYECKUMU
a"Hogamu. [1puHIIMT ee pabOTHI OUEBUICH U3 pUC. 2.
OH OCHOBBIBAETCS Ha TOM, UTO BCJICACTBUE PA3HOCTU
TTOTEHIIMAJIOB ITPOTEKTOPA M METAJUTIYECKOTO COOPY-
SKeHMsI B LIEMU 3aIMTHOM YCTAHOBKM BO3HUKAET DJIeK-
TPUYECKMIA TOK, KOTOPBI CMeTaeT TOTeHINANT 3aIlTH-
1IAEMOTO COOPY>KEHYST B OTPULIATEIBHOM HATIPABIEHUMU,
YTO 1 co31aeT 3(PeKT KAaTOMHOM 3aILNTHI.

OCHOBHbIE 3aKOHOMEPHOCTHU PabOThI raJIbBAHU-
YECKOM 3aIIUTBI XOPOIIIO U3BECTHHI, a €€ 0COOeH-

KatonHas 30Ha

P i
+ 2 w B
- oa
4 ¥ # . ¥
' " * 5

* 1= 1+ 70 MM (1151 OIHOTO IPOTEKTOPA)

" e

" B - B - B B & .

Puc. 2. CxeMa pOTEeKTOPHO 3aIlUThI: / — IPOTEKTOP; 2 — AaKTUBATOP; 3 — MYTU IBUXKEHUSI
3alUTHOIO TOKA B IPYHTE; 4 — TPyOOIPOBO; 5 — COeAUMHUTEbHBIN Kabelb;
6 — KOHTPOJIbHBII MyHKT
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HOCTH, CBSI3aHHBIE C Pa3IMYHBIM KAUE€CTBOM JUAJIEK-
TPUUYECKOW U30JISALUU TPyOOIPOBOIA, U3JIOXKEHDI,
HarmpuMep, B Iyoamkauuu «OCHOBHBIE TIPUHIIAIIBI
MPOEKTUPOBAHUS MPOTEKTOPHON 3alUThI MTOA3EM-
HBIX METAJUIMYECKIX COOPYKeHU» [7].

Bocnionb3yeMcsi JaHHBIMU, TTOJYYEHHBIMUA B
3TOM paboTe, WIS OLEHKU YKOHOMUYECKOi 3 heK-
TUBHOCTHU MPOTEKTOPHOM 3aIIUThl KaK (YyHKLIUU
yIeJbHOTO COMPOTUBJIEHUS TPYHTA NIPU HATUUUU
BbICOKOKAYE€CTBEHHOU MOJIMMEPHOU WU30JSLUN.
B cooTBeTcTBUM CO CIIPaBOYHBIMM HAHHBIMU [35]
Y/CJbHBIN 3aUIMTHBINA TOK j B 3TOM Cjly4yae — Jist
TpyOOTIPOBOJIOB, MPOJIOXKEHHBIX B TPYHTE, — W3-
Mensiercst ot 107> 1o 10-¢ A/M?. Psaa TeXHUYECKUX
MapaMeTpoB KaTOJHOM 3alLMThI, OTIPEAEISIEMbIX TIPU
pPa3JIMYHBIX TUIOTHOCTSX 3allIMTHOTO TOKa, Mpe.-
craBjieH B Ta0a. 1. OueBUIHO, YTO OHU B paBHOM
CTENEeHU MPUMEHUMBI U ISl TIPOTEKTOPHOM 3alliu-
Tbl. PaccunTaeM, OCHOBBIBAsICh Ha 3TUX JAHHBIX,
OCHOBHbIE TEXHUYECKHE U IKOHOMUYECKHUE XapaK-
TEPUCTUKHU YCTAHOBOK MPOTEKTOPHON 3aIlIUTHI.

PacuyeT 0CHOBHBIX TEXHUYECKUX U IKOHOMUYECKUX
napamMeTpoB YCTAHOBKM MPOTEKTOPHOI 3aIUThI.
Ha npaxrtuke onleHKa BETUYMHBI 3AIIUTHOTO TOKA
J ,OIHOTO TIPOTEKTOPA [JIsi MATHUEBBIX IIPOTEKTOPOB
OOBIYHO MPOUCXOIUT C UCITOJIb30BAHUEM CJIIEITYIO-
11Ie# XOPOI110 U3BECTHOU AMITUPUUECKOUN (POPMYIIBI
U3 CIIpaBoOYHMKa [5]:

J,=0,6/R 19)

rae BexumurHa 0,6 XapakTepusyeT ABUXKYIIee Ha-
MpsSIKEHUE, T. €. HaMpsiKEHUE MeK1y 3allMIIaeMbIM

—0,85 B 1 monsipn3alinOHHBIM ITOTEHILIMAIOM TaJlb-
BaHMYECKOTO aHO/a, KOTOPbIe U3MEPEHbI OTHOCH -
TEJIbHO MEIHO-CY/Ih(PAaTHOIO 3JIEKTPOIa CPABHEHUSI.
JIJ1s1 HIMHKOBOTO aHOJa 3Ta BEJIMYMHA OOBIYHO CO-
crasiseT 0,2 B, a mist amomunauesoro — 0,3 B [5].
[Tox 06o3HayeHMEM R TMTOHUMAIOT OMUYECKOE CO-
MIPOTHUBIIEHNE B 1LIETIM YCTAHOBKU IIPOTEKTOPHOM
3allMThI, KOTOPOE, B CBOIO OYEPEb, OMPEACISIeTCS
clieayoneit hopmysIoi:

R =R+R +R, (20)
rae R, — OMMYECKOEe COMPOTUBICHHUE PACTEKAHMS
3aIUIIaeMOTO COOPYXKEHHMs; R, — OMUYECKOE CO-
MPOTUBJICHUE PACTeKAHUSI OAMHOYHOIO raJlbBaHU -
YECKOro aHoza; R, — OMUYECKOE CONPOTHUBIICHUE
KabeJs.

[TpoBenem BeIYMCIIEHE HEOOXOIMMOI BEJTAMYMHBI
3aIIMTHOIO TOKA C MCIOJIb30BaHUEM 3TUX (OPMYIL.
Bocnonb3yemcst yrpoliieHHBIM BapraHTOM pacuera
COIPOTUBJICHUST PACTEKAHMSI TISITUKIIOIPAMMOBBIX
MarHMeBbIX aHOIOB, U3TOTOBJICHHBIX B (pOpMe OJIOKOB
U MOMEIICHHBIX B MEIIIKU C aKTUBaTOpoM. B aToM
cllyyae B CHIIy MaJjIoil TIPOTSLKEHHOCTH KaOeTbHBIX
MPOKJIAIO0K (YTO BJICUYET 32 COOOM MX OTHOCUTEIHLHO
HU3KYIO CTOMMOCTB), a TAKXKe€ BO3MOXKHOCTH BBIOOpA
MPaKTUIECKH JIF0OOro HEOOXOAMMOTO CeUeHMs Kabe-
JIsl MOXKHO IIPUHATb, 4TO R, << R . B TO e Bpems Juist
pacueTra OMUYECKOIO COIPOTUBICHUST pacTeKaHUS
TPYOOIpPOBOIa MOXKHO MPUHSATH, 4O R, =0,3 OM [5].
CrenoBarebHO, Mbl MOXKEM Iepenucarb hopMyy
(19) B cnenyroiieM Buje:

COOPYKE€HUEM C ITOJIAPU3allMOHHBIM ITOTCHLIMAJIOM J, =~ 07 6 (2 1 )
i
R; +0,3
Tabnuma 3
OcHOBHbIE TAPAMETPBI, XaPAKTEPU3YIOLIHE NMPOTEKTOPHYIO 3aLIUTY TPYOONPOBOA MPH IUIOTHOCTH 3aHIMTHOTO TOKA
J, =107 A/m?
p,Om'M | R, OMm J, A n, WT Knp, TBIC. PYO. Cnp, TBIC. PYO. ]_[lnp, ThIC. pyO. I_[an, TBIC. PYO.
0 0 0 0 0 0 0 0
10 6 0,100 9,020 90,20 8 17,02 0,190
20 12 0,049 18,41 164,0 8 24,40 0,273
30 18 0,033 27,33 237.,4 8 31,74 0,355
40 24 0,025 36,08 311,0 8 39,10 0,437
50 30 0,020 45,10 392,2 8 47,22 0,528
60 36 0,017 53,06 474,7 8 55,47 0,620
70 42 0,014 64,43 530,6 8 61,06 0,683
80 48 0,012 75,17 601,3 8 68,13 0,762
90 54 0,011 82,00 693,8 8 77,38 0,865
100 60 0,010 90,20 751,7 8 73,17 0,818
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YcraHoBieHoO [5], 4TO cOnpoTUBJIEHNE pacTeKa-
HUSI 17151 MPOTEKTOpa BbIOpaHHOW HaMu (OpMbI B
OCHOBHOM OITpeNeIsIeTCsT CASIyIoNIeil aMmupuye-
CKOI1 (DOpMYJIOIA:

R,.=0,6 p [OMM/M], (22)
rIe p — yaeJbHOe CONPOTUBJIEHUE IpyHTa, OM M.

IIpoBenemM COOTBETCTBYIOIINE BBIUMCACHUS R
u J,, pe3yJbTaThl IOMECTUM B TaOJI. 3.

Pacuer kosmuecTBa npotekTopoB. B ciyyae, eciu
BCE yKa3aHHbIEe MEPONPUSTUST HE TTO3BOJISIIOT 00ec-
MEYUTh TPEOYIOIINIACS 3aLIMTHBIN TOK /, (B HaIIEM
cjlyyae coracHo TabJ. 1 ero BeMYMHA COCTABISIET
0,902 A), HeoOXOIMMO HCIIOJIb30BaTh HECKOJIBKO
MpoTeKTopoB. OUeBUIHO, UTO MPU UCITOJb30BAHUU
71 OMMHOYHBIX MMPOTEKTOPOB 3AIIUTHBIN TOK, TIOJTY-
YyaeMblil OT HUX, yBeJIMUMBaeTcs B # pa3. OqHaKO Ha
MPAKTHUKE C IIEJIBIO COKpAIIeHUS 00beMa 3eMJISTHBIX
paboT MCHOJB3YIOT TPYIIOBOE pa3MellleHue Mpo-
TEKTOPOB, TIPX KOTOPOM HAOII0IAETCSI HEKOTOPBIi
POCT OMMYECKOTO COMPOTUBIICHUS paCTEKaAHUS T10
CpPaBHEHUIO C OMMHOYHBIM 3aJI0KEHUEM ITPOTEKTO-
POB, UTO YYUTHIBaeTCsl KOA((OUINEHTOM 3KpaHU-
poBaHus 1. [Ipyu 0OBIYHBIX MEeTOIAX 3aKJIAIKHU rajlb-
BaHMYECKUX aHOJOB €ro BeJMYMHA Majo
otianuaercs ot 0,85. KoanuectBo n, TIPOTEKTOPOB,
YCTAHOBJIEHHBIX TPYMIOBBIM CIIOCOOOM B TaKoM
ciIydae MOXHO OTIPeNeTuTh 1o hopMyie

G

Ut

BMecTe ¢ TeM B HallMX pacyeTax ¢ 1ieJiblo 0oJiee
aZIeKBaTHOTO CPaBHEHUs SKOHOMUYECKUX Mapame-
TPOB ABYX METOMOB 3alIUThI (KATOJHOTO U MPOTEK-
TOpHOro) OymeM cuuTaTh, 4yTo N = 1, T. €. OymeMm
HCII0/Ib30BATh CJIEAYIOLIYIO YITPOILEHHYIO (hOPMYITY:

n=to
p °
I 4

[IpoBeneM COOTBETCTBYIOLINE BBIMUCICHUS 71, ,
pe3yabTraThl TOMECTUM B Ta0J1. 3.

ITpoexkTHpOBaHUEe NMPOTEKTOPHOM 3AIMUTHI MTPEI-
roJjiaraeT 1 orpee/eHUe Cpoka e€ CIyKO0bI o clie-
nytouieit popmyse:

_mgnyny
- ’
8760/,

roe T — cpoK ciIyXObl TIpoTekTopa (Tombl); m —
Macca IIpoTeKTopa; g —TOKOOTAaua MaTepuaa mpo-
TEKTOpa (TeOpeTHYecKas); N — KOI(DOUIMEHT,
YYUTBHIBAIOIINIA COOCTBEHHYIO KOPPO3UIO aHO/A;
M, — KO3 (OULUMEHT, yUUTHIBAIOILNIA HEPABHOMED-

(23)

nrp

(24)

(25)

24

HOCTb KOPPO3UHM aHona; J  — CpelHee 3HaYeHUe
cuibl ToKa B 1enu «mporekrop — [IMC» 3a Bech
nepuop T 3KCrulyataluy NpoTeKTOpa.

bynem cuuTtath, UTO JaHHOE TpeOOBaHUE BbI-
MoJIHsIeTCSl. B IPOTMBHOM cCilyyae OHO JIETKO MC-
MPaBUMO MPOCTHIM YBETUYEHUEM MACChl TPOTEKTO-
poB. OcTaibHbIE MapaMeTpbl TPOTEKTOPHOU 3al1y-
ThI TTPY 3TOM UBMEHSIFOTCSI MaJIo, U MOXKHO MIPUHSITh,
YTO OHM OCTAIOTCSl MPAKTUUECKU HEU3MEHHBIMU U
He BIMSIIOIIMMU HA 9KOHOMUYECKHUE U TEXHUUECKUE
napameTphl rajaibBaHndeckoi 3amuTsl IIMC oT Kop-
po3uu.

PacyeT 0CHOBHbBIX 3KOHOMHUYECKHX MAPAMETPOB
YCTAHOBKM MPOTEKTOPHOI 3amuThl. Paccuutaem
yIeJbHbIE TOAOBbIE PACXObl HA 0OECTIeYeHUE MPO-
TeKTOPHOI 3alllMThl yyacTka TpyOOMmpoBoaa elau-
HUYHOI myuHLI (1 KM) o cienytoiieit popmyiie [4]:

L]~1np
Han = 2L s (23)
e Hlnp’ onpeacIsA€TCAa COOTHOIECHNEM
K
Winp == +Crp (24)

Knp — KaluTaJbHbI€ 3aTPaThl HA COOPYXKEHUE yCTa-
HOBKU TpoTekTopHOM 3amuthl (10000 pyOeit Ha
OJIVH rajibBaHU4YeCKUii aHO); Cnp — T'OJOBBIE IKC-
IUTyaTallMOHHBIE 3aTPaThl, pACCUMTAHHbIC HA OJTHY
YCTAaHOBKY IIPOTEKTOPHOM 3alIIUThI X pACXOAYEMbIE
Ha e€ mpoUIAKTUKY, TIPOBEACHME PA3IUUHbBIX U3-
MEpeHUI, pPEMOHTOB U T. A. B cooTBeTCTBUM C II.
4.7.7 «MIHCTPYKLIMHU TI0 3alUTE TOPOACKUX TTOMI-
3€MHBIX TPYOOIIPOBOAOB OT KOppo3uu» [8] mpo-
¢UuIaKTUYECKHE OCMOTPhI YCTAHOBOK MPOTEKTOP-
HOM 3alIMTBl MNPOU3BOASITCS JABa pasa B TOI.
OCMOTpBHI yK€ YCTaHOBOK KaTOIHOM 3aIlIUThI OCY-
LIECTBJISIOT ABa pa3a B Mecsl. COOTBETCTBEHHO
MOXHO ITPUHSITH (0COOEHHO YYUTHIBAsI TO OOCTOSI -
TEJILCTBO, YTO TEXHUYECKM IIPOTEKTOPHAs 3alluTa
3HAYUTEIBHO TPOIIE KATOMHOI), YTO CTOUMOCTD
ee Oymer He 6osiee 8 % OT COOTBETCTBYIOIIEH CTO-
MMOCTHU OOCJIy>kKMBaHUsI YCTAHOBOK KaTOJHON 3a-
muThl. CTOMMOCTB TOJOBOI0 OOCTY>KMBaHUS yCTa-
HOBKM KaTOJHON 3alllMThl HaMU OblIa OlLIEHEHAa
panee B 100000 py6neii. CnenoBaTesibHO, CTOU-
MOCTb I'OJIOBOTO OOCIY:KMBAaHUSI YCTAHOBKU ITPO-
TEKTOPHOM 3allMThl MOXHO MPUHSTHL paBHOM 8000
pyoJieii.
[TonyyeHHble JaHHBIE IOMECTUM B Ta0JI. 3.



DHepreTuKa

O0cyxaeHne pe3yJabTaToB 1 BbIBOIbI

O1ueHKa 3KOHOMUYECKOU 3(h(HEeKTUBHOCTH aH-
TUKOPPO3UOHHBIX MEPOTIPUSITUIA COTIPSIKEHA C 1ie-
JIBIM PSIIOM METOMOJIOTUYECKUX TpyaHocTe. [eii-
CTBUTEJIbHO, HAa00JIee YaCTO UCTIOJIb3yeMbIii METOI
TOJIOBBIX MIPUBEACHHBIX 3aTpaT Mpearoaaraet, yTo
creneHb 3amumeéHHoctr [IMC nipu m000M BHze
MPUMEHSIEMbIX aHTUKOPPO3UOHHBIX MEPOTIPUSITUIA
OoCTaeTcsl IPaKTUUECKU MOCTOsIHHOM. B nmeiicTBu-
TEJIbHOCTU 3TO He Tak. CiienoBaTesibHO, yUeT U3-
MEHEHHSI CKOPOCTU KOPPO3MOHHOTO Mpollecca Ha
IIMC npu UCIONB30BaHUM Pa3IMYHBIX METOIOB
AHTUKOPPO3UOHHOM 3aIlIUThI TPEOYET pa3BUTHUSI CO-
OTBETCTBYIOLIMX MOJIEbHBIX TTPECTABICHWI U MPO-
THO30B KOppo3uoHHoro coctossHust [IMC, uro pes-
KO CHMXXaeT TOYHOCTbh pacu€TOB 3KOHOMMUYECKOM
3¢ GEeKTUBHOCTU aHTUKOPPO3UMOHHOM 3allIUTHI.

CyacTIIMBbIM UCKJIIOYEHUEM M3 9TOTO OOLIEro
MpaBuJia SIBJISIETCSl CpaBHUTEbHAsS OLICHKA TeXHU -
KO-3KOHOMUYECKOI 3(PHEeKTUBHOCTUA MTPOTEKTOP-
HOIi 3allIMThl U KaTOAHOM 3alllUThl HAJTOXEHHBIM
ToKOoM [9, 10]. B aTOM ciyuae a¢hpeKTMBHOCTb aHTH -
KOPPO3UOHHBIX MEPOIPUSITUI OTNpeneaseTcs ofl-
HUM Y TEM K€ MapaMeTpoM, a UMEHHO TOCTHKEHU -
eM 3amuTHoro mnorteHuuansa —0,85 B 1o
MeIHO-CYJIb(haTHOMY 2JIEKTPOAY CpaBHEHUS, U,
CJIeIOoBaTe/IbHO, MOXET HE YUUTHIBATHCS TIPU KO-
HOMUYECKOM CPaBHEHUU 000MX METOJOB 3allUThI.
B a3TOM c1yyae MOXHO OTpaHUYUTCSI pACCMOTPEHU -
€M TMPUBEJAEHHBIX 3aTpaT MO BapuaHTaM 3JIEKTPO-

XMMUYECKOM 3alUThI, OCYLIECTBICHHOM /151 OMHOTO
M TOTO XK€ MOA3eMHOTO METAJNINYECKOTO COOPYKe-
Hus. [IpakTnyecku 3To 03HaYaeT CpaBHEHUE BEJIM-
yuH L, u 11 Lnp> T- €. TOIOBBIX MPUBEIEHHBIX 3aTpaT
Ha 3allUTy OJHOT0 KMUJIoMeTpa TpyOooIpoBoIa ycTa-
HOBKAaMM COOTBETCTBEHHO KaTOJHOI U IIPOTEKTOP-
HOI1 3aIlUT IIPY OAMHAKOBBIX ycJI0BUsIX. COMOCTaB-
JICHVE TIOCJICIHUX CTPOK Ta0JI. 2 ¥ 3, TIe onpeaeaeHb
9TU MapaMeTPhI, ITO3BOJISIET CleaTh OJHO3HAUYHBIN
BBIOOP B MOJIB3Y MPOTEKTOPHOM 3aIUTHEI IJ1s1 TpYy0O-
IIPOBOJIOB C COBPEMEHHOM, HAIIpUMEP IMOJIUITUIIC-
HOBOI, MU30JISILIMEH, 00agaroeli XOPOIIUMHU IU3-
JIEKTPUYECKMMHU CBOMCTBAMU B PaCCMOTPEHHOM
MHTEepBaJie U3MEHEHMSI COITPOTUBJICHUS TPYHTA.

BoiBoab!

[TpennoxeHa MeTonMKa pacueTa CpaBHUTEb-
HOI BKOHOMUYECKOM 3(p(heKTUBHOCTH MPOTEKTOP-
HOI M KATOAHOU 3a1IUT ITOA3EMHBIX METAIINYECKIX
COOPYKEHMI, UCITOJIb3YIOIIas MpaKTUIecKue pop-
MYJIbI, BEIpaOOTaHHbBIE B IIPOLIECCE PA3BUTUS METO-
JIOB 3JICKTPOXUMUYECKOH 3a1nThl. OHA ITO03BOJISIET:

OLICHUTb BIIMSIHUE YACAbHOTO CONPOTUBIICHUS
IrPyHTa HA 9KOHOMUYECKYIO 3(P(HEKTUBHOCTDH MPO-
TEKTOPHOM Y KATOJHOM 3alMT;

BbIOpATh BAPUAHT JIEKTPOXMMUYECKOM 3a1IUThI
C MUHMMAJIbHOW CTOMMOCTBIO IIyTeM CpPaBHEHUS
TOJIOBBIX IPUBEACHHBIX 3aTPaT HA OJUH KUJIOMETP
3alllMIIaeMOro TpyooIpoBoia B BapuaHTax Mpo-
TEKTOPHOM 1 KATOJHOM 3alLIUThI.
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A.U. Pydckoti

11-4 MEXXAYHAPOAHASA HAYYHO-TEXHUYECKASA KOH®EPEHLUA
«COBPEMEHHbIE METAJUTUMECKUE MATEPUATJIbI U TEXHOJTOTUU»,
NMOCBALLEHHASA 100-JIETUIO CO AHA POXAEHUA 4)1.-KOPP. PAH
B.C. CMUPHOBA (1915-1973), PEKTOPA JIEHUHIPAACKOIO
MNOJIMTEXHUYECKOIO UHCTUTYTA (1956-1973)

A.l. Rudskoy

THE 11TH INTERNATIONAL SCIENTIFIC AND TECHNICAL CONFERENCE
«MODERN METAL MATERIALS AND TECHNOLOGIES»,
DEDICATED TO THE 100 TH ANNIVERSARY OF BIRTH

OF RAS CORRESPONDING MEMBER V.S. SMIRNOV (1915-1973),
RECTOR OF THE LENINGRAD POLYTECHNIC INSTITUTE (1956-1973)

B cratee mpuBeneHa uHdbopmanusi o6 11-ii MexayHaponHON HaydHO-TEXHMYECKOW KOHdepeHIInn
«CoBpeMeHHbIE METAUTMYECKUE MaTepuaibl U TexHoJorun». KoHdepeHums cocrosinack 23—27 utons 2015
rona B Cankr-IletepOypre Ha 6a3ze PTAOY BO «Cankr-IleTepOyprcKuil MOJMUTEXHIUSCKI YHUBEPCUTET
[Tetpa Bennkoro» u 6bpu1a nocesiieHa 100-aetuto co aHs poxaeHus wi.-kopp. PAH B.C. CmupnoBa (1915—
1973), pekTopa JIeHUHIpaJCKOro MOJIUTeXHUIecKoro HHCTUTyTa (1956—1973). B KoHbepeHIMN TIpUHSUTHA
yJactue 6osiee 160 KpYITHEHIIIMX YUSHBIX ¥ BEIYIIMX CIICIIMATUCTOB B 00JaCTH Pa3BUTHSI HOBBIX TEXHOJOTHIA
W MaTepuaIOBEeICHMSI, TIPEACTaBUTENICH YHUBEPCUTETOB, MHCTUTYTOB PAH, HayIHBIX 1 TIPOM3BOICTBEHHBIX
OpraHu3alMil U3 pa3InYHbIX perMoHOB Poccuu u apyrux crpaH. Beero 3a BpeMst KOH(epeHLIMY 3acyliaHbl U
obcyxneHsl 6osee 100 10K1a10B B cCEMU TEMAaTUUYECKUX CEKIIMSIX IT0 HauboJiee MepcreKTUBHBIM HAITPaBIECHUSM
MaTepuaioBeICHUS] U METAJUTYPrMUYeCKUX TEXHOJIOTMIA. B mokiianax oTpaxxeHa TeHAEHIIMS MOSIBJICHUS O0JIbIIOrO
KOJTMYECTBA HOBBIX TEXHOJIOTUI 1 MATEPUAJIOB HA CTHIKE TPAAUIIMOHHBIX 00JIACTEN METAJLTYPTHUH.

HOBBIE MATEPUAJIbI U TEXHOJIOTUH; MATEPUAJTOBEJEHUE; KOHO®EPEHLIMH; BLICIIAS LHTKOJIA;
CAHKT-TIETEPBYPICKWY MOJIUTEXHUYECKUIW YHUBEPCUTET METPA BEJIUKOIO.

This article provides information about the 11th International Scientific and Technical Conference «Modern
metal materials and technologies». The conference took place on 23-27 June 2015 in St. Petersburg based FSAEI
IN «Saint-Petersburg Polytechnic University Peter the Great» and was dedicated to the 100th anniversary of the
birth of corr. RAS VS Smirnov (1915-1973), rector of the Leningrad Polytechnic Institute (1956-1973). The
conference was attended by over 160 prominent scientists and leading experts in the field of development of new
technologies and materials, representatives of universities, institutes of Russian Academy of Sciences, scientific
and industrial organizations from different regions of Russia and foreign countries. Altogether during the conference
heard and discussed more than 100 reports in seven thematic sections on the most promising areas of materials
science and metallurgical technologies. The report reflects the trend of the emergence of many new technologies
and materials at the junction of the traditional areas of industry.

NEW MATERIALS AND TECHNOLOGIES; MATERIALS; CONFERENCES; HIGH SCHOOL; PETER THE GREAT
ST. PETERSBURG POLYTECHNIC UNIVERSITY.

Konddepenuus cocrosiack 23-27 utons 2015r.  [leTepOyprckuii MoJUuTeXHUYECKUN YHUBEPCUTET
B CaHkrt-IleTepOypre Ha 6a3e PTAOY BO «Cankr- Ilerpa Benukoro».
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OpranuzaTopsl KoH(MepeHIUn — MUHKUCTEp-
cTBO obOpa3oBaHust U Hayku Poccuiickoit @enepa-
nuu, Poccmiickasa akagemust Hayk, Poccuiickmii
¢doHn dbyHmamMeHTaIbHBIX UccaenoBanuii, CaHKT-
[TeTepOyprckmii HayuHblii neHTp PAH, HayuHbrit
coBeT PAH 1o ¢u3uke KOHAEHCUPOBAHHBIX CPe/l,
Komuter o Hayke u Bbiciieii mkone I[IpaBurennb-
crBa CaHkrt-IletepOypra, CaHkT-IleTepOyprekuii
noJMTexHudeckuit ynusepcuret Ilerpa Bennkoro.

Ilpencenarenb KoHdepeHIMU — aKaaeMUK
PAH U.B. TopbiHUH

TIporpaMMHbIi KOMUTET: WieH-KOPPECIOHAECHT
PAH M.N. KapnoB (compeacenaTesb), 4ieH-
koppecnioHaeHT PAH A.W. Pynckoii (conpencena-
tesb), akagemuk PAH E.H. Ka6nos, O.A. baHHbIX,
B.M. CuactiauBueB, wieHbl-KoppecroHaeHTsl PAH
M.UA. Aneimos, I.C. bypxanoB, M.P. [Ipeareuen-
ckuii, B.B. Peioun, A.B. iImutpues, /.A. Nuneii-
HeB, Impodeccopa AOKTOpa TEXHMYECKMX HayK
A.C. Opsiienko, B.fA. Ocaguuii, A.A. boraTos,
npogeccop OOKTOp (PU3MKO-MaTeMaTUIECKUX
Hayk A.M. I1ezep

Llens KoH(epeHIIMU — MTPpOaHATU3UPOBATh U
00CYIUTh COBPEMEHHbBIE TOCTUXKEHUSI HAYKU U TeX-
HUKM T10 IIIMPOKOMY KPYTy Mpo0OsieM, CBSI3aHHBIX C
TEOPETUYECKUMMU, TEXHOJIOTMYECKUMU U MHKEHEP-
HBIMHU 33ja4aMU B 00JIaCTU METa/UTypPTUYeCKUX IIPO-
LIECCOB, META/UIMYECKUX, TTOPOIIKOBBIX U KOMIIO-
3UILMOHHBIX MaTePHAJIOB.

TemaTnka KOH(MEPEeHINN: TEOPUS U MOJIEINPO-
BaHME METAJUTypriueCcKuX MPOoLeCcCOB; TEXHOJIOTU U
00pabOTKM U TTOIYYEHUSI TIOPOIIKOBBIX, KOMIIO31 -
LIMOHHBIX MATEPUAJIOB Y ITOKPHITUIL; XKUAKO(a3HbIE
METaJULypTUYecKre TeXHOJOI MU ; TEXHOJIOTUYECKIE
MPOLIECCHI TIJIaCTUUYEeCKO 00pabOTKU MeTalinye-
CKMX MaTepuajioB; HAHOTEXHOJOTUU B METaJLTyp-
rMu; GU3UKO-TEXHOJOTUYECKE MPOOIeMbl UHTECH -
CUBHONW mjacTuyeckoit gedopmaluu;
MaTepuagoBeJeHUe U TepMoMexaHuuecKast oopa-
00TKa MeTaJlJIOB; COBPEMEHHBIE METO/AbI AUATHO-
CTUKHU, OLIEHKX M MPOTHO3MPOBAaHMUS CBOUCTB Ma-
TepuajoB W U3IEIUI; HaydHO-IIpaKTUYecKas
1IIKOJIa TSI MOJIOAEKU « TpaHcdep MHHOBALIMOHHBIX
TEXHOJIOTHI B BHICOKOTEXHOJIOTUYHBINM OU3HEC».

B xoHpepeHLMK puHsSIIM yyactue 6osee 160
KPYIHEWIIINX YYEHBIX U BEAYIIUX CIICIIAATUCTOB B
00J1aCTH pa3BUTHSI HOBBIX TEXHOJIOTUI U MaTepHa-
JIOBEACHUSI, TIPEACTaBUTENEl YHUBEPCUTETOB, MH-
ctutyroB PAH, HaydyHBIX M MPOM3BOICTBEHHBIX
opraHusaluii U3 pasJIMuHbIX peruoHoB Poccun (B
HX YHCJIe TIpeacTaBuTe I roponoB Mocksa, Hoso-
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cubupck, Tomck, ExatepunOypr, YepHoronaoBxka,
benropon, Maruutoropck, Camapa, YensiOuHck,
BiianuBoCTOK), a TakKe ydyacTHUKU u3 [epmaHuu,
[Monbmm, Yxkpannsl, CIIA, boarapuu, Yexun, Ipe-
uuu, Utanuu v 1pyrux cTpaH.

TopxecTBeHHOE OTKPbITUE KOH(MEPEHILIMU CO-
crosutoch 23 uroHsa 2015 rona B benowm 3ane CaHkr-
ITeTepOyprckoro NoJIMTEXHNYECKOIO YHUBEPCUTETA
[Tetpa Benukoro.

Bo BcTynurensHOM ciioBe, BecrioMuHasi Bacunus
Cepreesnua CmupHoBa, 100-J1eTHIO CO THS pOXKIIe-
HUsI KOTOPOT'O TOCBSIIIIeHA KOH(DEPEHLIUSI, PEKTOP
Cankrt-IleTepOyprckoro moaIuTeXHNIECKOTro YHU-
Bepcureta Iletpa Benukoro A.W. Pyackoii ckazait:
«MacmTab yueHoro omnpene/sieTcs He TOJbKO TOi,
WHOTJA TIOCTaTOYHO Y3KOI, HaydyHOI 00JIacTbhlO, B
KOTOPOI OH pabOTaeT, HO €llle MMPOBO33PEHUEM U
LIIUPOTON B3TJISINOB, BUAEHUEM TeX MEPCIEKTUB,
KOTOpbIE CYJISIT HOBbIE pa3paboTKu». PacckasbiBasi
00 YYEHOM-TIaTPUOTE, BBICOKO MOJHSBIIEM Ipe-
CTUX OT€YECTBEHHOM HAayKM B 00JIACTU METaJLIyp-
IMYECKHUX MPOLECCOB, METAITMYECKUX, MTOPOIIKO-
BbIX M KOMITO3UTHBIX MaTepuanoB, AHApeu
MBaHOBHUY 0COO0O OTMETUJI U OPTaHU3ATOPCKUIA
tajnaHT B.C. CMupHOBa, KOTOpbIii B TeueHue 17 jget
3aHUMaJT JOJKHOCTh pekTopa JIEHMHIpaACcKOTo 1Mo~
JINTEXHUYECKOro MHCTUTyTa. Kak uenoBek, MOHU-
MAIOIIWIA, YyBCTBYIOIIN I TPOOJIEMBI BBICIIIEN IITKO-
JIbl, CTYIEHTOB U IpenoaaBareseid, OH yCHELIHO
pelaj CJoXHbIe 3aa4M, CTOSIIIME TIepe By30M U
€ro HayYHO-TeJaroThHueCKUM KOJIJIEKTUBOM.

TlnenapHoe 3acenaHue KOH(MEPEHIIMHU MPOXO-
auiio B CaHkT-ITeTepOyprckomM moJuTeXHUYECKOM
yHuBepcutete [letpa Benrkoro, a ceKlilMoOHHbIE (Ha
MPOTSXKEHUU CIIEAYIOLINX TPeX THEeH) — Ha Terio-
xozae «Muxaunn LLlonoxo». Takoii hopmar He TOJIb-

11th INTERNATIONAL ‘ WA
SCIENTIFIC AND TECHNICAL ) .

CONFERENCE

PexTop CIIGITY A.W. Pynckoii oTKpbIBaeT KOH(GEPEHIINIO
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KO JIae€T BO3MOXXHOCTb OOCYIUTh HAyYHYO TTpobJie-
MAaTUKy OTpaciiv, HO Y MPEJOCTABISIET yYaCTHUKAM
OOLIMPHYIO KYJBTYPHO-IKCKYPCUOHHYIO ITPOrpaMMy.

Bcero 3a BpeMsi KoH(bepeHLIMU 3acayllaHbl U
o0cyxeHbl 6osiee 100 1oKJI1a10B B cCEMU TeMaTHYe-
CKMX CEKLMSIX M0 HauboJiee MepcrneKTUBHBIM Ha-
MpaBJIeHUSIM MaTepUAIOBEICHUS U MeTaJulypruye-
CKHUX TeXHOJIOTU. B noKk/anax orpaxeHa TeHIEHIIMS
MOSIBJICHUSI OOJIBIIIOTO KOJIMUYECTBA HOBBIX TEXHOJIO-
Wi M MaTepuajoB Ha CTbIKEe TPAAUIIMOHHBIX 00-
JIaCTei METAJLTYPIUH.

B pamkax koHdepeHuuu npoiies ¢puHan Bee-
POCCUICKOI IIKOJIbI MOJIOJBIX YUEHBIX Ha TEMY

«TpaHcdhep MTHHOBALIMOHHbBIX TEXHOJIOTUIA B BBICO-
KOTeXHOJIOrm4YHbIli 0usHec». Ha yyactue B IlIkose
MOCTYNWIO 00Jiee COTHU 3asiBOK OT CTYIEHTOB,
acrlMpaHTOB, MOJIOJBIX COTPYIHUKOB YHUBEPCUTE-
ToB Poccuu, 3 KoTopbix ObL10 oTOoOpaHo 25. UM
MpeACTaBUIaCh BO3MOXHOCTD IMTOBBICUThH CBOM KOM -
MeTeHLIMHU B TPo(heCCUOHATbHBIX 00JIACTSIX U MOy~
YUTH OTTBIT CO3AAHNS U KOMMEPIIMATU3allui UHHO-
BallMOHHBIX NTPOEKTOB.

B HOMepe xypHana «HaydHo-TexHUYeCKuE Be-
nomoctu CIIOITIY» nmyOauKyloTcss HEKOTOphIe 13
MpeacTaBIeHHbIX Ha KOH(MEPEeHILIMHU T0KIa10B.

CBEAAEHUA Ob ABTOPAX/AUTHORS

PY,Z[CKOPI AHnpeit UBaHOBMY — JOKTOP TEXHUYECKUX HayK yieH-koppecroHaeHT PAH pektop CaHKT-
[letepOyprckoro mojiMTexHUYecKoro yuusepcurera [lerpa Bennkoro.
195251, Poccus, r. Cankr-IletepOypr, [lonurexuuueckas yi., 29.

E-mail: rector@spbstu.ru

RUDSKOY Andrey I. — Peter the Great St. Petersburg Polytechnic University.
29 Politechnicheskaya St., St. Petersburg, 195251, Russia.
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MOAEJINPOBAHUE NMPOLIECCA OCAKHU
MOPOLLUKOBOIoO MATEPUAIJIA B ObOJIOYKE

D.V. Fuk, V.N. Tsemenko, S.V. Ganin

MODELLING THE DEPOSITION PROCESS OF POWDER MATERIAL
IN A CAPSULE

[1IpoBeneH cpaBHUTEIbHBIN aHAIN3 pe3yabTaToB MoaeaupoBanus B maketax DEFORM u LS-DYNA
mpoliecca 0CaaKy ATIOMUHUEBLIX 00PAa31I0B B KaIICyJIe C SKCIIepUMeHTAIbHBIMU JaHHBIMU. KauecTBeHHAs
KapTHHA 1 BeJIWYnHa nedhopMallii, TToJydeHHbIe ITPU MOACIMPOBAHNM, TTIPAKTUYECKN COBIIANAIOT C
pe3yIbTaTaMU SKCIIepUMEHTATbHBIX MccieaoBaHui. Takum 00pa3oM, MOXKHO TOBOPUTH 00 aeKBAaTHOCTHU
pa3paboTaHHBIX KOMITBIOTEPHBIX MOJIeJIEl U BO3MOXKHOCTU MX MCITOJb30BaHUSI TPU MOJAEIUPOBAHUU
MPOIIECCOB OCAIKM, a TAKKE 00JIee CIIOXKHBIX IIPOLIECCOB Ae(POPMUPOBAHUS, B KOTOPHIX OTHOCUTEIbHAST
TUTOTHOCTb U3MEHSIETCSI HECYIIECTBeHHO. [11s1 601€€e CI0KHBIX ITPOLIECCOB AehOPMUPOBAHUS 3aTOTOBOK
M3 TIOPOIIKOBBIX MaTepHUaIoB (IKCTPY3Hsl, paBHOKAHAJIbHOE YIJIOBOE IMPECCOBaHME, IIPOKATKA), IIPU
KOTOPBIX MHTEPBAJI U3MEHEHMUS IJIOTHOCTH JICKUT B CYLIECTBEHHO 0o0Jiee LIMPOKOM Jauara3oHe,
HE00XOIMMO MCIOIb30BaTh afalTUPOBAaHHBIE K 3TUM YCIOBMSIM MaTeMaTUIECKHE MOJEIN U YCIOBUS
TEKYYeCTH, B YACTHOCTU SJIJIMUITUYECKOE YCIOBUE TEKY4YECTH, B KOTOPOM HMCHOJIL3YIOTCSI IBE
MEeXaHMYECKNE XapaKTePUCTUKM — Mpene] TeKydeCTH IIPU CABUTE M IIpedei TEeKy4eCTU IMpU
TUIPOCTATUYECKOM CXKATUU.

[MTOPOILUKOBASI METAJUIYPIUS; MOAEJINPOBAHUE; AEOOPMALIUA; AIIOMUHUEBBIE CITJIABDI;
OCAJIKA B KATICVIJIE.

Results of the comparative analysis of modeling in DEFORM and LS-DYNA of process rainfall of
aluminum samples are given in a capsule packages with experimental data. The qualitative picture and
size of deformation received when modeling practically coincide with results of pilot studies. Thus, it is
possible to tell about adequacy of the developed computer models and possibility of their use when
modeling processes rainfall, and also more difficult processes of deformation in which relative density
changes insignificantly. For more difficult processes of deformation of preparations of powder materials
(extrusion, equal-channel angular pressing, rolling) at which the interval of change of density lies in
significantly wider range, it is necessary to use the mathematical models and conditions of fluidity adapted
for these conditions, in particular an elliptic condition of fluidity in which two mechanical characteristics
are used: a fluidity limit at shift and a fluidity limit at hydrostatic compression.

POWDER METALLURGY; MODELING; DEFORMATION; ALUMINUM ALLOYS; A DEPOSIT IN A CAPSULE.

Bsenenne

Pa3paboTka HOBBIX TEXHOJIOTMI TTOPOIITKOBOI Me-
TaJUTYpPTUH TTO3BOJISIET IIHPE MCITOTH30BATh €€ BOZMOXK-
HOCTH IO CO3JaHWI0 MaTepyajioB C MOBBIILIEHHBIMU
SKCIUIyaTallMOHHBIMU cBolicTBamu [1—6]. bosblioe
3HAYEHME MPU STOM UMEIOT TEOPETUUECKUI aHAIN3 U
MOJIEJTMPOBAHNE TEXHOIOTUUECKIX TIPOIIECCOB.
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TeopeTnyeckoe ucciaegoBaHre 00PadOTKY JaB-
JIEHUEM METALTMYECKUX MATEPUAJIOB 1 PSIIIA IPYTUX
MPOILECCOB, COMPOBOXAAIONIUXCH 3HAYUTETbHOM
IUIaCTUYECKOM AeopMalieii U pa3pylieHUEM Ma-
TepUaJIOB, BO MHOTMX CJIyyasix BO3MOXKHO C TIOMO-
IO YHMCJIEHHBIX METOOB, B YACTHOCTU METOIOM
KOHeuHbIx asiemMeHTOoB (MKD). Ha ocHoBe MKOD
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BepxHuii 6oex
/

% "] ITopoIuKoBast 3aroToBKa
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7/ y
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Puc. 1. Cxema mpolecca 0Cajiku B KaricyJie

YK€ CO3IaHO0 OOJIbIIIOE KOJUYECTBO CUCTEM MHKE-
HepHoro aHajiusa [7]. Bo3aMoXHOCTH 3TUX Tpo-
rPAaMMHBIX ITPOIYKTOB CYILLIECTBEHHO Pa3IMuaroTCs,
YTO HEOOXOIMMO YUMUTBIBATh, BHIOUPAsT MOIXOM K
pelIeHNI0 KOHKPETHBIX 3a/1a4, B YACTHOCTH CJIOXK-
HBIX 33Ja4 OTMCAHMS MOBEACHUS MOPOILIKOBBIX U
MOPUCTHIX MAaTEPUAJIOB B IIPOLIeCcCaX HATPYKEHUSI.

[TopolliKoBbIe U TTOPUCTBIE MaTepuasbl, B OT-
JINYME OT KOMITAKTHBIX, 1e(hOPMUPYIOTCI C HEOO-
paTUMbIM U3MEHEHHUEM 00beMa, TIPU 3TOM yBeJu-
YeHHE TUIOTHOCTU MOXET MPOMCXOIUTH 3a CYET
yMeHblIlIeHUs1 00beMa rmop. OnucaHue nepopmMalnmn
HEKOMITAKTHBIX METaJUIMYeCKUX MaTepUaioB BO3-
MOXHO C TeX e TMO3ULIMI TeOPUHM TIJIaCTUUECKOTO
TEUEHUSI, C KOTOPBIX BBITIOJTHSIETCSI MOJACIMPOBAHKE
MpoLEecCOB 00pabOTKM AaBJIC€HUEM KOMITAKTHBIX
matepuajoB. 11 3Toro He0OXOAMMO KOPPEKTHO
chopmMynMpoBaTh yCIOBUE MTPENETbHOIO COCTOSIHUS
HEKOMITAKTHBIX MaTepHUayIoOB, T. €. TTIOCTPOUTH T10-
BEPXHOCTb TEKYUYECTH 1 MOJYYUTh ypaBHEHHUE acCco-
LIMMPOBAHHOTO 3aKOHA IIACTUYECKOTO TEYEHUS,
CBSI3bIBalOIIIEE ITapaMeTPhl HAMPSKEHHOTO U eop-
MUPOBAHHOTO COCTOSIHUM [8].

W3 anHanu3a pa3iMyHbIX MyOJUKALIMK ClIeTyeT,
YTO OOJBIIMHCTBO CUCTEM MHXEHEPHOI'0 aHaI13a
JINOO He TO3BOJISIIOT paboTaTh ¢ HEKOMIIAKTHBIMU
MaTepuagaMu, 1100 He MOTYT AaTh HaJACKHBINA OT-
BET Ha Mpoliecc yrjoTHeHus. Jlist Beioopa cucre-
MBI, HauboJIee aleKBAaTHO ONMCHIBAIOIIIEH MoBeIe-
HUE€ TIOPOLIKOBBIX U MOPUCTBIX MaTepUaloB MpU
neopMUpPOBAaHUM, PACCMOTPUM HauboJjee (PyHK-
LIMOHAJIbHbIE U U3BECTHbIE CUCTEMbI, HAIEAIINE
mMpokKoe npuMeHeHue B Poccuiickoit @eaepanivu:
ANSY/LS-DYNA Bepcuu 15.0 u DEFORM Bep-
cuu 10.0.1. 1151 mpocTOTHI UcclieayeM MO b IIPO-
11ecca ocaJik IMopoIIKOBOTO MaTepuasa B Karcysie

(puc. 1).

Llenb paboTH — cpaBHEHME PE3yTBTaTOB MOJIE-
nupoBaHus B makerax DEFORM u ANSYS/LS-
DYNA u s3kcniepMeHTaIbHOTO UCCASA0BAHUS ITPO-
1recca ocamKy ITOPOIIKOBOTO MaTepraja B Karcyse
MPpU TIOBBILLIEHHOM TemIlepaType U pa3paboTka pe-
KOMEHAAIWM 11 MOIETUPOBAHUS MPOLIECCOB Ne-
hopMupoBaHMs TIpH O0JIEE CITOKHBIX TEXHOJIOTHYIC-
CKMX CXeMax HarpyKeHwusl.

Marepuaiibl, 00bEKTbI MOJAETUPOBAHUS
¥ MCCJIeTOBAHMS

Martepuan kamncyjiabl — criaB AMrS: Monyib
yrpyroct — E = 70000 MIla; mpenes TeKy4ecTu —
200 MTITa — Ob11 3a1aH B TAOJIMYHOM BUJIE B 3aBU-
CHMOCTH OT TeMIIEPATyphbl, AedopMalii U CKOPOCTH
nedopmaruu; kodpduimeHt Iyaccona — 0,3.

ITopouikoBasi 3aroToBKa M3roraBivBajiach U3
amoMuHueBoro ropouika ITA-04 ontuMu3upoBaH-
HOTO I'paHyJOMETPUUECKOro COCTaBa U UMeJsia Ha-
YaJIbHYIO0 OTHOCHUTEJIbHYIO IIOTHOCTH 0,65.

TeomeTpuyeckue pasmepbl KarncyJibl, TOJIIMHbBI
CTEHOK, HayaJdbHasl IJIOTHOCTh MOPOIIKOBOM 3a-
TOTOBKU BbIOpaHbI U3 YCJOBUI MPOBEIEHUSI TTOCIe-
TYIOIIIer0 MOJAETUPOBAHMS U UCCIEIOBAaHUS MPO-
lecca ropsiueil dKCTPY3UM KOMITO3UIIMOHHBIX
MaTepuaaoB Ha OCHOBE aJIIOMUHUEBBIX MATPUII.

Mogaeauposanue B DEFORM

YcnoBust MOAETUPOBAHUS: MOJIEITb TOPOLLIKOBOI
3aroTOBKM — TIOpHCTas cpefa (PeoJOrmuecKre Xa-
PaKTEPUCTUKU TIOPUCTOTO Tejla MpeAcTaBIeHbl Ha
puc. 2); MOAe/Ib TeUeHUs — XKECTKO-IUIaCTUYeCKasl,
YCJIOBUE TEKYUYECTH — 10 Mu3ecy; 00MKM — abCOJTIOT-
HO XKeCTKHeE TeJla; TeMITepaTypa IOpPOIIKOBOTO MaTe-
puaa B Ipoliecce cxkaTusi moctosiHHa 1 paBHa 300 °C;
K02 (GUILIMEHT TPEHUS MEXIY Karcy/oi 1 00iKamMu
paBeH KO3 UILMEHTY TPEHUST MEXY MOPOILIKOBOM
3arOTOBKOM 1 OOMKaMu, IIpUHSIT paBHBIM (,3.

Pe3yasrarbl MoeMpPOBaHUSI 0CAIKH 3arOTOBKHU
(HayajbHBIE pa3mepsl: Bbicota H = 30 Mm; nuameTp
NOPOIIKOBO#i 3aroToBKU D = 17 Mm)

IIpu TomMHE CTEHKH KANCY.Ibl b = 2 MM 00pasy-
eTcs1 ABoitHas 6ouka (puc. 3). Ha puic. 4 BUTHbBI 30HbBI
pa3peIXJIeHUSI. DTU 30HBI Pa3phIXJICHUS TOBOJBHO
OoJIbIlIME, YTO BBI3BIBACT pa3pylleHHUe 3arOTOBKH.
CrepoBartesibHO, KaIlcyja TOJIIUHON CTEHKHU 2 MM
He JaeT HeoOXOAUMBI MOAIOpP ISl YIIOTHEHUS
OTHOCUTENIbHAS neopMaIvs 10 pa3pyIieHUs co-
cTasisieT okoJio 15 %.
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Tpenen
TEKY4eCTH
npu casure, MIla

45

40 "
35 /
30 /

) /
20 ol

\

0 T T T T T T T T

0,69 0,7 0,71 0,72 0,73 0,74 0,75 0,76 0,77 OTHocHTEIbHAs
TIOTHOCTh

Puc. 2. 3aBucuMOCTb mpefesia TeKy4eCcTH MPH TUTACTUIECKOM CIBUTE OT OTHOCUTETBHOM TIIOTHOCTH
marepuana ripu 20 (7) u 300 (2) °C [9]

‘n 6)

Puc. 3. O6pasen g0 (a) u ocine (6) nepopmauunu 15 %

-0.0803
-0.0803 Min

0.124 Max
Y
E x
Puc. 4. PacnipesiesieHre OTHOCUTENbHOM Puc. 5. Pacnipenenenue panuaibHbIX
TUTOTHOCTH Tipu AedopMannu 15 % HarnpsoKeHui npu aedopmanmu 15 %
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a) Density

0.660
0655 I
0.650

0650 Min

1.00 Max
Y

0BBE Min
. 1.00 Max

Puc. 6. PacripenesieHue MmIOTHOCTH MTOPOIIKOBOM 3arOTOBKHU Ipu Aecdopmarinu 16 (a) u 45 % (6)

30,5

le >
J‘ . 103 l
P 30,5

L,

Puc. 7. Pazamepsl 06pa3snoB nocite aecdopmanuu 16 (a) u 45 (6) %

OTHOCUTEbHAS

IJIOTHOCTh
038

0,7

0,6

05

04
03

0.2

0,1

OTHOCUTENbHAS
nedopmanms, %

Puc. 8. U3ameHeHMe TUIOTHOCTH HOpOH.[KOBOfI 3aroTOBKH B 3aBUCHUMO-
CTU OT OTHOCUTEJILHOM ,Z[C(i)OpMaHI/II/I

IIpu Tonmuue Kancyisl b = 5 MM cHauana Ha-
OsromaeTcsl pa3pbIXJieHMEe MOPOIIKOBOM 3aTOTOBKH
y TOPLOB U BOIM3U 604K (puc. 6, a), 3aTeM 30Ha
pa3phIXJICHUS] UCYE3aeT U MOPOIIKOBasi 3aroTOBKA
JIOYIUIOTHSIETCST (pHUC. 6, 6). DTO TIPOUCXOIUT TIOL
JEUCTBHEM IMOAIOPa CO CTOPOHBI INIACTUYECKU Jie-
(opMupyeMoit 000I0UKH.

Ha puc. 7 mokazaHbl 3arOTOBKM ITOCJIe OTHOCH -
TeJbHOM nedopmaunu 16 45 %. Cienos paspylie-
HUSI He OOHAPYXEHO.

Ha puc. 8 mokazaHo n3amMeHeH1e OTHOCUTEIbHOM
IUIOTHOCTU MOPOIIKOBOI 3arOTOBKM B Ipoliecce
ocanku. OTHOCUTENbHAS TUIOTHOCTH TTOPOIITKOBOI
3aroTOBKHU rociie AedopMarmu 16 % cocraBisieT
0,67, amocie 45 % pasna 0,84. Takum 0O6pa3oMm, IOz,
JIeCTBUEM ILIACTUYECKOM JeopMallii 000J0UKHU
ITPOM3O0IILIO YILTOTHEHHE 3aTOTOBKH 3a CUET MOTTOJT-
HUTEJIBbHOTO BO3ACHCTBUS TUIPOCTATUYECKON CO-
CTaBJIMIOLLEH TEH30pa HANIPAXKEHU M B TOPOLIKOBOM
3arOTOBKE.
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Monemposanue B nakere ANSYS/LS-DYNA

ITpu perieHUM naHHO 321241 ObLT peaIM30BbI -
BaH SIBHBI METOIl B OCECUMMETPUYHOM ITOCTAHOB-
ke. B aToMm cityyae B Monenu MpUHSITHI CAeAyIoLIe
JOIYILIEHUs: paccMaTpuBaaCh AByXMepHasi oce-
CUMMETPUYHAS TTOCTAaHOBKA 3a1a4l; B MCXOTHOM
COCTOSIHUM TIOPOIIKOBAasl 3aroTOBKa CYMUTAJach
OJIHOPOJHOI U MMeJia MTOCTOSIHHYIO IJIOTHOCTh; KO-
G GUILIMEHT TPEHUS Ha BCeil TOBEPXHOCTU KOHTaK-
Ta ogrHaKoB — 0,3; He YIUTHIBAJINCH TEPMOIMHA-
Muueckue 3P@eKTsI.

XapaKTepucTUKHU TMOPOIIKOBOr0 MaTepuaia
ObLIM aganTUpoBaHbl K Moaenu B makeTe LS-DYNA-
Geologic cap: yciioBHe TEKY4eCTU MOPOIIKOBOTO
MaTepuaa 3a1aBajioch B (popMe, IMpeacTaBIeHHOM
Ha puc. 9, a MmaTepural Karcyjbl ObLT MpeJacTaBIeH
kak LS-DYNA bilinear kinematic [10].

ITockonbky naket LS-DYNA He BbINOJIHSIET pa-
CYeT pacIipeie/IeHUs IJIOTHOCTU B MaTepUaie 3aroTOB-
KU, TO TSI €€ OLIEHKM HCITO/Ih30Baj1ach (popMyia [11]

p=poe”, (1)
rme p — IJIOTHOCTh MaTepuaa nocie aepopMaluu;
0, — HayaIbHad TJIOTHOCTb 3arOTOBKM; €f — 3¢~
(hexTMBHAY TIacTUYECKAS AedOpMaIIs.

J
A 20 ,JZD =Fe
/’
/
/ »~ JJ2p = Fo
f |
1 | f2
fy : .
T 0 K X(x) Y1

Puc. 9. TeomeTpuueckast MUHTEpIpeTalus YCIOBUS
TEKY4eCTH Ha IJIOCKOCTH ABYX MHBAPUAHTOB MOJIETA
Geologic cap

a)

-8.985e+05
1.029e+06 j

1.159e+06 _
1.290e+06 _

Pe3yasraTbl MoeMpPOBAHUS 0CAIKH 3aTrOTOBKH
(HauanbHbIe pa3Mepbl: BeicoTa H = 30 MM; 1uaMeTp
MOPOILIKOBOM 3aroTOBKU D = 17 MM).

Ilpu moawune kancyavt b = 2mm, Kax cienyet U3
puc. 10, ob6pasyetcs aBoitHasi 6ouka. PacueTHas
OTHOCUTEIbHAS IUIOTHOCTh 3aTOTOBKHU TIpU Aedop-
Mauuu 15 % npakTudecku He u3MeHseTcs. Pagu-
aJlbHOE HampsbkKeHue y 004eK — pacTsruBalollee,
YTO, BO3MOXKXHO, BBI3bIBACT pa3pbixiieHre. OmHAKO
MOJIEJTb SIBHO HE IMOKAa3bIBaeT pa3pyIleHUs 3aT0TOB-
ku. TakuMm 00pa3oM, Karcysia TOJIIMHON 2 MM He
JlaeT HeOOXOAMMOTO MOATOopA JIJIsT YIIOTHEHMUSI.

Ilpu moawune kancyavr b = 5 mm pe3ynbrarhl
MOJIy4eHbI clieaylomue: Ha puc. 11 u 12 npeacras-
JIEHBI pacpeaeIcHUST HATTPSDKEHW 1 teopMarinii
U1 U3MEHEHNE FTeOMETPUUECKUX PA3MEPOB 3aTOTOBOK
nipu nepopmariuu 16 u 45 %. PazpyiieHne He BeneT
K HapyIIEHUIO CIUIOLIHOCTH 3ar0TOBKU. PacueTHas
OTHOCHTEJIbHASI TIJIOTHOCTD 3aTOTOBKM HAXOIUTCS B
nHTepBaie ot 0,65 10 0,69, T. €. U3MEHSIETCS B Y3KOM
uHTepBaje. TakuM 06pa3oMm, 110 3TOM MOAEIH MO -
IOP CO CTOPOHBI CTEHKM TOJIIMHON 5 MM Hecylle-
CTBEHHO MOBKIIIAET THAPOCTATUYECCKYIO COCTABIIS -
IOIIYIO TeH30Pa HATIPSKEHUA.

s cpaBHEHMST pe3yIbTaTOB MOIEIUPOBAHMS
0CaJK1 3arOTOBKM B KarlcyJie MpoBeAeHO MO -
posanme Baketax DEFORM 1 ANSYS/LS-DYNA
rmpoliecca ocaaku 3aroTOBKU C OTHOCUTEIbHOM
TTOTHOCTBIO 0,65 Ge3 Karcysnsl Tpu KOMHATHOM
temnepatype 20 °C u npu temnepatype 300 °C.
HwuameTrp 3arotroBku — D = 17 MM, BbICOTA —
h = 15 mm. BosamoxxHoctu nmaketa DEFORM He
MMO3BOJIMIIU aeKBATHO CMOJIECIMPOBATh Pa3pylleHUEe
IMOPOLIKOBOM 3arOTOBKM MPU OJHOOCHOM CXaTUU
MPY 3aJaHHBIX YCIOBUSX. Pe3ylbsraThl MOIeInpo-
BaHuii B makere LS-DYNA tipeacraBieHBl Ha
puc. 13 u 14.

ITpu KOMHAaTHOI TeMIlepaType TTOPOIIKOBast 3a-
TOTOBKA C OTHOCUTEJILHOM TUIOTHOCTHIO 0,65 paspy-

6)

1.0716.03 _ lcieerort

' 9.305e+05 _

| 7.4500+405 _

5.598e+05_
—

1.891e+05 _

| 3.707e+03_

8.944e.04 _
7AT4e-04 _
5.404e-04 _
3.6350.04 _|
1.865¢-04 _
9.570e-06 _

Puc. 10. Pacnipenenenue paauaabHbIX HANPsDKeHUH (a) 1 3¢ ¢GeKTUBHAS MIacTUYecKast
nedopmanus (6, ¢) ipu gedopmanvu 15 %
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.327e.
3.892e.03
3.4586.03 |

1.028e+06
1.325e+06

1.623e+06 _ 3.023603 _
1.921e+06 _ 2.589.03 _

2.219e+06 _ | 2.155e.03 _
2.517e+06 _| 1.720e-03 _|
-2.815e+06 1.286e-03 _
3.112e+06 1 8.511e.04 _

4.451e+06

3.946e+06

3.442e+06 _
2.937e+06 _
2.432e+06 _
1.928e+06 _
1.423e+06
9.186e+05 _
4.140e+05 _

Puc. 11. Pacnipenenenue paavaibHbIX HaNIpsoKeHUH (a); b dekTuBHas riactudeckas nedopmanus (0);
MHTEHCUBHOCTD HAMPSIKEHUI (6) 1 pa3Mephbl 3ar0TOBKH (2) rpu aedopmaumu 16 %

111942
1546007
1512002 _
1379 67
145007 _
1111e02
9.1700.00 _
441003 _

Puc. 12. PacnipeneneHue paauaibHbIX HaNpsKeHW (a); adeKkTuBHas riactuyeckas aedopmarus (6);
WHTEHCUBHOCTHU HAIPSIKEHUH () M pa3Mephl 3aroToBOK () ripu necdopmanmu 45 %

Puc. 13. Pa3pyiieHue noponkoBoit Puc. 14. PacnipeneneHne o0beMHO TIACTUUECKOM
3arOTOBKH T10C/Ie HarpyxeHus mpu 20 °C nedopmanmu npu aedopmannu 34 %
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IIAeTCST XPYITKO MPAKTUIESCKH Ccpasy Tocje HarpyxKe-
Husl. [Lnactryeckast nepopmalivisi 3aroToBKu pasHa 0.
ITpu temnepatype 300 °C nmopoiikoBblii MaTe-
puai 6ojee IacTUYeH, MOTOMY UCITBITYeMbIil 00-
pasell riacTuuecku aepopmupyercsi , 00paszyst 6ou-
Ky, no nedpopmanuu 34 %, mociie 3TOro OH
paspyiraercs. BeiencTsre oTCyTCTBUS TTOATIOPA CO
CTOPOHBI OOKOBOIi CTEHKH IJIOTHOCTh 3aTOTOBKU 10
pa3pyIIeHus MpaKTUIeCKN He MEHSIETCS.

Pesynsrarhl 9KcriepuMeHTOB

JI1st mpoBepKM afeKBaTHOCTU PabOTHI CUCTEM
MHXEHEPHOT0 aHaIM3a UX Pe3yJIbTaThl COMOCTABIIE-
HBI C TaHHBIMU TTPOBEIEHHBIX SKCITIEPUMEHTOB T10
ocajike MOpOIIKOBOI 3arOTOBKMU B KarcyJje. JKc-
MMepUMeHTaJbHbIC JTaHHBIE ITPEACTaBICHBI Ha
puc. 15—17.

IIpu moawune cmenku kancyaol b = 2 ym. BHEII-
HUI XxapakTep nedopmaliu COOTBETCTBYET Pe3YJib-
TaTaM MaTeMaTUYeCKOTO MOIETUPOBAHUS, UTO
MPaKTUYECKU MOATBEPKAAET 00pa3oBaHUE TBOMHOMN
0ouku; yBenrnueHue nepopmarum 6oee 15 % npu-

BOIUT K Pa3pbIXIEHUIO ITOPOLIKOBOM 3aTOTOBKHU U
pa3pylIeHnIo 000JI0YKH.

IIpu moawune cmenxu kancyaol d = 5 Mm MaKpo-
CTPYKTypa 00pa3IioB MOcJie 0CaIK/ ¢ OTHOCUTEIb-
Holi nebopmariueii 16 1 45 npencrapieHa Ha puc. 16.
PaspyiieHne 3aroroBoK He HaOJTI0AaeTCS.

st onpeiesieHNst OTHOCUTENBLHOM TUIOTHOCTH
TTOPOIITKOBOI 3aTOTOBKH TIOCJIEe OCATKN CTAHIAPTHBI-
MBI METOAMKAMU HUTH(OITOATOTOBKY OBUIU TIOJTY-

a) 0)

Puc. 15. O6mwmii Bua o6pasuoB 1o nedopmauuu (a) u
nocite nedopmatmu 15 % (6)

17
29,6

36,4

A 4

Puc. 17. MakpocTpyKTypa NOpPOIIKOBOI 3arOTOBKU I1OCJIE Je-
dopmauuu 45 % (nopucrocts: 1 — 0,259; 2 — 0,201; 3 — 0,234;
4—-0,287; 5—0,226; 6 — 0,268; 7— 0,262; 8§ — 0,340; 9—0,247)
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Puc. 15. Topoikosas 3aroroBka nociie necdopmaiuu 20 % (a) u npeaenvHoit necdbopmanu 30 % (6)

YeHbI MAKPOLLTA(HI, aHATN3 KOTOPBIX IPOBOIUICS
C TIOMOILIbIO MpOrpaMMHOro obecrieueHus: Bumeo-
TecT 5.2. DT0 MO3BOIMUIO OLIEHUTDH ITOPUCTOCTH U
OTHOCUTEJIHbHYIO IUIOTHOCTD 00pa3uoB (puc. 17).

Kak noka3zaj 9KCIepUMEHT, CPeaHsISi OTHOCU-
TeJIbHAsI INIOTHOCTh 3aTOTOBKHU TOCIe IeopMaLiun
45 % cocrasuna 0,74. CiaenoBaTelIbHO, B IIpoliecce
OCaJIKH MOAMNOp IIacTUYecKu neopMupyeMoii 060-
JIOYKH YIIJIOTHWII TTOPOILIKOBYIO 3ar0TOBKY OT 0,65
1o 0,74.

[Tpu ocanke 0e3 oborouku 1 Temriepatype 300 °C
MOPONIKOBAsI 3aT0TOBKA Ie(hopMuUpyeTcs TiacTuye-
cku 110 30 %, obpasyet 604Ky (puc. 18). [Tocie aToro
OHa TepsieT YCTOMYMBOCTD U pa3pyllaeTcs.

BoiBoap1 NMPAKTHYECKHE PEKOMEHIAIUHN

CpaBHEHUE pE3yJIbTATOB MOACIMPOBAHUS B
DEFORM u LS-DYNA npoliecca ocagku aJlloMU-
HUEBBIX 00pa3l0B B KaIlCyJjie C 9KCIIepUMEHTaIb-
HBIMU JAHHBIMM 10Ka3aJlo, YTO 00e MOAeIU MO3-
BOJIIIOT IIOJIYUUTh aJeKBaTHBbIE pPe3yJbTaThl.
KauecTBeHHast KapTMHA U BeJIMUYMHA TedopMalinu,
MOJIy4YeHHBIC TIPU MOAEIMPOBAHUU, IPAKTUUECKU
COBMAAAIOT ¢ Pe3yJabTaTaMu dKCIIEPUMEHTAbHBIX
uccieaoBaHuii. Pasianune mo MmjiIoTHOCTU MEXIy
BKCIIEPUMEHTOM U MOJAEIIMPOBAHUEM COCTaBJISICT

8,5 % (mnst momeu LS-DYNA) 1 12 % (mutst Mogenu
DEFORM). IIpu 3TOM clienyeT OTMETUTD, YTO B
IEPBOM CJIy4yae pacueTHOE 3HAauyeHUE IJIOTHOCTU
(0,69) MeHee TTOTYyYEeHHOTO SKCIIEPUMEHTAIBHO, a
Bo BTopoM ciy4ae (0,84) cyliecTBeHHO IIpeBhIIIaeT
SKCMEePUMEHTAIbHbIE 3HAUeHUsI. DTO, BUIUMO, CBSI-
3aHO C OCOOEHHOCTSIMM MaTeMaTUUECKUX MOJIENICi
MaTepHUaioB U YCJIOBUSIMU UX TEKYUYECTH.

Takum 006pa3oM, MOJTydeHHBIE Pe3yJIBTaThI CBU-
JIeTeIbCTBYIOT 00 a/IeKBaTHOCTU pa3paboTaHHBIX
KOMITBIOTEPHBIX MOJIEJIeii I BO3MOXKHOCTU UX MC-
MMOJIb30BaHUS TIPU MOJACIUPOBAHUU ITPOLIECCOB
0CaJKM, a TaKxKe 00Jiee CIIOKXHBIX TIPOLIECCOB Je-
¢dopMUPOBaHUSI, B KOTOPBIX OTHOCUTEJbHASI TIJIOT-
HOCTh M3MEHSETCs HecyllecTBeHHO. g Golee
CJIOXHBIX TPOLIECCOB Ae(OPMUPOBAHUS 3aTOTOBOK
13 TIOPOIIKOBBIX MATepHUAJIOB (3KCTPY3Usl, paBHO-
KaHaJbHOE YIJIOBOE MMPECCOBAaHUE, MPOKATKA), IPU
KOTOPBIX UHTEPBAJI U3MEHEHUS MIOTHOCTH JICKUT
B CYIIECTBEHHO 0oJiee IIMPOKOM AMarna3oHe, He-
00XOIMMO UCITOJIb30BATh aJAIITUPOBAHHBIE K 3TUM
YCJIOBUSIM MaTeMaTUYeCKUe MOJAEIU U YCIOBUS
TEKY4YECTU, B YACTHOCTU BJITUNTUUECKOE YCIOBUE
TEKYYECTU, B KOTOPOE BXOJSAT JIBE MEXAaHUYECKUE
XapaKTEePUCTUKU — TIpeaesl TEKy4eCTH TIPU CIABUTE
U TIpeesl TeKy4eCTH TIPU TUAPOCTATUUYECKOM CXKa-
tiu [8].
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NMPEBPALLEHUA YINTIPOYHAIOLWNX KAPBUAHbBIX ®A3
B )XAPOMPOYHbIX CMJIABAX HP40Nb NMPU BbICOKOTEMIMEPATYPHOW
SKCNAYATALUU

A.V. Ptashnik, S.Yu. Kondratyev,
G.P. Anastasiadi, S.N. Petrov

THE TRANSFORMATIONS OF STRENGTHENING CARBIDE PHASES
IN HEAT-RESISTING HP40Nb ALLOYS AT HIGH-TEMPERATURE OPERATION

MeTonoM KOIM4IeCTBEHHOI MeTa/uTorpachry ¢ MCTIOIb30BAHMUEM PACTPOBOI AIEKTPOHHON MUKPOCKOITUN 1
PEHTTEHOCTIEKTPAIbHOTO MUKpOaHaIM3a M3ydyeHa TpaHchopMalus YITPOUHSIONIMX KapOMIHBIX (a3 B
CTPYKTYpe XKaporpouHorokapocToiikoro crriaBa 25Cr-35Ni-C-Si-Nb ceprt HP40Nb B mpoliecce aymtenbHOM
BoIIepkKH rpu TemiiepaType 1150 °C. [NoaydeHbI 3aBUCMMOCTY MI3MEHEHHST KOIMIECTBA 1 MOP(OIOTMISCKIX
TapaMeTpoB KapOMIHBIX (a3 B CTPYKType CITIABOB OT BPEMEHM BBIIEPKKHU MPU BICOKOTEMITEPATypHOM
AKCITTyaTallii ¥ MPOBE/IeH X aHaIM3 Ha OCHOBe OajlaHca ComepKaHUs yriaepoaa. YCTaHOBIEHO, YTO
HanOOoJIbIIIME KOJTUIECTBEHHbIE U MOP(OIornueckrie U3MeHeH s KapOuIHOM (ha3bl MPOUCXOMST B TeUEHNE
nepBbiX 2—10 4 BbIIepKKHW JUTOTO criaBa. [TokasaHo, 4To yBelMyeHue colaepkKaHusl KapOUIHOM (dasbl B
cTpyKType xkapornpouHoro criasa HP40Nb nipu Temriepatypax 9KCIuTyaTaluu CBsI3aHO C MOCIeJ0BaTeTbHOM
TpaHchopMaleil 9BTEKTUUECKHX KapOMUIoB XpoMa B HarpasieHnn M7C3-M23C6—~M6C. OcBobokaaro-
LMiics B pesysbrare TpaHchopMaliiy KaporioB XpoMa yIiieposi 00pasyeT B MATpUUHOM Y-TBEPIOM PacTBOpe
BTOPUYHBIE IMCTIEPCHBIE KapOMITHBIE BKITIOUEHUS TIPABUITHLHOMN (hOPMBI.

JINTBIE XAPOTIPOYHBIE XAPOCTOUKUWE CIJABbl; MUKPOCTPYKTYPA; ®A30BbII COCTAB;
BJIEKTPOHHAA MUKPOCKOITUA; KAPBUAHBIE ®A3bI; ®ASOBBIE ITPEBPAILIEHUA.

Transformations of strengthening carbide phases in the structure of a heat resisting heat-resistant alloy
25Cr-35Ni-C-Si-Nb of the HP40ND series during long endurance at a temperature of 1150 °C were
studied by the method of a quantitative metallography with use of raster electronic microscopy and the
X-ray spectral microanalysis. Dependences of change of quantity and morphological parameters of
carbide phases in structure of the alloy at high-temperature operation are received and explained. It is
established that the greatest quantitative and morphological changes of a carbide phase happen during
the first 2-10 h endurance of a cast alloy. It is shown that the increase in the maintenance of carbide
phases in the structure of a heat resisting HP40Nb alloy at temperatures of operation is connected with
consecutive transformation of the eutectic carbides of chrome in the direction: M7C3-M23C6—~M6C.
The carbon which is released as a result of transformation of carbides of chrome forms in matrix solid
solution secondary disperse a compact form carbide inclusions.

CAST HEAT-RESISTANT HEAT RESISTING ALLOYS; MICROSTRUCTURE; PHASE COMPOSITION; ELECTRON
MICROSCOPY; CARBIDE PHASES; PHASE TRANSFORMATIONS.

Bsenenne JIEHHOCTH 3KCTpeMalibHbl. Tak, BbICOKOTEMITepa-
TYpHBIE 3JEMEHTbl He(PTEeXMMUUYECKOro U
HedTenepepabaThIBAIOIIETO 000PYIOBAHUS MPU

9KCIUTyaTalluu MOABEPTaroTCsl OJHOBPEMEHHOMY

VYenoBust paboThl KOHCTPYKIIMOHHBIX MaTepHra-
JIOB BO MHOTHX COBPEMEHHBIX OTPACJISIX IIPOMBIIII-
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BO3IECVICTBUIO BBICOKHX TEMIIEPATYpP, arpeCCUBHOMN
cpenbl M BHEIIHEN Harpy3ku. B aTux ycioBMsIX K
MEeTAJTMYECKIM MaTepHraiaM IPeIbsBIISTIOTCS Ype3-
BbIUAHO BBICOKHME TPeOOBaHMSI, TPUUYEM HE TOJIBKO
10 YPOBHIO 9KCIIJTyaTallMOHHBIX CBOMCTB, HO, TJ1aB-
Hoe, TT0 HaJIeXKHOCTHU U JoJroBeyHocTu. [TocienHee
B HAOOJIbIIIEH CTEIIEHN OIIPEAEIISICTCS CTPYKTYPHOI
CTaOMJILHOCTBIO MaTEPUAJIOB B TEUEHUE IJIUTETbHO-
ro BpeMeHU paboThl 000PYIOBAHMSI.

st u3rotoBieHUs: TPYO U (QUTUHTOB YCTAHOBOK
prudOpMUHTA U KPEKUHTA, a TAaKXKe paaualliOHHbIX
(paguMaHTHBIX) TPYO LIMPOKO MCITOJIB3YIOTCS Kapo-
npouHble xkapocToiikue Fe-Cr-Ni-crutaBel H-cepuii
(HK, HT, HP) [1-3]. CoBpemeHHble HP crinaBbl
TPETBHETO MOKOJIEHUSI UMEIOT CJIOXKHBIA XUMUYECKUA
coctaB U coaep:xkat (% macc.) 0,3—0,6 C, 15—30 Cr,
20—45 Ni, Si, Mo, W, Mn, Ti, Nb, penko3zemeabHbIe
anemMeHThl, Fe — octaibHoe. CTpyKTypa CIJIaBOB sIB-
JigeTcss MHOTO()a3HOM U COCTOUT M3 MEePECHIIEHHO-
ro TBepaoro pactsopa y-Fe-Ni-Cr u kapounos Ha
octose xpoma 1 Huobwust (Cr, C uNb C ) [4, 5]. [1pu
BBICOKOTEMITEPATYpPHOI 3KCILTyaTalluu KapOumaHast
COCTAaBJISIOIIAs] B MUKPOCTPYKTYPE CILIaBOB ITpeTep-
TeBaeT COMIACHO pe3yiIkTaTaM UccieIoBaHm [6—12]
HEIpephIBHYIO TpaHCchopMaluio. XapakTep U CKO-
POCTb U3MEHEHUU YITPOUHSIIOIIMNX KapOUIHBIX has
ONPEIEISIOT SKCILTyaTallMOHHYIO HaIe)KHOCTh CILIa-
BoB. 1o 3Toi1 mpuuMHE A TPOrHO3UPOBAHMSI pa-
0OTOCIIOCOOHOCTU TaKUX MaTEpUAIOB TPeOyeTCs
KOJIMUECTBEHHAsI OLIEHKA CTPYKTYPHbBIX U3MEHEHUI,
MPOTEKAIOLIMX TP JUTUTEJIbHOM SKCIUTyaTallvu.

Lleab paboThl — KOJIMUECTBEHHOE UCCIIeIOBaHE
Ha OCHOBE 2JIEKTPOHHOW MUKPOCKOITMU U PEHTre-
HOCIEKTpaJIbHOTO MUKpOaHaju3a IMpOoIlecCOB
TpaHc(opMalMy YIPOUHSIONIMX JUCIEPCHBIX (ha3
B MUKPOCTPYKTYpPE KapOMpPOUYHbIX KapOCTOMKUX
Fe-Cr-Ni-cnaBoB, mpoTeKaollnux B MHTEpBaJe
TeMIlepaTyp 3KCILUTyaTaluu.

MaTapHaJIbI N METOAUKA IKCNIEPUMEHTA

XUMUYECKUI COCTAB HNCCIICAOBAHHOIO CIlJIaBa
HP40Nb (0,45C-26Cr-35Ni-2Si-2Nb) (% macc):

C o 0,48
ST i 1,86
Mn e 0,91
Cr o 25,4
NI e 35,3
ND e, 1,72
W, 0,63

CruiaB BBHIILIABISUIM B MHAYKIIMOHHOM Te4uu,
OTJIMBKY M3TOTABIMBAIN CTATUICCKIM JINTHEM, TIC-
MoJib3ysl necyaHble opMbl. M3 TUTBIX 3arOTOBOK
TOJIIMHON 40 MM M3TOTaBIMBaIM 00pa3IIbl pa3Me-
poM 10X10X15 MMm. OGpa3iibl TOABEPrav TEPMU-
yeckoi 00paboTke Mo ClIeAYIoNIeMy PeXUMY: Bbl-
nepxka rpu 1150 °C purensHocThIO 2, 10, 50, 100
i 500 9 ¢ TToC/IeAyIOIIMM OXJIaXKASHUEM C ITeYbIO
win B Boje. TepMuuecKyo o0pabOTKy MPOBOIUIN
B 2JIEKTPUYECKOI TeYN C TOYHOCTHIO M3MEPEHUS
Temnepatypsl + 2°C.

J1s KOJIMYEeCTBEHHOTIO MeTaJIorpachuieckKoro
aHajiM3a JUCTIEPCHBIX BKIIOUEHUI B MHOTO(a3HOM
cIUiaBe npuMeHsm meron [13, 14], ocHoBaHHBINM Ha
COBMECTHOM HCIOJIb30BaHUM SKCIIEPUMEHTATBHBIX
MAHHBIX PEHTTeHOCTIEKTPATLHOTO MUKPOAHAIM3a
(PCMA) 1 inbpoBoii 00pabOTKH 371eKTPOHHO-MUKPO-
CKOTTMYECKIX N300pakeHNI CTPYKTYPBI, TOJTyIeHHBIX
Ha pacTpOBOM BJIEKTPOHHOM MUKpockorie (POM).

HccrnenoBanne CTpYKTYpHI CIIJIaBa U pEHTIEHO-
CMEKTPaJbHBII MUKPOAHAIN3 pacripeaceHUs die-
MEHTOB B MaTpHIIe M cOCTaBa (a3 IMPOBOIMIIN C MC-
MOJb30BaHUEM PACTPOBOrO BJEKTPOHHOTO
mukpockorna TESCAN VEGA 2 LM, ocHallleHHO-
IO PEHTITeHOBCKUM BHEPTrOAUCIIEPCUOHHBIM CIEK-
tpoMmeTpoM INCA X-Max-50. TouHOCTb OTIpeaese-
HUS KOHIEHTPAlUM XUMUUYECKUX DBIEMEHTOB
cocrasisa: 11 Fe, Cr, Ni, Si, Nb, Mo, W, Ti —
3% (otH.); mig C — 20 % (otH.). M300paskeHusT
CTPYKTYp, IOIy4eHHbIe ITpu ripoBeaecHnn PCMA Ha
POM, rcnonb30Bau TaKXKe 17151 KOJTUYECTBEHHOTO
1 MOP(HOTIOTUIECKOTO aHaIM3a TUCTIEPCHBIX BKITIO-
yeHU# a3 B criase. 151 3TOoro MpuMeHsIIA TIpo-
rpaMmbl Vegal'C u Inca Feature, koTopbie odecrie-
YUBAIOT MOJHBIN LUK pabOThl C U300paKEHUSIMU
CTPYKTYP, B TOM YHCJIE CTATUCTUYECKYIO 00pabOTKY
Ppe3yJIBTAaTOB OLIEHKU TAKUX MapaMeTPOB CTPYKTYPHI,
KaK OTHOCHUTEIbHBIM 00BbeM B CIUIaBe, pa3Mep U
(opma yacTuIl, TUI KPUCTALIMUYECKON PEIIETKU.
1t obecrieyeHIsT JOCTOBEPHOCTH PE3YIBTaTOB aHa-
JIN3 CTPYKTYPHI IO KaxKAOMY ITapaMeTpy MPOBOAWIN
He MeHee 4eM Ha 5 ToNgx mnda pazMepom
400%400 mxMm. M3roToBiaeHUe U TOATOTOBKY I~
(oB BBIMOMHSIIM Ha 000pyZOBaHUU (UPMBI
«Buehler» cornacHo ASTM E 3-95.
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Pe3ynbraThl 3KCePUMEHTATBHBIX HCCJIEJOBAHMIA 1
UX 00CTyKMBAHHE

Crpyktypa nutoro crutaBa 0.45C-26Cr-35Ni-
2Si-2Nb moxkazana Ha puc. 1. Ha anexTpoHHOM
M300paXkeHUHU B peKUMe Z-KOHTpACTa, MOJTy4eHHOM
c rioMo1bio POM, Ha (hoHE MAaTPUIHOTO Y-TBEPIOIO
pacTBopa HabJIIOJAIOTCS AUCTIEPCHBIEC YACTULIBI IBYX
TUIIOB, Pa3IUYAIOMIMXCI IO SIPKOCTH: Oebie U
TeMHBbIE. DJIEMEHTHBII COCTaB AUCIIEPCHBIX (ha3 1
MaTpUIBbI, IMOJYYeHHBIM ¢ momoinpio PCMA,
oTpakeH B Taoi. 1. HacTHIIbl ABYX TUIIOB B CTPYK-
Type CIjIaBa IT0 KOHTPACTY C MATPUYHBIM Y-TBEPIBIM
pacTBopoM (crekTp 3) uaeHTU(hULUPOBAHbI KaK
KapOuel xpoma Cr C (6osiee TeMHbIe, CIIEKTD 1) 1
Kapouabl Huooust Nb, C (Gosnee CBETIIbIE, CIIEKTP 2).

&

* ®Crexktp 2. &
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.Cnemp 3
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»
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BneKTPoHHOE U3oBpaxeHme 1

70MKm

Puc. 1. Ctpykrypa crutaBa 0.45C-26Cr-35Ni-
2Si-2Nb B IUTOM COCTOSIHUH, TIOJTyYEeHHAs B
pekrMe 00paTHO OTPAXKEHHBIX 3JIEKTPOHOB

Bonbioe KoaM4ecTBO 2KCIEPUMEHTAIBHBIX
JAHHBIX 00 3JIEMEHTHOM COCTaBe JUCIIEPCHBIX Ya-
CTHII B CTPYKTYPE CILJIaBa ITOKa3bIBAET, YTO YACTHUIIHI
OJIHOTO KOHTpAcTa UMEIOT UAESHTUYHbBIN XUMUYe-
CKMIi COCTaB U OTHOCSTCS K ogHOMY TUITy ha3. Co-
OTBETCTBEHHO, B paboTe KauyeCTBEHHO U KOJIuYe-
CTBEHHO u3yyaiu TpaHchopMaIunio
MPUCYTCTBYIOIIMX B CTPYKTYpe CIlIaBa KapOUI0B
JIBYX TUIIOB — XpoMa 1 Huoowus. I1pu ucciegoBanumn
CTPYKTYpHI CIIaBa B JIUTOM COCTOSIHUM U TIOCJIE
BolaepxKu 2—500 4 mpu 1150 °C onpenensuiu cie-
JYIOIIIME TTapaMeTpbl CTPYKTYPbI (TSI KAXKI0TO TUTIA
KapOuI0B): OOIIYI0 MJolIaAb KapOuaHO (a3,
CyMMapHbIe TUIOIIAaAM U KOJMYECTBO KapOuI0B
oIpeaeIeHHOM (PpaKiyu (10 TUIOLIAIN BKIFOYSHMS,
CcpenHeMy TMaMeTpy; OKPYIJIOCTH, OLIEHMBAaEMOI MO
CpemIHeKBaIpaTUIHOMY OTKJIOHEHMIO TOUEK pealib-
HOro Mpoduiisi BKIIOYEHUs OT MpuJieraolieit npa-
BWIBHOM OKPY>KHOCTH ). BbIOpaHHbIE TapaMeTphbl 1103-
BOJISIIOT KOJIMYECTBEHHO OLIEHUTh W3MEHEHHUE
COOTHOIIIEHUS KapOUIHBIX (ha3 B CTPYKTYpE CILIaBa U
1X MOPGhOJIOTUU B MPOLIECCE IKCIUTyaTalluu CILIaBa.

Ha puc. 2 nipencraBiieHbl pe3yIbTaThl OMpeae-
JIHUSI KOJIMuecTBa KapOUIOB XpoMa U HUOOUSI B
crpykrype crutaBa 0,45C-26Cr-35Ni-2Si-2Nb B
JINTOM COCTOSIHUY U TOCJIe Pa3InYHOMN BBIIECPKKU
npu 1150 °C u mocieayoouero oxjaaxkKaeHus ¢ pas3-
JIMYHOM CKOPOCTHIO — C Meublo WK B Boje. BunHo,
YTO KOJMYECTBO KapOMI0B HMOOUS B CILJIaBe MpaK-
TUYECKM HE HU3MEHsIeTCcsl U cocTaBisieT 1,4—
1,5 % 006., T.e. HE 3aBUCHUT KaK OT JUIMTEJIbHOCTHU
BBIIEPXKKU, TaK U OT CKOPOCTU MOCJEIYIOIIEro
oxnaxaeHust. OnHaKO KOJIMYECTBO KapOrI0B XpoMa
B CTPYKTYpE CIUIaBa Mocjie BBICOKOTeMIIepaTypHOM
BBIACPKKU 3HAYUTEJBHO YBEIUYMBACTCS, TIPUIEM
TeM 0OJIblIE, YeM MEUIEHHEE CKOPOCTh OXJIaXIe-
Hus. KonuyecTBo KapOUmoB XpoMma B CILIaBE CO-

(PBM)
Ta6muma 1
Xummnyeckuii cocTaB (pa3 B CTPYKType JIMTOTO CILIABA
0,45C-26Cr-35Ni-2Si-2Nb u ux uaeHTHGUKATUS
Howmep CogepkaHne XMMUYECKIX 2JIEMEHTOB, % (Macc.) VinenTudukamms

CIeKTpa
Ha pHCI,) 1 C Fe Cr Ni Si Nb Mo W Ti THna a3kl

1 8,96 8,70 | 78,65 | 1,90 | 0,04 — 0,51 | 1,24 — Kap6ua xpoma

2 11,06 | 0,68 1,09 | 0,66 | 0,13 | 85,30 | 0,10 | 0,07 | 0,91 Kapoua Huobust

3 H.0. | 37,67 | 23,27 | 3528 | 1,95 | 0,53 | 0,34 | 0,95 | 0,01 MarpuyHas y-da3za

[IpuMeuyaHure: H.0. — Colep>KaHUe 2JIEMEHTA HE OMPENEIISIIOCh.
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Puc. 2. Usmenenue o0beMHoOro conepxkanus kKapounos xpoma Cr, C v Huo6us Nb, C, B CTpyKType JIMTOTO
(o) crmmaBa 0,45C-26Cr-35Ni-2Si-2Nb B 3aBUCUMOCTH OT JUIMTEBHOCTH BhIAepKKHU Tipu 1150 °C u
CKOPOCTHU OXJIaXKACHMS C TeUblO (—=—8—) VU B BOJE (o ---¢)

ctaBisiet (% 00.) B IUTOM COCTOSTHUM — 3,2, TIOCIIe
Boiaepxku 1ipu 1150 °C mmureasHocThio 100 1 500 4
COOTBETCTBEHHO 5,3 1 5,8 MpU OXJIAXKIECHUU C Te-
4ybio, 4,3 1 5,4 — IIpu OXJIAXKIECHUU B Bomde. TakuMm
00pa3oM, TTpu 3aMeVIEHHOM OXJIXKICHUU CIJIaBa B
€ro CTPYKTYp€ MPOAO0IKAIOTCS MPOLECCHl (ha30BbIX
MpeBpalleHUI, TPOUCXOISIIUE TTPU BHICOKOTEMITe-
paTypHOil BbelIepxkKe. BepossTHO, B HanOOIbIIEHH
CTETNEeHU 3TO OTHOCUTCS K UHTEPBaly TeMIepaTyp
ot 1150 mo 700—800 °C.

Jst KOJIMUYEeCTBEHHOUM OLIEHKU M3MEHEHMUS
MOP®dOJIOTUM OTACTBHBIX BKIIOUSHUIN B CTPYKTYpe
JIUTOTO CILJIaBa MpPU BBICOKOTEMIIEpaTypHOI BbI-
IepXKe M3MepsUTi HanboJjiee TToKa3aTeJbHbIe Xa-
pPaKTepUCTUKU: pa3Mep, TUIONIAAb U OKPYTJIOCTh
YaCTHII.

KonnuecTBeHHBIN MeTa/iorpauIecKuii aHa-
JI3 BIUSTHYSI BBICOKOTEMIIEPATypPHOI BBIIEPKKHY Ha
CTPYKTYpPHBIC TIapaMeTphbl CIUIaBa 1ieJecoo0pa3Ho
IPOBOINTH HA OCHOBE M3MEPEHUSI TIIOIIAIN, KOTO-
PYIO 3aHUMAIOT YaCTULIBI, TTOCKOIBKY A0JISI TLIOIIa-
I, KOTOPYIO YacTUIIa 3aHUMAaeT Ha Iutide, COOoT-
BETCTBYET €€ O00beMHOW moje B cruiaBe. s
KOJIMYECTBEHHON OLICHKHU pacTpenesIeHIsT YaCTHIT
KapOUI0B IO pa3MepaM UCIOIb30BaIU 0O TLI0-
aan, 3aHUMaeMyl0 BKIIOUCHUSIMU Pa3HBIX pa3-
MEpOB, B OOIIEH MIoIAau, 3aHMMAaeMOil COOTBET-
cTByIOIIEH (ha3oit B CTpyKType ciutaBa. Ha puc. 3
MOKa3aHO U3MEHEHUE pacipeaeeHUsT BKIIOUSHU
KapOMI0B XpoMa 1 HUOOMs 1o pa3MepaM (TUIOLIAIN )
B cTpyKType JuToro criasa 0,45C-26Cr-35Ni-2Si-

2Nb ntocire Beiaepzkku rmpu 1150 °C paznmyHoii 1m-
TETBHOCTH C TTOCICAYIONINM OXTaKICHUEM C TTEUbIO
WA B BOJIE.

Bunno, uro mocine 2— 10 4 BbIAe pKKU DOJISI MEJI-
KWX 9aCTHI] KapOMIOB XpoMa TiIomanbio 1—20 Mrm?
B CTPYKTYpE JIMTOTO CIlIaBa 3HAYMTEIHHO BO3pac-
Taet (puc. 3, a). Eciu B IMTOM COCTOSIHUY KOJIYe-
CTBO MEJIKMX KapOMIOB XpOMa B CILJIABE COCTABIISIET
18 % 00., To yXe TTocie 2 9 BBIAECPXKKHA OHO YBEIH-
yuBaercs 10 ~ 30 % 006., T.e. B 1,5 pa3a, He3aBUCUMO
OT CKOPOCTH TIOCNIEAyIONIero oxnaxaeHus. [Tocie
10 9 BBIAEPXKKY U 3aT€M OXJIAXKIECHMS C IIEYbI0 WIN
B BOJIE JOJISI MEJTKMX KapOWIOB XpoMa COCTaBJIsIeT
(% 06.) coorBeTcTBeHHO 38 1 34. JlanmbHeiiIee yBe-
JIMYeHWe JINTeTbHOCTU BhIIepXKU 10 100 1 He-
CKOJIBKO CHIKAET KOJIMYECTBO MEJTKMX YaCTHUII — IO
27—29 % 06. Ipy OIHO M IPYroil CKOPOCTU OXJIaXK-
nenus. [1pw aToM M3MeHeHUe TOIM KPYITHBIX Kap-
6umoB xpoma (> 60 MKM?) B CTPYKType CIuIaBa Ipu
BBICOKOTEMIICPATYPHOM BBIIEPXKKE UMEET IPOTUBO-
MTOJIOXKHBIN XapakTep. Eciv B TUTOM COCTOSTHUM
KOJIMYECTBO KPYITHBIX YACTHII B CIIJIaBE COCTABJISIET
57 % 06., To mocie 10 9 BBIIEPKKA YMEHBIIIAETCS
110 46—49, a 3aTeM BHOBb Bo3pacTaeT 10 53—56 mo-
CcJie OXJIAXKICHUS C TIeYbIOo YUIH B Bozie. J1omst cpemHmX
o pa3Mepy KapoumoB xpoMa ioiaabio 21—40 u
41—-60 Mxm? ymeHbImaeTcs Ha 3—5 % 006. mocie 2 9
BBIICPKKHM M Jajiee MPaKTUIECKN HE U3MEHSIETCS,
cocraisasg 8—10 % 06. s kaxaoi ¢ppakuuu. Cre-
IyeT OTMETUTDb OJM30CTh XapaKTepa M BETUINHBI
M3MEHEHUI pacrpeneeHnsT KapoumaoB Xpoma Io
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pa3MepaMm B CTPYKTYpe CIIaBa IOCJIe BHICOKOTEM-
MepaTypHOil BbIACPKKU M OXJAXACHUS C pa3HOM
ckopocThio. OmHAKO, BCe XKe, OXTaXIeHNE B BOIE
HECKOJIbKO YMEHbIIIaeT UHTEHCUBHOCTb U3MEHEHM S
KOJIMYECTBA KPYITHBIX M MEJTKUX KapOUI0B XpoMa 1
CTadMIM3UPYeT KOJUYECTBO CPeIHUX KapOUI0B B
CTPYKType CIUIaBa.

Bnusinue BoicOKOTeMIepaTypHOI BbIIEPXKKY Ha
pa3Mep KapOuaoB HUOOMSI He3HAYUTEIbHO (puc. 3,

0). Pacnipenenenue yactui KapOMaoOB HUOOUS 1O
pasMmepaM B autoM ciiase 0,45C-26Cr-35Ni-2Si-
2NDb nmpakTriecKu He M3MEHSIETCS ITOCJIC BhIAEPKKI
npu 1150 °C pnutenbHocThIO 2—100 9 11 TT0CIIe TYy10-
LIEro OXJIAXKAEHUS ¢ TIeUblo WX B Boje. [1pu aTom
HanOoJIbllIlee KOJMYECTBO YACTUL] MMEET CPEIHMUIA
pa3Mep. Tak, cymMmmapHast 1oJs1 ppakiimii KapOmIHbIX
gacTull rromanpio 21—40 u 41—60 MkM? B 001IEM
KOJIMYECTBE KapOMIOB HMOOMS COCTaBIsSIeT 55—

a)
S, % CrmC” S, % Nb,Cy
60 60
| 2
\ T
50 — 50
/
\/
& 7 21-40
I\\
— 1-20
( '\\. _A—— L s
0 = 1-20— f/
l —
| 41-60
20 20
41-60 . —
10 10 3 =
t__ — >60
R
21-40—
0 0
0 20 40 60 80 100 T’ q 0 20 40 60 80 100 T’ 9
S, % Cr,C, S, % NbyC,y
60 60
| 1+ —>60
- 50
40 40
P~ | [ _i._z114o
'\\
30 \\“_\\ | 4+ e |
,{ | T—1-20 20 / = 1-‘20—
\
20 ot e— ]
20 —=41-60—]
S\ 41. 60 Lt | | 1—3—>60
10 - 60— —
—1—21-40 1
0
0 20 20 60 80 100 T,4 0

1,49

Puc. 3. IsMeHeHWe OTHOCUTENILHOM 101 BKITIOUeH Wit KapOuaos xpoma Cr, C 1 Huobust Nb, C, pasHoii

MJIOILAAN B OOIIIEi IMITOIAAN COOTBETCTBYIONIEH (ha3pl B cTpyKType utoro crutasa 0,45C-26Cr-35Ni-2Si-

2Nb B 3aBUCHUMOCTH OT AJIUTETbHOCTH BblaepkKU rpu 1150 °C 1 ckopocTu oxJtaxkaeHus ¢ TIeublo (a) uiu
B Bozie (0). Lludpsl y KpUBBIX — IUIOIIAIb YACTUILL B MKM>
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60 % 006., nonst, % 06., Mmenkux Kapoumon (1—
20 mxm?) — mipuMepHO 30 %, KpymHBIX (> 60 MKM?) —
11-13

bosiee MHTEHCMBHOE M3MEHEHUE pacripeseie-
HUS TI0 pa3MepaM KapOUIoB XpoMa 1o CpaBHEHUIO
¢ KapOugamMu HUOOUS B CTPYKTYpe CruiaBa Mpy BbI-
COKOTEMIIEPATYPHOI BBLIEPXKKE, BEPOSITHO, 00b-
SICHSIETCSI TeM, YTO POCT YacTUIl KapOuaa XxpoMa
JIMMUTUpYyeTcs auddy3ueil aToMoB yriaepoaa, UMe-
IOIIUX BBICOKYIO NUMP(HY3MOHHYIO MOIABUXKHOCTD.
IIpu sToM Hanuuyue B MaTpU4YHOU Y-(paze 23—
24 % macc. paCTBOPEHHOTO XpoMa He TUMHUTHPYET
B3aMMONCHCTBUE XUMUYECKUX KOMITIOHEHTOB B
CTPYKTYPE MCXOJIHbBIX U 00PA3YIOLIUXCST TPOMEXKY-
TOYHBIX (Da3 IIPU BEHICOKOTEMIIEPATYPHOI BBIIEPXK-
ke. CTaOMIbHOCTh MTPOMEXKYTOUHBIX (Da3 HA OCHOBE
HUOOUs (KapOuabl, KapOOHUTPUALI, UHTEpMETaJl-
JIUJIb1) OOYCIOBJIEHA BHICOKON MO CPaBHEHMUIO C CO-
eIMHEHUSIMU XpOMa TePMOIMHAMUYECKON aKTHB-
HOCTbIO COENMHEHUN HUOOMS U HU3ZKOK
KOHLIEHTpalueil Huobust B cruiaBe: ~ 2 % Macc.,
MprYeM B MaTpHIHOM y-paze — ~ 0,5 % B muTtom
cocrosthuu U ~ 0,3 % nocie 100 4 BoIAEPXKKHU IIPU
1150 °C.

XapakTepHO, YTO POCT OTHOCUTETHLHOTO KOJH-
YyecTBa MEJIKMUX KapoumoB (puc. 3) B CIIJIaBe IOCIe
2 4 BBIAEPKKU KOPPEIUPYET C YBETUUCHUEM IO
BKJTIOUCHUI IIPaBUJIBHOI OKPYTII0i1 (pOpMBI (pucC. 4).

B HayanbHbI mepuoa BbIIECPXKKU (2 4) Opu
1150 °C gonst yacTull KapOuma Xpoma C BbICOKOM
okpyrjoctbio (#=0,9—1,0) B IMTOM CIIaBE yBEJIU-
yuBaeTcst ¢ 27 10 56 1 50 % 06. pu OXJIaKAEHNUH C
TeYbIO MM B BOJIE COOTBETCTBEHHO, YTO COMPOBO-
JKJIAeTcsl B OCHOBHOM YMEHbILIEHWEM 101 YaCTUIL
okpyriocthio ¥ < 0,4 ¢ 34 10 coOTBETCTBEHHO 13 1
17 % 06. (puc. 4, a). I[1pu 5TOM 1011 YACTHUIL TTPO-
MexXyTouHO popmbl (r= 0,6—0,7) He u3MeHsIeTCS
u cocTaBisieT 14 % 06. CHIDXeHWe 0T OKPYTITBIX
gactui (r=0,9—1,0) mo 31 (rreun) u 33 (Boma) % 06.
MNPy YBEJIMYEHUU JJIUTEIBHOCTU BBIIEPKKU C 2 10
100 4 KOMIEHCUPYETCS POCTOM JOOJIM YaCTHUIL He-
MpaBUIbHOM (DOPMBI C MaJIOI BEJIMUMHOM OKPYTJIO-
ctu (r<0,4). Joms1 yacTULL IIPOMEXYTOUHOM (hOPMBI
(r=0,6—0,7) B mpol1iecce BbIIEPKKHA BO3PACTAET C
14 no 23 (mieup) u 26 (Bona) % 06. Takoe u3MeHeHUE
pa3MepoB (cM. puc. 3) u ¢popMsl (cM. puc. 4) Kap-
OMI0B XpoMa CBUIETEIBCTBYET O HEIPEPBIBHBIX
Mpolieccax B3auMO/IeiCTBUSI CTAOUIbHON MaTpU-
HOM ¥ U3MEHYMBBIX IPOMEKYTOUHBIX (ha3 B CILjIa-
Bax pacCMaTpMBaeMON CUCTEMbl KOMIIOHEHTOB.

CrnemyeT OTMETUTD, UTO TIPU OXJIAKICHUM B BOJE
nociie aauteabHoi (100 1) BeIcoKoTeMIepaTypHOM
BBIAEPKKU 107151 OKPYTbIX (= 0,9—1,0) 1 KoMnakT-
HBIX (= 0,6—0,7) 9acTHII B CIJTaBe BBIIIIE, YeM TTPU
oxJIaXKIEeHUM ¢ neubto. I1pu 3ToM yciaoBust 00pas3o-
BaHMSI KapOMIHBIX YaCTUI] B Cydae OXJaxKAeHMUS
cI1aBa B BoJe OJIM3KU K M30TEPMUUYECKUM, a TIPU
OXJIaXIIEHUHM C TIeYbl0 TTPOLIECChl B3aMMOAECTBUS
OCHOBHBIX (ha3 B CTPYKTYpPE MPOIAOIKAIOTCS B YCIIO-
BUSIX CHIDKaloleiics remriepatypsl 1o ~700—800 °C.

XapakTtep u3MeHeHMsT (DOPMbI BKIIIOUEHUH Kap-
Ouaa HUOOMS ITPU BEICOKOTEMITEpaTYPHOI BbIACPK -
K€ B OCHOBHOM OIIpeessIeTCs] U3MEHEHUEM oIeit
okpymbIX (# = 0,9—1,0) n KommakTHBIX (r = 0,6—
0,7) vactuu (puc. 4, 6). B 1uTOM COCTOSIHUM OIS
OKPYIJIBIX YaCTUIL COCTaBsIeT 14, a KOMMaKTHBIX
— 26 % 006.; mociie 10 4 Bbiaepkku mpu 1150 °C —
CcOOTBeTCTBEHHO 31—36 1 21-24 % 06., a Tociie
100 4 — mpumepHo 20 1 30 % 06. [1pu 3TOM BIUsIHIE
CKOPOCTHM OXJIaXJIeHUS TPOsBIsIeTCS TMpu
BhIIepKKax 2—10 4: oxjaxkaeHue B BOAC yMEHbIIIa-
eT JOJII0O OKPYIJIBIX YacTUll KapOuga HUOOUS B
CTPYKTYpE CILJIaBa MO CPaBHEHUIO C OXJTaXKICHUEM
¢ meublo. B oTiimune ot KapOUAOB Xpoma, A0S
KPYIHBIX KapoumoB H1oowusI (7 < 0,4) HecyllecTBEeH-
HO M3MEHSIETCS MTOCIe BHICOKOTEMIIEPATYPHOI BbI-
TEPKKU.

TakuMm obGpa3zom, MpU BLICOKOTEMIIepaTypHO
BBIIEPKKE C IMTOCTETYIOIINM OXJIaXKIEHUEM C TIEUbIO
WY B Bofie B cTpyKType ciuiaBa 0,45C-26Cr-35Ni-
2Si-2Nb 3HaUNTEIPHO U3MEHSIIOTCS KOJMYECTBO,
pasMephbl U (popMa BKIIIOUEHUI KapOUI0B XpoMa 1
(B MeHblIel cTteneHu) HuUooOus. Haumbomapiiue
U3MEHEHUS MPOUCXOIAT ¢ Kapoumom xpoma Cr, C ,
MIpUYEM 3a CYET MEJIKUX (s = 1—20 MKM?) OKPYTJIBIX
(r=10,9—1,0) u kpymHBIX (s > 60 MKM?) HETTPaBUITb-
Hoii popmbl (r < 0,4) yacTul. BkiiroueHus Kapouaa
HIOOUS OoJiee CTaOMITLHBI, a0COTIOTHAS BeJIMUMHA
1 MHTEHCUBHOCTb MX M3MEHEHUM 3HAYMTEIbHO
MEHBILINE U TTPOUCXOJSIT OHU B OCHOBHOM 3a CUET
Menkux (s = 1—20 mxm?) okpyribix (r = 0,9—1,0) u
KOMTTaKTHOM (opMmbl (r = 0,6—0,7) wactui. Ycra-
HOBJIEHHBIE KOJIMYECTBEHHBIC M3MEHEHUSI COCTOS-
HUSI KapOuAHBIX (ha3 B CTPYKType JUTOTO CIljaBa
npu teMmnepatype 1150 °C, a Takzke pu MeIJIeHHOM
OXJIAXKJIEHUU C TIeYbI0, TO-BUIUMOMY, ONIPEAEISIIOT-
cg notokaMu auddy3un aToMOB yrjiepoja, BO3-
HUKaAIIMMU B pe3yJabTaTe TMpeBpalleHus
M.C~M,,C~M,C, conpoBoxaamuerocs
BbIIEJICHUEM YIJIepO/ia, a TAKXKE 3a CUET YMEHbILIEHUS
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Puc. 4. i3aMeHeHre OTHOCUTENLHOM 1011 BKIOueHH Kapounos xpoMa Cr, C 1 Huobuss Nb _C pasHoii

OKPYIJIOCTH B 0011IeM 00beME COOTBETCTBYIOLIEN (pa3bl B cTpyKType auToro ciiasa 0,45C-26Cr-35Ni-2Si-2Nb

B 3aBUCMMOCTH OT JUIUTEIbHOCTU BhiAepKKU Ipu 1150 °C 1 ckopocTH oxXIaXKaeHusT ¢ Ieublo (@) uiu B Boae (0).
L1 pbl y KpUBBIX — BETMYMHA OKPYTJIOCTH

ero pacTBOPUMOCTU B MaTpUYHOU Y-(dase ¢
~0,10 % macc. ipu 1150 °C o ~ 0,01 % macc. ipu
800 °C [15, 16].

M3 akcniepMeHTaTbHBIX pe3yIbTaTOB CIIEIYeET,
yto B TeueHue 2—10 u Boiaepxku npu 1150 °C B
ctpyktype nutoro cruiaBa 0.45C-26Cr-35Ni-2Si-
2Nb o6pa3yeTcs 3HAYUTETbHOE KOJIMUECTBO METKMX
OKPYTJIBIX BTOPUYHBIX KapOMIOB XpoMa u (B
MEHbIIIel cTerneHn) Huoous (puc. 5). JlucnepcHbie
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BTOPUYHbBIE BKJIIOUEHUSI BHIIESIOTCS B BUIE CKOIT-
JICHUI W pacrojaraiTcsl B MaTpulle MpeuMyliie-
CTBEHHO Ha PAaCcCTOSTHUM HEe MeHee 5 MKM BOKpYT
KPYTTHBIX 9BTEKTUYECKUX KapOUIOB XpoMa, MOBTO-
pss ux dopmy (puc. 6). IIpoiecc MPOUCXOIUT C
0OJIBIION CKOPOCTBIO I B OCHOBHOM 3aBEpILIaeTCs B
Te4eHUE TIEPBBIX 2 I BBIACPKKH.

B paGotax [6—9] ycTaHOBIIEHO, YTO B JIUTHIX
crutaBax cepuun HP (25Cr35Ni) mpu BeicoKoTeMIIe-
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Puc. 5. I3aMeHeHre OTHOCUTEIbHON M0JIM BKIIOYEHUI KapOMIoB Xpoma

Cr, C, v Huobus Nb C cpeaHUM AMAaMETPOM MeHee 2 MKM B 00lieM

KOJIMYECTBE BKIIOUEHUI COOTBETCTBYIOIIEH (ha3bl B CTPYKTYpe JUTOTO (0)

criaBa 0,45C-26Cr-35Ni-2Si-2Nb B 3aBUCUMOCTU OT IJIUTEIBHOCTH

BoLIepKkY 1pu 1150 °C 1 cKOpOCTH OXJIaXKIEHUS C IeUblo (—=—=—) WIn B
BozE (e---+)

[SEM HV: 20.00 KV WD: 20.28 mm | IR S| SEM HV: 20.00 kv WD: 14.65 mm " [SEM HV: 20.00 kv WD: 14.65 mm | I e | 'VEGAW TESCAN|
iew fleld: 397.7 um _ Det: BSE View field: 397.7 ym __ Det: BSE View field: 387.7 ym _ Det: BSE

Puc. 6. Crpykrypa crutaBa 0,45C-26Cr-35Ni-2Si-2Nb B 1TUTOM COCTOSTHUM (@) U TTOCIIe BbIAepKKH 2 4 ripu 1150 °C
¢ oxyaxieHueM ¢ nevbto (0) unu B Boze (6): Cr, C, (cuHue yactunpl), Nb C (kpacHble yacTuibl), Y-(hasa (cepast
Marpuia). POM

paTypHOI1 BbIIEPXKKE U IKCILTyaTallud IPOUCXOJUT  TepeMEeHHOro coctaBa. B pabotax [9—12] mokasaHo,
HempepbIBHas TpaHC(hOPMaLIMS CTPYKTYPbI, CBSI3aH-  YTO HAOJII0JAeTCs ITepeXxo] IePBUYHbBIX 9BTEKTHUYE-
Has ¢ U3MEHEHUEM TUIa KapOuaHbIX a3, conpo-  ckux Kapounos xpoma M.C, B M ,C,, 06pasoBaHue
BOXKIAIOIIMMCsT 00pa30BaHUEM pasMYHbIX MPo-  MarpudHbIx Kapoumos (FeCrNi) C cnocienyommm
MEXYTOUHBIX MHTEPMETAIMYECKUX coearHeHnii  mpespaienuem B M,.C,. B cootsercTBum ¢ [15, 16]
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Ha TTO3IHUX CTaINSIX BBIIEPKKU IIPU TEMIIEpaTypax
Boiie 1100 °C Ha 6aze kapounos NbC u M ,C,
MOXET MPOUCXOIMUTH 00pazoBanue Kapoumos M C,
MeTaJUTM4ecKasi COCTaBISIIOIIAsl KOTOPBIX COAEPXKUT
Fe, Cr, Nb, Si, Mo u npyrue 31eMeHTbl. OCHOBHBIM
pe3yabTaTOM TpaHc(popMaLy KapOUAHbBIX YACTHULL
IIPU BEICOKOTEMITEPATYPHOM 9KCILIyaTalll K CIIJIaBa
SIBJSETCSI, MO-BUAMMOMY, YBEJIMYEHUE 0ObeMa
KapOumHOU (a3bl B CTPYKType, MOCKOJbKY
npespamenus M,C~M, C~M.C u MC-M.C
COIPOBOXKIAIOTCS YMEHbBIIEHUEM KOHIEHTPALUU
yriepoia B KOHEUHBIX TUIlax kKapoumoB. Tak,
npeBpalleHre MCXOOHOIo Kapouma M7C3—>M23C6
COTIPOBOXAAETCSI BBICBOOOXIEHUEM Yrjaepoja
(tabm. 2): AC =9,10-5,42 = 3,68 % macc. Cneno-
BaTelIbHO, cofepkanue yriepona B M, C, ocTaTouHo
s obpasoBanusas M,,C. B oObeme GoJibiieM B
9,10/5,42 = 1,7 pasa, uem o0beM ucxomHoro. Kap-
6w Ha ocHoBe HHoOust MC conmepxut 11,4 % macc.
yIJIepoa, ¥ B COOTBETCTBUM ¢ pe3yibratamu PCMA
(Tabn. 3) eMy COOTBETCTBYET (popMyJia MCO,W. IIpu
€ro nepexoje B Kapoua Ha ocHoBe Huobus M C
comepxXaHue yriepoga YMEHBIIUTCS MO0

~ 2,1 % macc., T.e. B 5,4 paza 110 CpaBHEHMIO C UC-
xoaHbIM. Heobxonaumoe yBeauuyeHue KOHILIEHTpa-
LIMU B KapOMIaX METAJUTMIECKUX DJIEMEHTOB (B CBSI-
31 C YMEHbIIIEHMEM KOHLEHTpalluu YIjiepoa)
obOecrneunBaeTcs UX auddysueit u3 MaTpUIHOMN
v-basbl.

[MonyyeHHbIE pe3yabTaThl UCCIACAOBAHUS U3-
MEHEHUsI CTPYKTyphl jaurtoro cruiasa 0,45C-26Cr-
35Ni-2Si-2Nb npu BBICOKOTEMIIEPATYPHOIl BbI-
nepxke (1150 °C) cornacyroTcs ¢ pacCMOTPEHHBIMU
BBILIIE TIPEICTABICHUSIMU. AHATU3 KUHETUKH TIpe-
BpallleHMsT KapOUA0B MPpHU pa3IMYHOM MocaenoBa-
TEJILHOCTH MX TUIIOB 1LIeJIeCO00pa3HO MPOBOIUTH HA
OCHOBe OanaHca coaepxxaHus yriaepoaa. Coaepxa-
HUeE yriepoaa oIpeaeIsieTcss OOIMMM XUMUIECKIM
aHaJIM30M CILJIaBa U COCTaBJISIET B UCCAEA0BAHHOM
Marepuaine C = 0,48 % macc. bananc comepxxanust
yriaepoJa onpeaessoT KapOuabl Ha OCHOBE XpoMa,
KapOuIbl HA OCHOBE HUOOMS M MaTpu4Has y-Gasa,
a TakKe MPOMEXYTOUHbIe KapOuabl (eciM UX Ha-
JINYME YCTAHOBJICHO METOAAMU KOJIWUYECTBEHHON
MuKpockonuu). B ctpykrype crasa 0,45C-26Cr-
35Ni-2Si-2Nb B TUTOM COCTOSSHMM OOHapy>KEeHBI

Ta6umia 2

Cpennuii XuMIYeCKuil cocTaB 3BTeKTHIECKUX KapOuaos xpoma (M,C,u M,,C) u y-(hasbl B CTPYKTYpe CILIaBa

2376

0,45C-26Cr-35Ni-2Si-2Nb B J1MTOM COCTOSIHUY U NOCJIE BHICOKOTEMIIEPATYPHOIi BBIIEPKKH

CoaepxaHue 3JIeMeHTOB, % Macc.
CocrosiHMe cIIaBa ®da3za - - -
C Fe Cr Ni Si Nb Mo \%% Ti
M.C, 8,96 | 8,70 | 78,65 | 1,90 | 0,04 — 0,51 | 1,24 | —
Jluroe
v-daza H.0. | 37,67 | 23,27 | 3528 | 1,95 | 0,53 | 0,34 | 0,95 | 0,01
1150 °C, M,.C, 5,42 | 12,63 | 73,16 | 4,37 — - 1,16 | 3,26 | —
1004 v-daza | mo. | 37,25 | 22,53 | 36,47 | 2,32 | 0,31 | 0,35 | 0,76 | 0,01
IIpumevanus:

1. Kap6uast M,C nipy BBIOpPaHHbBIX B IJAHHOM MCCIENOBAHUM PEXMMAX BbIIEPKKM HE OOHAPYXKEHBI.

2.H.0. — COACPKAaHUEC SJIEMEHTA HE OITPCACIIATOCD.

Tabuuua 3

Cpennnii xumuyeckmii coctaB Kapouaos Huoous NbC B ctpykrype ciasa 0,45C-26Cr-35Ni-2Si-2Nb B iuTom
COCTOSIHMM M TOCJIe BBICOKOTEMIIEPATYPHO# BbIIEPKKH

CopepxkaHue 3J1eMeHTOB, % Macc.
CocTosiIHME CIUIaBa
C Fe Cr Ni Si Nb Mo \%% Ti
Jlutoe 11,06 | 0,68 | 1,09 | 0,66 | 0,13 | 85,30 0,10 0,07 0,91
1150 °C, 100 1 500 u 11,20 | 0,74 | 0,94 | 0,68 | 0,05 | 85,40 0,06 0,10 0,83
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KapOubl Ha ocHoBe Xxpoma M, C, 1 Ha OCHOBE HU-
o0buss MC, a rtocsie Buinepxkku 6omee 2 4 ripu 1150 °C —
KapOubl Ha ocHoBe Xxpoma M,,C 1 Ha OCHOBE HU-
oobuss MC (tabn. 2, 3). YpaBHeHue OajaHca
comepxKaHus YIIepoaa B 3TOM CITydae UMeeT CIIeIy-
IO BUL:

CM.C) - VM,C,)) + C(M,,C) * (M,,C)) +

+C(MC) ) - MC) + C(y)(1-2V) = 0,48,
e

2V=VM.C,) + V(M,,C)) + N(MC).
Torna
C(v)=10,48 - C(M,C,)) M.C,) — C(M,,C))
V(M,,C)) — C(MC) ) KMC)}/(1-3V),

rae C — KOHIIEHTpaIIXs yIJIepoia B COOTBETCTBYIO-
1Ieit hasze, onpeaensieMast peHTTeHOCIIeKTPaIbHbIM
MUKpPOaHAJIN30M; V' — 00beM KapOUIHBIX (ha3, orpe-
JesieMbIii MeTOIaM1 KOJIMYECTBEHHOM 3JIEKTPOH-
HOM MMKPOCKOTIWH.

PacueTHas cxema XMMUYE€CKOrO MUKpOaHaIn3a
C TIOMOIIIBIO COBPEMEHHOTO MCCIIEI0BATEIIHLCKOTO
000pyI0BaHUSI OCHOBaHA Ha OajlaHCce OOIIEero XUMU-
yeckoro coctaBa Kapouna (X =100 %). Conep:kaHue
yrjiepoaa B MaTpuuyHoi y-daze Mmeronom PCMA He
oTpeaessIeTCs, TTOCKOIBKY OHO HITKE YYBCTBUTEITb-
HoCcTU MeTojaa. JIOMOJHUTEIbHBIM OTrpaHUIUTEIeM
ConepKaHMs YIIIepoaa CIIy>KUT CTEXHMOMETpHIecKast
(bopmyna KapOuIOB, ycTaHABIMBaeMasi B COOTBET-
CTBUM C KPUCTAJUIMUYECKOU PEIIeTKON MEeTOIaMM
3JICKTPOHHOU MUKpocKomuu. O0beM KapOumaHOM
da3el B cTpykType cruiaBa 0,45C-26Cr-35Ni-2Si-
2Nb B pa3IMYHBIX COCTOSIHUSIX (Tabna. 4, puc. 2)

oIpeesieH 9KCIIEpUMEHTAIBHO METOIOM KOJIUJe-
CTBEHHOTO MeTaJlJIorpad)uuecKoro aHajin3a, OaHO-
BPEMEHHO MCIOJIb3YIOIIUM 3KCIEPUMEHTATbHbBIE
JIaHHBIE 3JIEKTPOHHOI MuKpockornuu 1 PCMA.

BrImoTHEHHBII Ha OCHOBE OajlaHCca XUMUYECKUX
KOMITOHEHTOB U JJAHHBIX METaJJIOrpapuecKoro uc-
CJICIOBAHUST DKCIIEPUMEHTAILHO-PACUCTHBIN aHa-
JIN3 MMO3BOJIWJI OLIEHUTD copepxkaHue C(y) yraepoaa
B Matpuue crmiaBa 0,45C-26Cr-35Ni-2Si-2Nb B
JINTOM COCTOSIHUH U TTOCJIE BHICOKOTEMITepaTypHOi
BoIaepkKy 1pu 1150 °C paznnuHoMi IIUTEIbHOCTH.
[MonydyeHHbIe 3HAUCHUSI KOHLIEHTPALIMU yIjiepoaa
(Tab1. 4) moATBEepKAAIOT IIPEAIIOJIOKECHHBIN BBIIIES
XapakTep MPOoLEeCCOB, MPOTEKAIINX B CILJIaBe MPU
BBICOKOTEMITIEPATYPHOM 3KCILTyaTalluu, U He Mpo-
TUBOpPEYAT METAJUTyPTUUECKOM JIOTUKeE:

1) pacueTHast KOHLIEHTpALXs YIJIepojaa B Ma-
TPUYHOM Y-(dasze He MpeBhIlIaeT Mpeaesl pacTBO-
PUMOCTH IIPU TEMITEPAType BhIICPXKKH (MAKCUMAITb-
Hasl pacCTBOPUMOCTH yrjiepojaa B Y-¢ase CIJIaBOB
ucciaegoBaHHoi cuctembl mpu 1150 °C, oueBUIHO,
menee 0,10 % macc.);

2) yBelIMYeHNE BPEMEHU BBIIEPKKU CHIXKACT
colepxxaHue yriaepoaa B y-¢ase 3a cUeT JOMOJHU-
TEJILHOTO BBIIEJICHUSI KApOUIOB;

3) yMEHbIIIEHUE CKOPOCTU OXJIAXKACHUS OT TEM-
MepaTypbl BBIIEPKKKA CHIKAET COOEpKaHUE YIjie-
pona B y-(ase.

Taxum o06pa3oM, B CTPYKType cIljiaBa
0,45C-26Cr-35Ni-2Si-2Nb npu BeICOKOTEMIIEPa-
TYpPHOU BBIAEPXKKE MPOUCXOIUT TpaHChOpMAaLIKs
KapOuaoB XxpoMa ¢ odpa3zoBaHUEM «CBOOOJHOTO»

Ta6auma 4

DKcenepuMenTabHblie 3HaYeHus1 00beMHoM 101 KapoumoB xpoma Cr, C 1 HuoGusi NbC u pacueTHoe conepxanue
yriepoaa B y-(ase B ciiaBe 0,45C-26Cr-35Ni-2Si-2Nb B IMTOM COCTOSTHAM M TIOCJIE BBICOKOTEMIEPATYPHOI
Boiaep:KKu npu 1150 °C ¢ nocieayromum oxJiaxIeHneM ¢ neybio Wi B BoJe

KonunuectBo kapOumHOI (hasbl
CocTostHie CILIaBa B CTPYKTYpe critasa, % 06. PacuetHoe comepxaHue
yriepoza B y-ase, % macc
Cr,C, NbC

Jlutoe 3,2 1,4 0.031
1150°C, 100 4, neyb 5,3 1,5 0,027
1150°C, 500 4, meup 5,8 1,4 0,010
1150°C, 100 4, Boma 4,3 1,5 0,084
1150°C, 500 4, Boma 5,4 1,4 0,033
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2.40MKkmiE R :

20mEm 3nexTpoHHoe nIoopaxeHue 1

TOmrm Y SnekTporHoe WioGpateue 1

Puc. 7. CtpykTypa B 00paTHO OTpaxke€HHBIX 3JIEKTPOHAX M pa3Mep BTOPUYHBIX KapOUIOB CIliaBa
0,45C-26Cr-35Ni-2Si-2Nb moc:e Bbiaepxku mpu 1150°C, 2 4 ¢ Toc/ieAy oM OXJIaxkIeHUeM ¢ Teublo (a)
wiu B Boze (6). PBDM

yriaepozaa. Ilpu 5ToM KOHLEHTpalus yriepoja B
MaTpUYHOU Y-da3e WU3IMeHSEeTCs, MNpuuYeM
HEOJIHOHAMPABJIEHHO, YTO OTpaXKaeT CAOXKHBII Xa-
pakTep MpoTeKalolIuX MpolieccoB (Tad. 4). B Ha-
YaJIbHBIN ITePUOJ BBICOKOTEMIEPATYPHOM BBIAEPK-
KM aToMbl YIrjepoja, OCBOOOXKIaroliuecs IMpu
M3MEeHEHUU MoauduKaluuu KapOUIOB
M.C~M,,C~M C, tupdyHanpyioT B MaTpUIHbIH
TBEPJbIii pacTBOP, 3a CUET YEro KOHLIEHTpalLus
yrJiepoJa B HEM YBEJIWYMBAETCSI, UTO MOXET ObITh
3a(pMKCHUPOBAHO 3aKaJaKoi B Bone. [1pu MemieHHOM
oxXJaxJAeHUU (C Meublo) coiepkaHue yriaepoaa B
MaTpuyHOi Y-(daze cHuUXaeTcss B pe3yjabTare
00pa3oBaHUs BTOPUYHBIX AUCIIEPCHBIX KapOumIoB
M C, . C yBennueHUEM IIUTENLHOCTH BBIIEPXKKU
«IIOTIOJTHUTENIbHBII» YTJIEPO, PACTBOPEHHBIN B MaT-
pu4HOI Y-(ase, B3aUMOACUCTBYET C OCHOBHBIMU
XUMUYECKMMU 3JIeMEHTaM1 OCHOBBI CTUIaBa U TAKXKE
obpasyer kapoun M, C . B pesyibrare 51010 B CTpyK-
Type CIJIaBa BbIAEJISIeTCS O0JIbIIOE KOIUYECTBO BTO-
PUYHBIX IUCTIEPCHBIX KApOMIHBIX BKIOUEHU . Xa-
PaKTEPHO, YTO pa3Mep BBIIESIOIINXCS BTOPUUHBIX
KapOWJI0B MPY OXJIXKIEHUH C TIeYbl0 3HAUYUTEbHO
OoJiblilie, YeM MpU oxJiaxaeHuu B Boae (puc. 7). [1pu
00eMX CKOPOCTSIX OXJIaXKACHMUSI BTOPUUHBIC KApOUIbI
00pa3yloTCcs Ha yIaJIeHUU IPMMEPHO 5 MKM 1 0oJiee
OT KPYITHBIX 3BTEKTUUYECKMX BKJIIOUEHUI KapOuia
Xpoma, o0pasysi BOKPYTI HUX CKOILJIEHUS U3 MEJIKUX
BKJIIOUEeHMI1. 3a cueT oOpa30oBaHMUsI BTOPUYHBIX
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KapOuI0B B CTPYKType CIUIaBa KOHLIEHTpalUs
yriiepoga B MaTpU4YHOM Y-(ase yMeHbIIaeTCH,
MmpuyeM TeM OoJbllle, YeM MedJIeHHee CKOPOCTh
OXJIaXXJIEHUSI II0CJIe BBICOKOTEMIIEPATypPHOU
BblAEPKKU (Tab. 4). [Tpu ganbHeieM yBeTMueHU 1
IJIUTEIBbHOCTU BBIAEPKKM WHTEHCUBHOCTH
00pa30BaHUs HOBBIX MEJIKMX KApOUI0B CHUXKACTCS
U HabII0JaeTcsd YKPYyMHEHNE TTPUCYTCTBYIOIINX B
CTPYKTYpE CIlJIaBa BKIIOUEHUA.

ITosryueHHBIE pe3yJIBTAThI XOPOILIO COTTIACYIOTCS
C U3BECTHBIMM TIPEJACTABICHUSIMU O MPOTEKAHUU
psiia Tocie0BaTeIbHBIX ITPEBpallleHUI B Kapoue
xpoMma B Fe-Cr-Ni-cruiaBax H-cepuii 1 BbICOKOI
cTabuJIbHOCTU Kapouaa Huobust [7—12, 15]. OnHa-
KO, HECMOTpsI Ha 3HAYUTEIbHbIE U3BMEHEHUS KOJIU -
yecTBa M MOpGhOJIOTUM BKITIOUEHUI KapOuaa Xxpoma
MpU JUIMTEJILHOU BBIAEPKKE ITPU TEMIIEpaTypax 3KC-
IUIyaTalMK, OOLIUI XapaKTep CTPYKTYPHI CILIaBa
coxpaHsietcs1. CIliaB COAepKUT MATPUUHYIO Y-(aszy,
KOTOpasi CTAOMIM3MPOBAHA SBTEKTUKO 11O TPaHU-
L1aM JEeHIPUTHBIX STYeeK U, MO-BUAUMOMY, YIIPOU-
HeHa MEJIKOAUCIEPCHBIMU MAaTPUUHBIMU KapOuaa-
MU, TpUYEeM KOJMYECTBO KapOugHol ¢a3bl B
CTPYKTYpE B IPOLECCE BLICOKOTEMITEPATYPHOI BbI-
JIEPKKU YBEJIMYUBAETCS. DTO CBUACTENLCTBYET 00
«ajanTaluu» reTepoOreHHO CTPYKTYPUPOBAHHOM
CUCTEMBI K BHEITHUM HArpy3kam U CIOCOOCTBYET
COXpaHEHUIO pecypca XapoIpOYHOIro cIjaBa
0,45C-26Cr-35Ni-2Si-2Nb B ycJI0BHUAX JUIUTETLHOM
BBICOKOTEMIIEPATYPHOI SKCIUTyaTalllu.
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BbiBoabI

MeTonoM KOJIMYEeCTBEHHOI MeTaimorpadum,
OCHOBaHHBIM Ha COBMECTHOM MCIOJIb30BAHUM KC-
MePUMEHTATbHBIX JAHHBIX PEHTTeHOCIIEKTPAIbHO-
ro MUKpOaHa/IN3a U 3JICKTPOHHON MUKPOCKOIIUMU,
MOJIyYeHBI 3aBUCUMOCTH U3MEHEHUSI 00BbEMHOIO
coaepkaHust U MOPGOJIOTMYECKUX ITapaMeTPOB Kap-
ouaHbIx a3 B craBe HP40ND (0,45C-26Cr-33Ni-
2Si-2Nb) B mpoliecce BbIACPXKKU IATUTEIbHOCTHIO
2—500 1 mpu Temmneparype 1150 °C. I1pu BeICOKO-
TEMIEPATYPHOI BBIAEPXKKE B CTPYKTYPE JIMTOTO
CIUIaBa 3HAYUTEILHO YBEJIMYMBAETCSI KOJIUUECTBO
KapoumoB xpoma (¢ 3,2 10 5,8 % 00.); KapouaoB
HUOOMS pakTIecKn He 3MmeHsiercst (1,4—1,5 % 06.).
HawnGonblime KonuyecTBeHHbIE U MOP(OIOTHIeCKIE
M3MEHEHMS KapOMIHOM (has3bl TPOUCXOMST B TCUCHHE
nepBbIx 2—10 4 BeIIepKKM JIMTOrO cIuiaBa. [1pu 6onee
JUINTENIbHOM BhiAepKKe (10 500 9) mpolecchl u3Me-
HEHUST KapOUJ0B XpoMa 3aMeIJISTIOTCS, a KapOuIbl
HUOOMST OCTAIOTCS CTA0MIBLHBIMI.

VBenuueHue coaepxaHusl KapOUIHo# ¢a3bl B
CTpyKType XaponpouyHoro cruraBa HP40Nb mpu

TeMIlepaTypax 3KCILIyaTalluy CBSI3aHO C MOC/eN0-
BaTeJIbHOI TpaHC(hopMalleil 3BTEKTUYECKOTro Kap-
Ouna xpoma B HampasieHun M,C~M, .C~MC.
OcBoboxpatonuiics (B COOTBETCTBUMU ¢ OalaHCOM
XUMUWYECKNX KOMIIOHEHTOB) B Pe3yjabTaTe TaKoi
TpaHcgopmaliuy KapOuaa XxpoMa yIjiaepoj oopasyeT
B MAaTPUYHOM TBEPIOM pPaCTBOpPE BTOPUUYHbBIEC AUC-
MepCHBIE KOMITAKTHOI (hOpMBbI KapOMIHBIE BKIIOUE-
HUS1. DTOT MPOLECC MUHTEHCUBHO MPOTEKAeT B CILia-
Be ¢ Hayajia Harpesa 10 npumMepHo 10 4 BbIACPKKH,
a Jajiee 3aMeUISICTCS, CMEHSISICh YKPYITHEHUEM J1C-
MEePCHBIX BKIIIOYEHUIT M YACTUYHBIM PACTBOPEHUEM
KapOMOHBIX (a3 ¢ oOpa3oBaHUEM ITPOMEKYTOUHBIX
$a3 pasamuHoro cocraBa. OQHOBPEMEHHO B IIPO-
1iecce ITMTeIbHOM BICOKOTEMIIEPATYPHOU BbIIEPK-
KU TPOMCXOAUT JOCTHXKEHUE HEKOTOpOro OajaHca
(paznuyHoro AJ1s1 KapOuaa XpoMa 1 Kapouaa HIoOMsI )
B COOTHOLLIEHUY CYMMapHBIX 00beMHBIX JI0JICH yac-
TULL Pa3IUYHBIX Pa3MepoB (KpYyIHbIE, CpeaHUE U
MeJIKIe) B CTpYKType crutaBa. [Ipu sToMm Bapuanust
pa3MepoB BKIIIOUEHU T KapOua XpoMa 3HaAYUTETbHO
0osbliIe, YeM KapOuaa HUOOUSI.

CNMUCOK JIUTEPATYPbI

1. De Almeida L.H., Ribeiro A.F., May I.L.
Microstructural characterization of modified 25Cr-35Ni
centrifugally cast steel furnace tubes // Materials
Characterization. 2003. Vol. 49. Ne 3. P. 219-229.

2. Garbiak M., Jasinski W., Piekarski B. Materials for
Reformer Furnace Tubes. History of Evolution // Archives Of
Foundry Engineering. 2011. Vol. 11. Spesial Issue 2. P. 47—52.

3. Bonaccorsi L., Guglielmino E., Pino R., Servetto
C., Sili A. Damage analysis in Fe-Cr-Ni centrifugally cast
alloy tubes for reforming furnaces // Engineering Failure
Analysis. 2014. Vol. 36. P. 65—74.

4. Pynckoii A.U., Opbimenko A.C., KonmparbeB
C.10., Anacracuamu I.I1., ®dykc M./., ITerpos C.H.
OCO0EHHOCTH CTPYKTYPHI U IUTUTEbHAS TPOYHOCTb JIK-
TOTO XaporpovyHoro cruiaBa 45X26H33C2B2 // Meran-
JIOBeIeHNe U TepMudeckas obpaboTka merauion. 2013.
Ne 4 (694). C. 42—47.

5. Opbienko A.C., Konapatses C.10., Anacracua-
mu I, ®yke M.I., IIerpos C.H. OcobGeHHoCcTU
CTPYKTYPHBIX WM3MEHEHHWI B 3KapOMPOYHOM CIlJIaBe
45X26H33C2B2 nmpu Temmniepartypax aKkcruryataiu. Co-
ob6uieHue 1: JIutoe cocrossHue // HayuHo-TexHUYeCKue
Benomoctu CIIGITIY. Cepus «Hayka u obpazoBaHue».
2012. Ne142. C. 155—163.

6. Kenik E.A., Maziasz P.J., Swindeman R.W.,
Cervenka J., May D. Structure and phase stability in cast
modified-HP austenite after long-term ageing // Scripta
materialia. 2003. Vol. 49. Ne 2. P. 117—122.

7. Pyackoii A.A., Opbimenko A.C., Koumparbes
C.I0., Anacracuamu I'.I1., ®ykc M.JI. MexaHu3M U KK~
HeTHKa (ha30BbIX MPeBpaIIeHUI B XKapOIPOYHOM CILIa-
Be 45X26H33C2B2 npu AMUTENBHBIX BHICOKOTEMITEpa-
TYpHBIX BblAepxkkax. Yacth 1 // MeramioBeneHue u
TepMuueckass oopadborka metamnon. 2014. Ne 1 (703).
C.3-8.

8. Pyackoii A.H., Konapatses C.IO., AHacTacuamm
I.I1., Opbinenko A.C., ®ykc M.J. MexaHu3M U KUHE-
THKa (Ha30BBIX MpeBpaIleHUI B XXapOIPOYHOM CIUIaBe
45X26H33C2B2 npu UIMTETLHBIX BBICOKOTEMITEPATYP-
HBIX BbIIepkKax. YacTtb 2 // MertajuioBeieHUe U TepMU-
yeckast oopadboTka MetayuioB. 2014. Ne 3 (705). C. 12—19.

9. Pynckoii A.U., Anacracuamu I.I1., Konnparbes
C.10., Opbinenko A.C., ®ykc M.JI. BausHue dakropa
YUCIa 3JIEKTPOHHBIX BAKAHCHI HA KMHETHKY 00pa3oBa-
HMSI, POCTa M pacTBOPeHUs (ha3 MpU UTUTETbHBIX BBICO-
KOTEeMIIepaTyPHBIX BbIIEPKKaX KapOMPOYHOTo CIIaBa
0.45C-26Cr-33Ni-2Si-2Nb // ®usuka MeTaUIOB U Me-
tayutoBenenue. 2014. T. 115. Ne 1. C. 3—13.

10. Pyackoii A.1., Konnpartses C.1O., Anactacnam I'.I1.,
Opbimenko A.C., ®yke M. /., ITerpos C.H. Tpancdop-
MalIUsl CTPYKTYpbI skaporpouHoro ciiasa 0,45C — 26Cr —
33Ni — 2Si — 2Nb mnpu AIUTENBHON BbICOKOTEMITEpa-
TYpPHOIi BbIIEpkKe // MeTajioBeneHrue U TepMUuIecKast
obpabotka metasuios. 2013. Ne 10 (700). C. 7—14.

11. Opbimenko A.C., Konaparbes C.1O., Anacracua-
gm I.I1., ®ykc M. /., [Terpos C.H. Oco6eHHOCTH CTPYyK-

51



* HayuHo-TexHnyeckue BegomocTyt CaHKT-TeTepbyprckoro rocyfapcTBEHHOIO MOIMTEXHUYECKOTO yHUBEepcuTeTa. 3(226)2015

TYPHBIX ~ M3MEHEHUIl B  KaponpoyHOM  CILIaBe
45X26H33C2B2 npu temneparypax skciuryaTauuu. Co-
obieHue 2: BausiHve BICOKOTEMIIEPATYPHOil BbIAEPXK-
ku // Hayuno-texnuueckue Begomoctu CIIGITIY. Ce-
pust «Hayka u oGpaszoBaHue». 2012. Ne 147-1. C.
217-228.

12. Pynckoit A.M., Anacracmamu I.II., Opbimen-
kKo A.C., KonapareeB C.1IO., ®ykc M.J. OcobeHHOCTH
CTPYKTYPHBIX W3MEHEHUiII B KapolpoOYHOM CIUIaBe
45X26H33C2B2 npu temneparypax skciutyarauuu. Co-
obieHue 3: MexaHu3M U KMHeTHKa (a3oBbIX ITpeBpaliie-
Huit // Hayuno-texuuueckue Begomoctu CITOITIY. Ce-
pus «Hayka u odbpazoBanue». 2012. Ne 154-2. C. 143—150.

13. KonapatseB C.IO., IlTamnuk A.B., Anacracua-
mu I.I1., Ilerpor C.H. KosnuecTBeHHast OLicHKa colep-
KaHus (a3 B xKapornpouHbix cruiaBax X25H35 // Hayu-

Ho-TexHuueckue Benomoctu CIIOITIY. 2014. Ne 2 (195).
C. 121-127.

14. IlItamnuk A.B. MeTo KOJIMYeCcTBEHHOTO aHAU -
3a CTPYKTYPHI CTUIABOB C TUCTIEPCHBIMU BKIIIOUSHUSIMU C
HCMOJb30BaHUEM 9JIEKTPOHHOM MMKPOCKOIHUH.
[Method of the quantitative analysis of structure of alloys
with disperse inclusions with use of electronic microscopy]
// Hayuno-texnuueckue Bemomoctu CIIGITIY. 2015.
Ne 2 (219). C. 126—140.

15. Sourmail T. Precipitates in creep resistant
austenitic stainless steels // Materials Science and
Technology. 2001. Vol. 17. Ne 1. — P. 1—14.

16. Mostafaei M., Shamanian M., Purmohamad H., Amini
M., Saatchi A. Microstructural degradation of two cast heat
resistant reformer tubes after long term service exposure //
Engineering Failure Analysis. 2011. Vol. 18. Ne 1. P. 164—171.

REFERENCES

1. De Almeida L.H., Ribeiro A.F., May I.L.
Microstructural characterization of modified 25Cr-35Ni
centrifugally cast steel furnace tubes. Materials
Characterization. 2003. Vol. 49. Ne 3. P. 219-229.

2. Garbiak M., Jasinski W., Piekarski B. Materials
for Reformer Furnace Tubes. History of Evolution.
Archives Of Foundry Engineering. 2011. Vol. 11. Spesial
Issue 2. P. 47—52.

3. Bonaccorsi L., Guglielmino E., Pino R., Servetto
C., Sili A. Damage analysis in Fe-Cr-Ni centrifugally cast
alloy tubes for reforming furnaces. Engineering Failure
Analysis. 2014. Vol. 36. P. 65—74.

4. Rudskoy A.I., Oryshchenko A.S., Kondratyev S.Yu.,
Anastasiadi G.P., Fuks M.D., Petrov S.N. Osobennosti
struktury i dlitelnaya prochnost litogo zharoprochnogo
splava 45Kh26N33S2B2. [Features of structure and long
durability of a cast heat resisting alloy 45Kh26N33S2B2].
Metallovedeniye i termicheskaya obrabotka metallov. 2013.
Ne 4 (694). S. 42—47. (rus.)

5. Oryshchenko A.S., Kondratyev S.Yu., Anastasia-
di G.P., Fuks M.D., Petrov S.N. Osobennostistrukturnykh
izmeneniy v zharoprochnom splave 45Kh26N33S2B2 pri
temperaturakh ekspluatatsii. Soobshcheniye 1: Litoye
sostoyaniye [Features of structural changes in a heat
resisting alloy 45H26N33S2B2 at operation temperatures.
Message 1: Cast state]. Nauchno-tekhnicheskiye vedomosti
SPbGPU. Seriya «Nauka i obrazovaniye». 2012. No 142.
S. 155—163. (rus.)

6. Kenik E.A., Maziasz P.J., Swindeman R.W.,
Cervenka J., May D. Structure and phase stability in cast
modified-HP austenite after long-term ageing. Scripta
materialia. 2003. Vol. 49. Ne 2. P. 117—122.

7. Rudskoy A.I., Oryshchenko A.S., Kondratyev S.Yu.,
Anastasiadi G.P., Fuks M.D. Mekhanizm i kinetika
fazovykh prevrashcheniy v zharoprochnom splave
45Kh26N33S2B2 pri dlitelnykh vysokotemperaturnykh

52

vyderzhkakh. Chast 1. [The mechanism and kinetics of
phase transformations in a heat resisting alloy
45H26N33S2B2 at long high-temperature excerpts. Part
1]. Metallovedeniye i termicheskaya obrabotka metallov.
2014. Ne 1 (703). S. 3-8. (rus.)

8. Rudskoy A.I., Kondratyev S.Yu., Anastasiadi G.P.,
Oryshchenko A.S., Fuks M.D. Mekhanizm i kinetika
fazovykh prevrashcheniy v zharoprochnom splave
45Kh26N33S2B2 pri dlitelnykh vysokotemperaturnykh
vyderzhkakh. Chast 2. [The mechanism and kinetics of
phase transformations in a heat resisting alloy
45H26N33S2B2 at long high-temperature excerpts. Part
2]. Metallovedeniye i termicheskaya obrabotka metallov.
2014. Ne 3 (705). S. 12—19. (rus.)

9. Rudskoy A.I., Anastasiadi G.P., Kondratyev S.Yu.,
Oryshchenko A.S., Fuks M.D. Vliyaniye faktora chisla
elektronnykh vakansiy na kinetiku obrazovaniya, rosta i
rastvoreniya faz pri dlitelnykh vysokotemperaturnykh
vyderzhkakh zharoprochnogo splava 0.45C-26Cr-33Ni-
2Si-2Nb. [Influence of a factor of number of electronic
vacancies on kinetics of education, growth and dissolution
of phases at long high-temperature excerpts of a heat
resisting alloy 0.45C-26Cr-33Ni-2Si-2Nb]. Fizika metallov
i metallovedeniye. 2014. T. 115. No 1. S. 3—13. (rus.)

10. Rudskoy A.I., Kondratyev S.Yu., Anastasia-
di G.P., Oryshchenko A.S., Fuks M.D., Petrov S.N.
Transformatsiya struktury zharoprochnogo splava 0,45C —
26Cr—33Ni—2Si—2Nbpridlitelnoyvysokotemperaturnoy
vyderzhke. [Transformation of structure of a heat resisting
alloy 0,45C — 26Cr — 33Ni — 2Si — 2Nb at long high-
temperature endurance]. Metallovedeniye i termicheskaya
obrabotka metallov. 2013. Ne 10 (700). S. 7—14. (rus.)

11. Oryshchenko A.S., Kondratyev S.Yu., Anastasia-
di G.P., Fuks M.D., Petrov S.N. Osobennostistrukturnykh
izmeneniy v zharoprochnom splave 45Kh26N33S2B2 pri
temperaturakh ekspluatatsii. Soobshcheniye 2: Vliyaniye



MeTannyprusa v MaTeprianoBefeHme

vysokotemperaturnoy vyderzhki [Features of structural
changes in a heat resisting alloy 45H26N33S2B2 at
operation temperatures. Message 2: Influence of high-
temperature endurance]. Nauchno-tekhnicheskiye
vedomosti SPbGPU. Seriya « Nauka i obrazovaniye». 2012.
Nel47-1. S. 217-228.

12. Rudskoy A.I., Anastasiadi G.P., Oryshchen-
ko A.S., Kondratyev S.Yu., Fuks M.D. Osobennosti
strukturnykh ~ izmeneniy v  zharoprochnom  splave
45Kh26N33S2B2  pri  temperaturakh  ekspluatatsii.
Soobshcheniye 3: Mekhanizm i kinetika fazovykh
prevrashcheniy [Features of structural changes in a heat
resisting alloy 45H26N33S2B2 at operation temperatures.
Message 3: Mechanism and kinetics of phase transformations].
Nauchno-tekhnicheskiye vedomosti SPbGPU. Seriya «Nauka i
obrazovaniye».2012. No154-2. S. 143—150.

13. Kondratyev S.Yu., Ptashnik A.V., Anastasia-
di G.P., Petrov S.N. Kolichestvennaya otsenka

soderzhaniya faz v zharoprochnykh splavakh Kh25N35.
[Quantitative assessment of the maintenance of phases in
heat resisting alloys of X25H35]. Nauchno-tekhnicheskiye
vedomosti SPbGPU. 2014. Ne 2 (195). S. 121—127. (rus.)

14. Ptashnik A.V. Metod kolichestvennogo analiza struktury
splavov s dispersnymi vklyucheniyami s ispolzovaniyem
elektronnoy mikroskopii. [Method of the quantitative analysis of
structure of alloys with disperse inclusions with use of electronic
microscopy|. Nauchno-tekhnicheskiye vedomosti SPbGPU.
2015. Ne 2 (219). S. 126—140. (rus.)

15. Sourmail T. Precipitates in creep resistant
austenitic stainless steels. Materials Science and
Technology. 2001. Vol. 17. Ne 1. P. 1—14.

16. Mostafaei M., Shamanian M., Purmohamad H.,
Amini M., Saatchi A. Microstructural degradation of two
cast heat resistant reformer tubes after long term service
exposure. Engineering Failure Analysis. 2011. Vol. 18.
Ne 1. P. 164—171.

CBEAEHUA Ob ABTOPAX/AUTHORS

ITTAIITHU K Amna BanuvoBHa — urkeHep cekropa aeKTpoHHo Mukpockormy OI'YTT LIHUM KM I Ipomereits.

191015, yn. llnanepnas, 49, Cankr-Iletepoypr, Poccus.

E-mail: ptashnik.avp1993@yandex.ru

PTASHNIK Alina V. — FSUE Central Research Institute of Structural Materials “Prometey”.

191015, Shpalernaya Str. 49, St. Petersburg, Russia;
e-mail: alina_pv@mail.ru

KOHJIPATBEB Cepreii IOpbeBud — DOKTOp TeXHMYECKUX HayK Npodeccop Kadeapbl TEXHOJIOTUN U
uccienoBannii MmatepuanoB CaHkrt-IleTepOyprekoro nmonmurexHudeckoro yuusepcurera I[lerpa Bemukoro.
195251, yn. IMonutexuuueckas, 29, Cankr-Ilerepoypr, Poccus

KONDRAT’YEYV Sergei Yu. — St. Petersburg State Polytechnical University;

195251, Politekhnicheskaya Str. 29, St. Petersburg, Russia;

e-mail: petroprom2013@yandex.ru

AHACTACUA U I'puropuii ITaHeonoBuY — 1OKTOp TEXHUYECKUX HAayK Tpodeccop Kadeapbl TEXHOJIOTUN
n ncciaenoBannii MarepuanoB CaHKT-I1eTepOyprcKoro MoJIuTEXHNYECKOTO YHUBEPCUTETA.

195251, yn. [Monmurexuudeckas, 29, Cankr-IlerepOypr, Poccust

ANASTASIADI Grigoriy P. — St. Petersburg State Polytechnical University;

195251, Politekhnicheskaya Str. 29, St. Petersburg, Russia;

e-mail: anastas45@yandex.ru

ITETPOB Cepreii HukonaeBuu — xaHaugaT XMMHYECKUX HAYK HAdaJIbHUK CEKTOpPA BJIEKTPOHHOI

mukpockormnu @I'YIT HHUU KM «IIpomereii».

191015, yn. llInanepnas, 49, Cankr-IletepOypr, Poccus
PETROYV Sergei N. — FSUE Central Research Institute of Structural Materials “Prometey”;

191015, Shpalernaya Str. 49, St. Petersburg, Russia;
e-mail: crism325@gmail.com

53



* HayuHo-TexHunyeckme BegomocTyt CaHKT-TeTepbyprckoro rocyiapcTBEHHOMO MOIMTEXHUYECKOTO yHMBepcrTeTa. 3(226)2015

DOI 10.5862/JEST.226.6
YOK 621.774 352
A.A. boeamoé, [.A. lNa6no6, E.A. llaGnoGa

TEXHOJIOTMYECKUE OCOBEHHOCTU MPOLLECCA PACKATKMU TPYB
HA KOPOTKOM ONPABKE

A.A. Bogatov, D.A. Pavlov, E.A. Pavlova

TECHNOLOGICAL FEATURES OF THE METHOD OF ROLLING
OF HOT-ROLLED TUBE ON A STUB MANDREL

[MpennoxeH HOBBI CITOCOO packaTKM ropsideKaTaHbIX TPYO HA aBTOMATMUYECKOM CTaHE «TaHIEM»,
KOTODBIIi COCTOUT M3 JBYX CTAHOB MPOAOJILHON MPOKATKU TpyO Ha KopoTkoii onpaBke (CIIII-1 u
CIIII-2). Cioco6 mo3BossieT MpuaaTh THIb3e OBaJbHYIO (DOPMY HEOCPEACTBEHHO IIepel BaKaMu
CTaHa MpoAoJbLHOMI mpokaTku Tpyd. [IpuaaHue rusib3e oBaibHOM hopMbl 0OeCTIeurBaeT pABHOMEPHOE
3arMoJIHeHUE KaJInOpa U yMEeHbIIEHUe pa3HOCTEHHOCTU TPyO. OBau3alius r’ujib3bl TO3BOJIUT YBEJINIUTh
ko3 dunneHT BoITsKKM Ha CIIII-1 ¢ 1,5 10 2,0 u cHU3UTh KO3(h(GUIIMEHT BBITSKKI Ha TTPOILIMBHOM
CTaHe, TeM CaMbIM YMEHBIINUTh PUCK 00pa30BaHUsI IJIEH Ha HAPYXXKHOI MoBepxHOCTU TpyO. [IpoBene-
HO uccliefoBaHue BAUSHUS KOoahdUIIMeHTa KHHEMATUUeCKOTrO HaTsKeHUs1 Ha (hopMOU3MeHeH e
TPYOBI B BBIMYCKax KaJiMOpa Mpu MPOA0IbHON MPOKATKE C TIPEABAPUTEIbHON OBaTM3allUeil TUIb3bI.
YcTaHOBIEHO, YTO KWUHEMATHUeCKOe HATSDKeHUE B MPOollecce MPOKATKK Ha KOPOTKOM oMpaBKe Mpe/-
BapUTEJIbHO OBAJIM3UPOBAHHON TUJIb3bI TTO3BOJISIET YMEHBIIUTD UHTEHCUBHOCTD YTOJIIIEHUS] CTEHKU
TWJIb3bI-TPYObI B BbIMyckax Kajauopa npu npokatke B CIITI-1, yTo yMeHbIIaeT BEpOSITHOCTh 00pa3o-
BaHUS MPOJOJbHBIX PUCOK HA BHYTPEHHEN TTOBEPXHOCTU TPYO.

PACKATKA TPYB; KOPOTKAS OITPABKA; ABTOMATUYECKWM CTAH «TAHJIEM»; KOHEYHO-3JIEMEHT-
HOE MOJEJIMPOBAHUE; KOOD®OUIIMEHT OBAJIM3ALIMUA.

A new method of rolling of hot-rolled tube on automatic mill“tandem”consisting of twoa lengthwise
rolling mills (a lengthwise rolling millNe1 and Ne2)is proposed. Methodallowstoachieve the rough tube
preovalisation before rollers of a lengthwise rolling mill. The rough tube preovalisationprovides uniform
groove filling and a decrease of nonuniform pipe wall thickness. The rough tube preovalisationwill allow
to increase elongation ratio from 1,5 to 2,0 on the lengthwise rolling mill Ne1 and to decrease the elongation
ratio on the piercing mill. That will allow to decreasethe risk ofa rolling skin formation of on external
tube surface. The way to reduce the probability of the formation of a “guide mark” defect due to the
kinematic tension during rolling on a stub mandrel with rough tube preovalisation is investigated. The
influence of the kinematic tension on the forming tube in the groove taper at a lengthwise rolling with
rough tube preovalisation is investigated

A TUBE ROLLING-OFF; A STUB MANDREL; AN AUTOMATIC MILL “TANDEM”; A FINITE-ELEMENT
SIMULATION; A COEFFICIENT OF ROUGH TUBE OVALISATION.

Bsenenue OTHOCUTEJILHO BBICOKASI ITPOU3BOAUTEIBHOCTh
(150—250 ThIC. TOHH TpYyO B roa) [1—5]; BO3MOX-
HOCTH IIPOU3BOJCTBA MHOTOTOHHAXHBIX MapTUiA
LIMPOKOT0 COPTaMEHTAa U3 YIJIEPOAUCTHIX, JIETUPO-
BAaHHBIX U BBICOKOJIECTMPOBAHHBIX MapoOK CTaJu.
Cnaobimu cropoHamu TTTA ¢ aBToMaTU4eCKMM pac-
KATHBIM CTAHOM SIBJISIFOTCSI HU3KUIA KO3(PPULIMEeHT

K nmocronHcTBaM TpyOOINpPOKATHBIX arperaToB
(TITA) c aBTOMAaTUYECKIM PAaCKaTHBIM CTAaHOM OT-
HOCSITCSI: BBICOKAsI MAHEBPEHHOCTD, TIO3BOJISIONIAS
32 KOPOTKUI TTPOMEXYTOK BPEMEHU OCYIIECTBUTD
Mepexo/ ¢ OMHOro TUMopazMepa Tpyo Ha IPYroii;
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BBITSDKKH ITPY pacKaTKe TPYO, BBICOKOE BPEeMsI BCIIO-
MOraTeIbHbIX OIepaluii, a Takke pa3HOCTEHHOCTh
YepHOBBIX TPYO. YCTaHOBKA HEMPEepPHIBHOTO CTaHa
B3aMeH aBTOMATUYECKOI0o MO3BOJINU/IA ObI yCTPAaHUTh
TepevIrCIIeHHbIe HEMOCTATKI, OMHAKO PEKOHCTPYK-
uus TTTA Bcerna cBsizaHa C CylIECTBEHHBIMU MaTe-
pHaTbHBIMM 3aTpaTaMu. Kpome Toro, HoBoe 060-
pY/IOBaHUE He BCerna yaaeTcsl pa3MeCcTUTh Ha MeCcTe
CTaporo IPHU CYIIECTBYIOIIEH TUTAHNPOBKE 1exa. B
9TOI CBS3M 1IeJecO00pa3HO COBEPIICHCTBOBAHUE
CYIIECTBYIOIIEH TEXHOJIOTUN PACKATKMU.

Ha tpy6omnpokatHom arperate TITA-140 OAO
«CuHT3» ¢ aBTOMAaTUYECKUM PACKATHBIM CTAHOM
«TaHAEeM», KOTOPbIIA COCTOUT M3 JBYX CTAHOB IPO-
nponbHOM pokatku (CITII-1 u CIIII-2), ymanocs co-
KpaTUTb BpeMsI BCTIOMOTaTe/IbHbIX Orepaluii 61aro-
Japsl TIOCIEeIOBAaTEIFBHOMY PACIIONOXKECHUIO KIICTEH.
OnHako kK03(hGUIIMEHTh BBITSDKKU MPU packaTke
OCTaJIMCh CpaBHUTENIbHO HeBbicoKuMK. Ha CIIII-1
K03(h@UILIMEHT BBITSLKKKA A = 1,16—1,5, a na CIII1-2
—A=1,07—1,15. YepHOBbIC TPyObI UMEIOT MOMEPEU-
HYIO Pa3HOCTEHHOCTb, KOTOPasi YaCTUYHO YCTPAHSIET-
CsI TP TIpOKaTe Ha TPEXBATKOBOM OOKAaTHOM CTaHe.

Llenbio vcciienoBaHust ObLIO COBEPIICHCTBOBA-
HUE TEeXHOJOTWM packKaTKd TPyO Ha KOPOTKOI

a) Bosok

BepI

L —]

BB

6)

3aroToBKa
“n e

OIIpaBKe, TIPU KOTOPOI TIPOKATKa BeAETCS IIPU IT0-
BBIIIEHHBIX KO3((GULIMEHTAX BBITSXKKU, a TaKXKe
o0ecITeunBaeTCsl CHUKEHUE PAa3HOCTEHHOCTU Uep-
HOBBIX TpYO. IToBhIlLIeHNE KO (PULIMEHTA BBITSIXK-
KU IIPY IPOKATKE Ha KOPOTKOM OIMpaBKe MO3BOJIUT
npousBoauThb Ha TITA-140 TOHKOCTEHHbBIE TPYOBI C
otHoweHueM D/S>33, a Takxke HOHU3UTH KO3 Pu-
LIMEHT BBITSKKY TTPpU MpoluBKe. CHUXKeHUE KO3(d-
¢ULMeHTa BBITSDKKUA MIPU MPOLIMBKE OOECIIEUUT
YBEJIMUYEHUE TOYHOCTU TUJIb3 U YMEHbILIeHUE 00b-
eMa Gpaka 10 TUIeHaM.

Pe3ynbraThl 9KCIIepIMEHTOB

B xone npoMBbIIIIeHHBIX UCCIeIOBAaHUM ObLIO
YCTaHOBJICHO, YTO YBeJIM4eHUe KOoa(hhULIMEHTA BbI-
TSIKKW Ha aBTOMaTUYE€CKOM CTaHE «TaHAEeM» MpU-
BOJUT K YBEJIMUEHUIO 00beMY OpaKa Mo pa3IuyHbIM
nedekTaM, B TOM YHCIIe 10 aeeKTy «pucka». Ham-
0oJsiee BepOSITHOM MPUYMHOU 0Opa3oBaHUS PUCOK
Ha BHYTPEHHE MOBEPXHOCTU TPYO SIBJIIETCS BCTPEU-
HOe TeUeHMe MeTaljla B 00JIaCTU BBIMTYCKOB Kaju-
OpoB 1 00pa30BaHMUS IAMITACOB IIPU IIPOKATKE TPYO
B CIIIT-2[1]. [TprueMm, yem OOJIbIIIE TOJMIIMHA CTeH-
KU B BBIITYCKE KaIMOpa, TeM BEpOosiTHEE 00pa30BaHue
3aKMMOB Ha BHYTPEHHEN MOBEPXHOCTU YEPHOBO

0)

ObpazoBaHue 32KUMOB
B BepLIMHAX Kaauorpa

Puc. 1. Cxema oOpa3oBaHus neeKTa «prucka» Ha BHYTPEHHEH IIOBEPXHOCTH TPYO: a) GopMHUpOBa-
HUE JIaMITacoB B BbITyckax Kanub6pa npu npokatke B CIIII-1; 6) 3axBar B BeplunHax Kaaubpa
CIIII-2 nocie KaHTOBKM TPYOHI; ) (popMUpOBaHME 3a3KMMOB IIPH 3aII0OTHEHUH METaJIJIOM Kaauopa
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Puc. 2. 3D-monens CIT1-1 ¢ 3mkepHbIMY BaIKaMK1

TpyObl. ToJIIIMHY CTEHKU B BBIMYCKe Kalubpa xa-
paKTepu3yeT Ge3pa3mMepHbIit TAPaMeTp Sy /Spepus
(S, ¥mS — TOJNMHA CTEHKM YEPHOBOM TPYOBI
COOTBETCTBEHHO B BBIITYCKE U BEpLIMHE Kalubpa).
Ha puc. 1 npencrapieHbl IonepeuHbie pa3pe3bl 0va-
ra aeopmauuu npu packarke Ha CIITI-1 (a) u
CIIII-2 (6, 8).

B xo1e KoMIbIOTEPHOrO MOJETIUPOBAHUS B PO-
rpamme Deform [6] GbL10 yCTaHOBJIEHO, YTO YMEHb-
LIUATb Pa3MePhl IAMIACOB MOXKHO ITyTEM YCTAHOBKU
nepen kiaetbio CITIT-1 3mKepHBIX BaJIKOB, TTpUIa-

Bonok

=

3axBat KpyIJoil 3aroToBK1
B 00JIACTU BBIITyCKa

FOIIX OBAJTLHOCTD TWJTB3€ TIEPE/ PACKATKOW B 3TOM
KJaeTu (puc. 2).

ITpu nonaue kpyrioit runb3el B CITI1-1 3axBaT
HauMHAaeTCs B 30HE BBITYCKOB (puc. 3). B pe3ynbra-
Te CILTIOIIMBAHMS 1 HEOOJBIIIOTO PeayIIMPOBAHMS
3aIoJIHSIeTCsl BeCh Kaqlubp, MeTaal MHTEHCUBHO
TeJyeT B BHITYCKM Kalnopa, IMpu 3TOM ITPOMCXOIUT
yBeJMUYEHUE TOJIIMHBI CTEHKU B BBIITYCKE Kanbpa

[lpn momave oBaTbHOI TWIB3BI B IIECTUTPAH-
HbII KanuOp 3axBaT HAUMHAETCS B BEPIIMHE Kalu-
Opa, TTocIIe 9YeTo TMIPOMCXOIUT TTOTHOE 3aITOTHEHIE
Kkanuopa (puc. 4). [Tpu 3TOM MeTal1 MEHee UHTEH-
CMBHO TE€YEeT B BbIITYCKM Kannbpa. Takum odpazom,
pa3Mepbl TaMIIacoB, 00Pa3yIOIIMXCS TP MTPOKATKE
OBaJIbHOU TWJIB3bI, YMEHBIIIATCS 110 CPAaBHEHMIO C
pasMepaMu JlaMIacoB, 00pa3ylolInXcs MpU Mpo-
KaTKe KPYIJION TYIIB3BI, M, CIIEI0BATEIbHO, CHU3UT-
Cs1 BEpOSITHOCTb OOpa30BaHUsI PUCKHU.

KommbioTepHOE MoeTMpoBaHE TTOKA3aJ10, YTO
npu KoaddulimeHTe oBanu3auuu rmib3bl € = 1,25
[8, 9] (cm. puc. 4) Ge3pazMmepHbIid mapaMeTp
SM/AS’Bepul cHixaetcs Ha 31 %, T. e. IpUMeHeHMe
3IDKEePHBIX BAJTKOB ITO3BOJISIET YMEHBIIINTH Pa3Mephbl
JIaMIacoB.

Ha ocHOBaHWM OMBITHBIX TAHHBIX TIpoliecca
pacKaTKM I'MIb3bl Ha CTaHE MPOAOIbHON MTPOKATKU
Tpy6 CIIII-1 6e3 3aKepHbIX BaJKOB OTHOLIEHUE

He MOJKHO MPEBBIIATh KPUTUUYECKOTO
3HAYECHUS (SWH/SBepm)Kp = 1,80 [10]. ITpu mpeBbI-
IIEHUU KPUTUYECKOro 3HaUeHUs MapaMmeTpa Ha-
osronaercst oopazoBaHue aedekrTa «pucka». Ha puc.
5 mpeacTaBieH rpaduk, XapakKTepu3yIoLuii 3aBu-
CUMOCTb MapameTrpa S /S  oT KoaddulueHta

BBIIT BepuI

/S
BbIN/ " BepLI

3aroroBka

Puc. 3. 3axBat kpyrioit ruib3sl 1ipu ripokaTtke B CITIT-1
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BoJiok 3axBar OBJIbHOM 3arOTOBKU
B 00JIACTY BEpLIMHbBI Kaanubpa
{ 3aroroBka
By
| \ =2
o ek - B
g ]
Puc. 4. 3axBaT oBasibHOI T3kl Tpu mipokatke B CITTT-1
/S
BBIIT! BepII
1,85
1,8
1,75
1,7
1,65
1,6
1,55
1,5

1,5 1,6 1,7

s

Puc. 5. 3aBucumocts napamerpa §. /S

BBIIT

Bepur

1,8 1,9 2 2,1 A

OT KO3 dUIMEeHTa BBITSKKY TTPU MMPOKATKe

B CIIII-1 ¢ 3mKepHbIMU BaJKaMu

BHITSDKKM I1pu TipokaTtke B CIIII-1 ¢ smkepHbIMU
BaJIKAMU.

Ha puc. 5 BugHo, 4TO C yBenuueHueMm Koadhu-
LIMEHTA BBITSKKY TTPOUCXOAUT YBETUYECHUE TOMIIIM -
HBI CTEHKHM B BbIITycKe Kaiauopa. [1pu koadpduim-
eHTe BBITSLKKM A = 2,00 rmapameTp SB.,m/SBepmzl 77
¥ HE TIPEeBBIIIaeT KPUTUIECKOTO 3HAUeHUs. Takum
00pa3oM, P YCTAHOBKE 3IXKEPHBIX BAJIKOB Mepe
kieTbio CIII-1 K03 UIUEHT BBITSIKKA MOXET
ObITh yBenuueH ¢ 1,50 mo 2,00.

J1s iiccnenoBaHUs BO3MOXKHOCTH TaTbHEeHIIIe -
ro MOBBbIIIEHUS] KO3(P(PULIMEHTA BBITSIXKU OBLIO

MIPOM3BEIEHO MOIETMPOBAHNE PACKATKH TPYO C MC-
MOJIb30BaHUEM KMHEMATUUECKOTo HaTskeHus1. Ha-
TSDKeHUE CO3MaBaJIoCh C TIOMOIIBIO BTOPOI TTaphl
BII)KePHBIX BaJKOB, YCTAHOBJIEHHBIX 3a paboueii
kiaetwio CIIII-1. Ha puc. 6 nipeacraBieHa TBEpIO-
TeJIbHas MOJIE/Ib CTaHa C ABYMSI TTapaMu 3IKEePHBIX
BaJIKOB.

WccnenoBanue GopMousMeHeHUsT YepHOBOM
TpyOn! Ttociie nipokatku B CIIII-1 moxa3zano, uto
KMHEMaTUUEeCKOe HaTSKEeHUE TO3BOJISIET CyIlle-
CTBEHHO CHU3UTb MHTEHCUBHOCTD YTOJIIIEHNS CTCH-
KM B BBIITyCKax Kaiauopa. B Tabauiie mpeacTaBieHb
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PaGoune
BaJIK1

Puc. 6. TeepaotenbHast Mogaetb CITII-1 ¢ AByMst mapamMul 31KepHBIX BAJIKOB

PesynsraTel u3Mepenus napamerpa S /S

BBIIT Bepur

B 3aBUCUMOCTH OT Koad)dmunema KHHEMATHYECCKOI0 HATSDKCHUSA (O

HoMep BbIYMCIUTETBHOTO KoadduumeHr /
OKCIIEpMMECHTA KNUHEMATUYECKOI0O HATSAKEHUSA (0 BRI BepIl

1 1,02 1,49

2 1,04 1,47

3 1,06 1,46

4 1,08 1,44

5 1,1 1,42

pe3ysbTaThl U3MEPEHMSI MapaMeTpa B 3aBUCUMOCTH
oT Koa(hhUIMeHTa KWHEMaTUIeCKOTO HATSDKEHHS (.
W3 tabauiibl BUAHO, YTO C YBEJIMYEHUEM KO3~
ulIMeHTa KNHEMaTUYECKOTO HATSKeHUST ITapaMeTp
s/ Syep YMCHBIITACTCS. HavMeHbllee 3HaYCHNE
napamerpas, /S, =1,42 monyyeno npu o =1,1.
Takas BeTMYMHA KUHEMATUYECKOTO HATSKEHUS Ha
CIIII-1 no3BoJisgeT yBeAUUUTh KOI(POUIIMEHT BbI-
TsKKU 10 A = 2,40. [1pu 3TOM NpeBbILLIEHUS] KPU-
TUYECKOro 3HaueHus mapamerpa (S, /S, ) He
MPOUCXOAUT (SM/SBCPM=1,73 npu A =2,40).

3akioyenne

B xozne uccnenoBaHusi yCTaHOBJIEHO, UTO MPU-
JaHVe TJIb3€ C IOMOIIBIO 3MKEePHBIX BAJIKOB OBaJIb-
Hoii ¢popMmbl iepes mpokaTkoii B CITIT-1 rmo3BoJis-
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€T YMEHBIIUTh PAa3HOCTEHHOCTh YEPHOBOI TPYOHI.
Kpome Toro, npu MakcumaabHO BO3MOXKHOM KO-
¢uumreHTe KuHeMaTudeckoM HatskeHuu Ha CITII-
1, paBHOM = 1,1, ygaeTcs CylecTBeHHO YMEHb-
IIUTh YTOJLIEHUE CTEHOK TPYObl B BBIMyCKax
Kanuopa U TeM caMbIM CHU3UTb BEPOSITHOCTb 00-
pa3oBaHus AedeKTa «puUcKa» MPU MOBBIIIEHHbIX
Koa(ddueHTax BhITSKKY. KOMIbIOTEpHOE MOJIE-
JMpoBaHMe Ipolecca mpokatku Tpyo B CIIII-1 mo-
3BOJIMJIO YCTAHOBUTD, YTO KOA(PMUIIMEHT BBITSKKA
MOXeT ObITh yBeJmdeH ¢ 1,5 no 2,4. IloBeineHue
K03 dULIMeHTa BBITSKKY MPU pacKaTke MO3BOJIUT
npousBoauth Ha TITA-140 ToHKOCTEHHBIE TPYO C
oTHoleHueM D/S>33, a Takke TOBBICUTh TOUHOCTh
pa3MepoB I'MJIb3 OJ1arogaps CHUXKEHIIO KO3 duim-
€HTa BBITSIKKU TTPU MPOLINBKE.
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KOATYNAUnUsA KAPBUAHbIX ®A3 B CTPYKTYPE CTAJIN 0912CA-A

NPU OTNYCKE CBAPHbIX COEAUHEHUNA
O NOBbIWEHUA XTALOCTOUKOCTHU

V.l. Gorynin, M.I. Olenin

COAGULATION OF CARBIDE PHASES IN THE STEEL
STRUCTURE 09G2SA-A LEAVE IN WELDS TO ENHANCE
COLD RESISTANCE

HccnenoBaHbl CTpYKTYypHbIE U3MEHEHMS KapOUIHOM (ha3bl B cBapHbIX coenrHeHusIX u3 ctanu 091 2CA-A
MPU pa3IUYHbBIX PeXUMaxX TepMUUecKoii 00padoTku. [TokazaHo, yTo Koarysirs KapouaHoi ha3bl B
CTPYKTYpE CTaJIM TI03BOJISIET MOJYUYUTh BHICOKHME 3HAYEHUsT COTTPOTUBIIEHUSI XPYTTKOMY pa3pylIeHUIO
CBapHBIX coennHeHui npu temnepatype MuHyc 40°C. Ha ocHOBaHUM TOJYyYEHHBIX PE3yJbTaTOB
SKCTMEPUMEHTOB 1 MX aHAIM3a ONTUMU3UPOBAH PEKUM TOCAECBAPOYHOTO OTITYCKA KOHTEHHEPOB IS
0TpabOoTaBIIETO sIIepHOTO TOTIMBa. CpaBHUTEIbHbBIC UCTIBITAHUS YIApPHBIX 00pa31ioB, 00paboTaHHBIX
IO IITaTHOM M HOBOW TEXHOJIOTUSIM, TIOKA3aJI1, YTO HOBAsl TEXHOJIOTHSI TTO3BOJISIET B 2—3 pa3a MOBbI-
CHUTb 3HAYEHMSI YIAPHOI BI3KOCTHU CBapHBIX coenrmHeHnit n3 ctanmu 092CA-A.

KOHCTPYKIIMOHHBIE CTAJIU; MUKPOCTPYKTYPA; TEPMUYECKAS OBPABOTKA; XJIAIOCTOMKOCTD;
KAPBUHDBIE MA3bI.

Structural changes of a carbide phase in welded connections from steel 09G2SA-A at various modes of
heat treatment are investigated. It is shown that coagulation of a carbide phase in structure of steel allows
to receive high values of resistance to fragile destruction of welded connections at a temperature minus
40 °C. On the basis of the received results of experiments and their analysis the mode of postwelding
tempering of containers for spent nuclear fuel is optimized. Comparative tests of the samples processed
on regular and new technologies showed that the new technology allows to increase by 2-3 times values
of impact strength of welded connections from steel 09G2SA-A.

STRUCTURAL STEELS; MICROSTRUCTURE; HEAT TREATMENT, COLD RESISTANCE; CARBIDE PHASES.

BBenenue

®eppuro-niepautHas ctaib 091 2CA-A mmpoko
TIPUMEHSIETCS JJTST U3TOTOBJICHUST KOHTEHEPOB, 1C-
TIOJIb3yEMBIX JUISI TIEPEBO3KU U XpaHEHUsT OTpado-
taBiero sinepHoro Torivea (OAT) [1]. TTockoabky
koHTeliHepbl OAT MoOryT 3KCIIyaTupoBaThCs MpU
OTpHUIIATETbHBIX TEeMITepaTypax, BasXKHBIM TeXHUYE-
CKUM TpeOOBaHUEM, TIPEIbSIBISIEMBIM K OCHOBHOMY
MeTaJlTy M MeTaJIJTy CBApHBIX COEIMHEHU, SIBISIET-
cs obecreyeHre BbICOKOTO COTIPOTUBAECHMS XPYII-
KOMY pa3pylieHuIo mpu temieparype 1o —50 °C.

Heobxonumast xJ1a10CTOMKOCTh OCHOBHOI'O M€-
Tajlj1a KOHTeiHepoB — ctayiu MapKu 091 2CA-A—no-
cruraercsioyiaronapsl CrieliiaJbHOM TEXHOJIOT Y Bbl-
MJaBKU W WU3TOTOBJEHUS TMoaydadpuKaToB
(TTOKOBKM TOIIIIMHOM 10 350 MM M JIMCTOBOIA ITPOKAT
toaumHoi 10—80 mm). TexHo0THS BKJTIOYAET ITy-
OOKYI0 OUMCTKY MeTallJla OT BpeAHbIX MPUMECEN,
OorpaHUYEeHMe IO COACPXKAHUIO YIIIepoaa B MeTajljie
(mo 0,1 % macc.) n azoty (o 0,01 % macc.), Mmonu-
¢umpoBaHue CTaau U MPUMEHEHUE CITelaJbHbIX
PEKMMOB KOBKM 1 TEPMHUYECKOM 00padoTKu [2].
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OCHOBHBIM CUJIOBBIM 3JIEMEHTOM KOHTEIHHEPOB
SIBJISICTCSI CBAPHOE COEAMHEHUE MEXKITY KOMUHKCOM
(TmoxoBKa) 1 00evaliKoi (JimcToBoii rpokar). Eciu
yIapHasi BI3KOCTb 30Hbl TEPMUUYECKOTO BIUSIHUSI
(3TB) cBapHBIX COEAMHEHMUI CO CTOPOHBI INCTOBO-
ro npokara ToaimHoi 25 mm u3 ctanu 09I 2CA-A
00ecIeYnBaeTCs ¢ JOCTaTOYHBIM 3amacoM, To B 3TB
CBapHBIX COCAMHEHUI CO CTOPOHBI MTOKOBKH, UMe-
IOl cedeHre oA TEPMUUECKYI0 00paboTKy 10
350 MM, HAOIIOIAaEeTCS HECTAOMJILHOCTD 3HAYEHUI
yIApHO1 BA3KOCTU TP OTPULIATEIBHBIX TEMITEepa-
Typax.

JJ1s1 CHITUSI OCTATOYHBIX CBAPOUYHBIX HATIPSIKE -
HUIi ¥ TOBbIIeHUST xJ1agocTorikoctu 3TB cBapHoro
coennHeHMs1 KoHTeitHepa u3 ctanu 0912CA-A He-
00X0IMMO MPOBOAUTH TEPMUYECKYIO 00pabOTKY —
MOCJIECBAPOUHBII OTITYCK ITpu TemItepatype 650 °C.
OaHaKo Takoil pexkM He o0ecIieunBaeT HaJleXKHO-
ro TOJIY4YEHNST HeOOXOAUMOIO YPOBHS XJIaJOCTOM -
koctu ctanu 091 2CA-A. B cBsI31 ¢ 3TUM 11€]1€C000-
pa3HO KCCIEeI0BATh BO3MOXHOCTb ITPUMEHEHUS
creuralbHbBIX PEXKMMOB TEPMUUYECKON 00pabOTKH,
OCHOBAHHBIX Ha KOHLEMIIUY KOATYJISIIUN KapOuI-
HbIX (pa3 B cTanu [3—10].

Llenb paboThl — ONTUMM3ALUS PEXUMA TTOCTIe-
CBAapOYHOTO OTIIYCKA CBAPHOI'O COCAMHEHUS IS
obecrieueHUsI TpeOyeMOoil XJTaJ0CTONKOCTI MeTajlIa
30HBI TEPMUYECKOTO BJIUSIHUSI CO CTOPOHBI MTOKOB-
ku u3 cranu 09I2CA-A.

Marepuas 1 METOAMKA UCCJIEA0BAHMIA

B pabote ncnoab3o0Baiu MOKOBKU 1 JIMCTOBO
npokart u3 ctanu Mapku 091 2CA-A, Mmoaubuupo-
BaHHOI BaHaIIeM MJIM BaHaIueM C HIOOWEM.

WccnenoBaHue BAUSIHUS PEXMMOB MOCJeCBa-
POYHOTO OTITyCKa Ha xjianocToiikocth 3TB nposo-
JUJIA Ha KOHTPOJbHBIX CBAPHBIX COCAMHEHMUSIX
(KCC), BpIpe3aHHBIX M3 MHOKOBOK TOJIIMHON
350 MM, MexaHUYECKHU 0OpaOdOTaHHBIX A0 TOJIIUHbI
25 MM, 1 U3 IMCTOBOTIO IIpOKaTa TOJIIIMHON 25 MM.
CBapHoe coeAMHEeHNE BHITTOJIHSIIA aBTOMaTUYEeCKOM
JIyroBOM cBapkoi mox ¢uocom Mapku DLI-16A
CBapOYHOI MMPoBOJIOKOI Mapok CB-10I'HA (@ 4 Mmm)
u CB-08I'C (@ 3 mm).

Tepmuyeckyro 006pabOTKy CBapHBIX ITPOO IMPOBO-
Jn B antekTpudeckoii meut CH3 6.12.4/10M1. Us-
MEPEHUE U PETYJIMPOBKY TEMIIEPATyPhl OCYIIECTRISLTU
noreHrmoMeTpoM PMT 49/1/1 ¢ Tounoctsio + 1 °C.

MexaHnuyecKre CBOKCTBA CBAPHBIX COSTMHEHU I
omnpeaesii 10 CTaHIapTHBIM MeToauKam [11].
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MukpotBeproctb omnpeaenstiin mo F'OCT 9450 Ha
mukporBepaoMepe AFFRIDM-8 npu Harpyske
100 rc. M3roroBieHne u UCIBITAaHKE 00pa3I0B Ha
YIapHYIO BSI3KOCTh ¢ OCTPbIM Hajape3om (tuil 1X)
ocymectisin o FOCT 6996.

HccnegoBaHre MUKPOCTPYKTYPHI BHITTOJHSIIN
Ha mirdax, U3roTOBJICHHBIX U3 IMOJIOBUHOK MC-
MBITAHHBIX YAAPHBIX 00Pa3l0B CBAPHBIX COCIUHE-
HUii. MI3roToBlieHrEe U TpaBlieHHMEe MUKPOLLIU(HOB
MPOBOAWIU Ha obopynoBaHuu ¢hupMbl ATM B co-
orBetcTBUHU ¢ PII 5.9555-74 «MeTajibl U CIJIaBHI.
M3roToBieHue u TpaBjieHUE MeTaIorpaduuecKux
11 oB» . MUKPOCTPYKTYPY BBISBIISUIA XUMUIECKIM
TpaBJieHreM UTH(OB B TeueHne 2—3 ¢ B4 %-M crivp-
TOBOM PacTBOPE a30THOI KMCIOTHL. MeTtajuiorpa-
(bnyeckue vccaemoBaHUS BBITIOJHSIIU C UCIIOJIb30-
BaHMEM CBETOBOTO MeTaiorpauueckoro
MuKpockona «AxioObserver». KauecTBeHHBI aHAIN3
CTPYKTYPHO-()A30BOT0 COCTOSTHUS UCCIIEAYEMBIX Ma-
TEpPUAJIOB 3aKJIIOUaJICs B BBISIBIEHUU U OLICHKE OC-
HOBHBIX CTPYKTYPHBIX COCTABIISIIOIIMX METOZAMU
ONTUYECKOIi MeTatorpauu, a TAKKe B BbISIBJICHUU
¥ KjaccuuKay XapaKTepHBIX 3JIEMEHTOB CTPYK-
TYPHBIX COCTaBISIIOLIMX. J1J1s1 KOTMUeCTBEHHOI aTTe-
CTAllUM CTPYKTYPHO-(Aa30BOrO COCTOSIHUST UCIIOJIb-
30Baju MeTaJjdorpauuecKuii KOMILJIEKC,
OCHalleHHbI mnporpammoit «Image Expert
Professional 3.0». MccinenoBaHne MUKPOCTPYKTYPbI
npoBoauu Ipu yBeaumdeHuu X 1000.

Pe3ynbrarbl 9KCiepMMEHTANBHBIX HCCJIeI0BAHMIA

DKcIepuMeHTaIbHOE OTIPeAeICHIE XIad0CTOM -
KOoCTH J11cTOBOrO nnpokara u3 ctanu 09I 2CA-A BbI-
SIBUJIO BBICOKME 3HAUYCHMS YIapHON BSI3KOCTHU
(KCV-= 276—375 JIxx/cm?). Tlocie cBapkK 3Ha-
YEHUS yIapHOi BI3KOCTH 30HBI TEPMUIECKOTO BIIH-
SIHUSI CO CTOPOHBI JIMCTOBOTO ITpOKaTa HECKOJIbKO
CHUXKAIOTCSI, OCTaBasiCh Ha JOCTATOYHO BBHICOKOM
ypoBHe (KCV-=215-268 /Ixx/cm?). [TocnecBapod-
HbII oTycK rpu Temieparype 650+10 °C npakrtu-
YeCKM He M3MEHWI 3HauYeHUs YIapHOU BSI3KOCTHU
kak B 3TB cBapHOro coenHeHus, Tak 1 BOCHOBHOM
Metasure (KCV-0=242-367 JIxx/cm?).

Bricokue 3HaUeHUS yaapHOI BI3KOCTH JIUCTO-
Boro npokata u 3TB cBapHbIX cOeIMHEHUI1 CO CTO-
POHBI JINCTOBOTO ITPOKaTa O0YCIOBICHBI MEJTKO3eP-
HUCTON paBHOMEPHOI CTpyKTypoii. Pasamep 3epHa
meTasuia B 3TB cBapHOro coemmHeHUsI CO CTOPOHBI
JIMCTOBOTO TpokKaTa cocTapisul 9—11 GannoB 1o
T'OCT 5639. YnapHasi BSI3KOCTb 00pa310B 13 OCHOB-
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HOTO METaJuIa CO CTOPOHBI MOKOBOK cTam 091 2CA-A
MpU cepTU(GUKATHBIX UCTTBITAHUSIX UMEET A0CTATOU-
Ho BeIcokue 3HaueHUs (KCV-"= 184-375 JIxx/cm?)
npu pasmepe 3epHa 7—8 GanoB. OgHaKO Tociie
CBapKU yIapHasi BA3KOCTb 30HBI TEPMUUECKOTO BT~
SIHUSI CO CTOPOHbI MMOKOBKU PE3KO CHUXKaeTcsi. B
psame ciydaeB Ha ydyactkax 3TB Ha paccrossHum
1,5-2 MM 1 6—8 MM OT TMHUY CITJIaBJIEHUS 3HaYe-
aust KCV- cocrasnstior menee 29,4 JIx/cm?. Tak,
a1 3TB cBapHOTO coennHeHMs Ha ydacTke 1,5—
2 MM OT JIMHUM CIUIaBJICHUS B TIOKOBKY yAapHasi
BSI3KOCTB coctaBmia KCV-'=7,0—42,5 [Ix/cM?, a
Ha PacCTOSTHUM 6—8 MM OT JINHWU CIUIABJICHUSI B
mokoBKy KCV-0= 12,0—45,0 [Ixx/cM?.

7151 CHUDKEeHUS CBapOYHbBIX HATIPSIKEHUI cBap-
Hble coeanHeHus u3 craau 09I2CA-A HaubGoiee
YacTO MOABEPraloTCsI MOCAECBAPOYHOMY OTITYCKY
[12, 13].

OnTuMU3anusa pexkuMa TepMUYECKoii 00padoTKH
CBapHBIX coenuHenuii U3 ctaam Mmapku 09I2CA-A

Vnapnyio Bsi3kocth Metaiia 3TB cBapHBIX co-
ennHeHnit cranu 09I2CA-A onpenensid mocie
CTaHIAPTHOTO peXkMMa ITOCJIECBAPOYHOTO OTITyCKa:
3arpyska B neub npu temrieparype 300 °C, HarpeB
1o remmneparypsi 650 °C co ckopoctbio 30—50 °C/y,
BBIZEpKKa mpu TeMriepatype 650+10 °C B TeueHUE
8 U ¢ mocnenyronmM OXJIaXkIeHUEM B TICUN OT TEM-
nepatypsl 650 °C mo 300 °C co ckopocthio 30—
50 °C/4 u manee Ha BO3ayXxe.

DTa TeXHOJIOTUsI MO3BOJINJIA TTOBBICUTh 3HAYE-
HUsg yaapHoii Bsiskoctu 3TB Ha paccrosHun
1,5-2 MM OT JMHUM CIUIaBJIE€HUS B TOKOBKY
(KCV-'=83-123 JI:x/cm?). B T0 )Xe Bpemst yaapHast
BSI3KOCTb 00PAa31IoB, HaApe3 KOTOPbIX ObLIT pacro-
JIOKEH Ha pacCTOSIHUM 6—8 MM OT JIMHUU CILIaBIIe-
HUSI B TOKOBKY, MMeJla MOHUXEHHbIE 3HAUCHUS
KCV-(12—61 Ix/cm?). B cBs13u ¢ Hanbotee HA3-
KMMU 3HAUCHUSIMU YIapHOI BSI3KOCTU 00pa3lioB C
Haape3oM Ha paccTosTHUM 1,5—2 1 6—8 MM OT TMHUU
CIUIaBJIEHUSI B TIOKOBKY 0c000€ BHUMaHME ObLIO
yIEJIeHO ONTUMU3AIMY PeXruMa ITOCIeCBAPOTHOTO
OTITyCKA.

B pa6ote [14] moka3zano, yto B 3TB cBapHOro
COEIMHEHMS Ha yyacTKe 6—8 MM Mpeob1agaroT 1Ba
(akTopa, IpUBOIIIIE K OXPYITUMBAHUIO CTAJIH:
BOHOPOAHBINA [15] M oxpynmurMBaHue, BbI3BAHHOE
MpoIIeCcCaMt MPEABBIACICHUS U BBIACICHUS KapOu-
JIOB IIeMeHTUTHOTO THTa [16, 17]. 1 CHIDKEHUS
OXPYITYMBAIOIIETO BIUSHUS, CBSI3aHHOTO C BOIIO-

POTHBIMU TTPOIIeCCaMU, OBIIO IIPEIIOKEHO CHU3UTD
CKOPOCTb Harpena u oxJaxaeHUs Ha yyacTke ¢io-
keHooOpazoBaHus (mHTepBaa 100—250°C), a Takke
YBEJIMUUTH CKOPOCTh OXJIAXKIEHUST Ha CTauu Mpe-
BBIJICJICHUST U BBIIETICHUST MEJIKUX KapOMIOB IIeMeH-
tuTHOrO Tuna (uHTepBan 350—250 °C). DTta KOH-
Ienmusa OblJa MCITOJNb30BaHa TpPU pa3padboTKe
pexuma I0CJeCBapOYHOTo OTIycKa CTalu
09I2CA-A.

7151 KOPPEeKTHOM OLICHKU BIMSIHUS PEKUMOB
TepMUUeCKOoii 00paboTKM Ha xj1amocToiikocts 3TB
CBapHbIX COEAMHEHNI M OCHOBHOTO MeTaJlja Npo-
BOIWJIN CTAaTUCTUICCKYIO 00pabOTKY pe3yIBTaTOB
WUCTIBITAHUI 00pa3loB, Beipe3aHHbIX U3 3TB u oc-
HOBHOTO MeTallla TIPOM3BOACTBEHHBIX KOHTPOJIb-
Hbix cBapHbIx coenuHeHuit (ITKCC). Pesynbrarbl
HMCTIBITAHUI TTOKA3aJId, YTO TIpeTaraeMbIil PeKiM
MocjecBapoyHoro otiycka [18] mo3BonsieT B 3—4
pasa MOBBICUTh MUHUMAJIBHBIC 3HAYCHUSI yIapHOI
BSI3KOCTH MO CPaBHEHUIO C TPAAULIMOHHBIM PEXU-
MOM. Pexxum mociiecBapoIHOTO OTITycKa BHEAPEH
Ha BocbMM 3aBogax PP (mareHT PD Neo 2299252).

CrnemyeT, OMHaKO, OTMETUTh, YTO MUHUMAaJIbHBIE
3HAYCHUSI YIAPHOIA BA3KOCTH 00Pa3LioB, BbIPE3aHHbIX
n3 3TB cBapHBIX coefMHEHNI U TepMOOOPaOOTaH-
HBIX 10 9TOMY PEXKUMY, HE3HAUUTEIbHO MPEBBILIATI
BeamunHy 40 JIxx/cm?. [losTomy maabHeENIIne nc-
cenoBaHus ObLUTM HampaBieHbl Ha Pa3paboTKy pe-
JKMa, 00eCTIeYNBAIOIIEr0 3HAYNTEIEHOE TTOBBIIIIE-
HUE XJIATOCTOMKOCTU 30HbI TEPMUYECKOTO BIUSIHUS
CBapHBIX coeanHeHnit. B paborax [3—5, 19—20] mo-
Ka3aHo, UTO MOBbILIEHNE 3HAYSHW I yIapHOI BS3KO-
CTH CTaJIeil TIepJIMTHOTO U MAPTEHCUTHOTO KJIACCOB
MOXeT ObITb JOCTUTHYTO 32 CUET KOaryJsiluu Kap-
OMIOB IIEMEHTUTHOTO THTA. B CBS3M ¢ 3TUM OBLITO
BBICKA3aHO MPEANOI0KeH e, YTO MOBbILIEHNE XJIa-
TIOCTOMKOCTH MOKET OBITh JOCTUTHYTO TAKKE U ST
CBapHbIX COEIMHEHUI cTayell IepIMTHOrO Kilacca.
151 TIOATBEPKACHUST 3TOM KOHIICTIIINU OBIIN TTPO-
BeIeHbI UCCACIOBAHUS 110 BIUSIHUIO CTAPEHUS TIPU
temrepatype 450 °C Ha ygapHYyI0 BI3KOCTh CBAPHBIX
coenuHenuit uz ctaau 091 2CA-A, npolieaimx mo-
CJIeCBapOYHBIN OTITYCK.

B pesysnbrate pazpaboTaHbl BapuaHThI MOCIe-
cBapoyHoro otmycka (ILII3H), B koTopbix cTapeHue
TIPOBOIUTCS 110 TPEM peXXUMaM: Mepea CBapKoi 1
mepe IT0CIeCBApOYHBIM OTITYCKOM (pexXuM 1) , mo-
CcJie CBapKU Iepen IMocaecBapOYHbIM OTITYCKOM (pe-
SKMM 2) ¥ KOTa TIOCJIe CBAPKH PEKUM JOTIOTHUTEITb-
HOTO CTapeHUsI COBMEIIEH C IMOCIECBAPOYHBIM
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Puc. 1. PexxuMbl TepMuuecKoii 00pabOTKHU ¢ pa3IMYHON KOMOMHAIIMEH ITOCIeCBapOYHOIO OTITyCKa 1
CTApeHUs: a — cTapeHue 1 cBapka + rmocyecBapounslii otiryck (LLI3H); 6 — cBapka u ctapeHue +
rociecBapounblii oTiTyck (I1II3H); 6 — cBapka u crapeHue, COBMEIIICHHOE C TIOC/IeCBapOUHbIM oTiryckoM (I1I3H)
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pexXuM ¢ 450 °C + crapeHue II3H co
3aMeJIeH- cBapka + 450 °C + CTyIEHb-
HBIM HI3H HI3H KO rmpu
HarpeBoM 450 °C
(LLI3H)

Puc. 2. BnusiHue pa3nnyHbIX pexKUMOB TociaecBapouHoro otmycka (III3H) co crapenunem
npu temreparype 450 °C 1 BeIOepKKOI 5 4 Ha XJIAZOCTOMKOCTh Y4ACTKOB 30HBI TEPMUYIE-
ckoro BiausiHust [TIKCC Ne 15 OAO «ITO «CeBmalii»» (110 UCTIBITAHUSIM B KaXKIOM PEXUME
Tpex 00pa3iioB, BEIPE3aHHBIX M3 Pa3TMYHbIX 30H CBAPHOTO COSTMHEHUSIM OCHOBHOTO METaJlIa)
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oTirycKoMm (pexxum 3). [paduku pexXxuMoB TEpMUIE-
CKOIf 00paboTKHU MpeacTaBlieHbl Ha puc. 1.

PesynbraThl 3HAUCHUI yIapHO BSI3KOCTHU IO
y4acTKaM 30HbI TEPMUUECKOTO BIUSHUSI CBapHBIX
coequHeHmnil [IKCC Ne 15 OAO «ITO «CeBmar»»
MpeacTaBIeHbl Ha puc. 2.

Kax BuaHO Ha puc. 2, COBMEIIEHHBINA PEXXUM
CcTapeHUsI C TTOCECBAPOYHBIM OTITYCKOM (pexXXuM 3)
MO3BOJISIET IOJIYYUTh HAa0OOJIee BEICOKME 3HAYCHMS
yaapHoii Bsi3kocTu yuacTkoB 3TB cBapHoro coeau-
HeHud. [1py 3TOM 3HaYeHUST YOAPHOM BSI3KOCTU
MeTaJula LIBa 0 1 ITOCJIe MOCIeCBapOYHOI0 OTITYCKA
WICHTUYHBL. B CBS3M ¢ 3TUM maibHeIme uccue-
JIOBaHUSI OBLIM HaMpaBJIeHbl HA U3YYCHHUE PEXMMa
IOCJIECBAPOYHOTO OTITYCKAa, COBMEILIEHHOTO CO CTa-
peHueM (pexum 3).

BimsiHue cTapeHns HA MUKPOTBEPAOCTh
3TB cBapHbIX coeTUHEHMIt

st oueHky BausiHUS crapeHus Ha 3TB cBap-
Horo coearHeHus u3 ctanu 0912CA-A uzmepsiau
MMKPOTBEPIOCTH 10 1 TTOCTIE TTOCIECBAPOTHOTO OT-
mycka co cryneHbkoit 450 °C, BbIIOJHEHHOTO IO
pexumy 3 (puc. 3).

Kak BUIHO Ha puc. 3, MocjiecBapOUYHbI OTITYCK
¢ BbIAEPKKOM 5 4 ripu Temnepatype 450 °C Ha ctaguu
HarpeBa CocOOCTBYeT CHUKEHUIO MUKOB MUKPO-
tBepnoctu 3TB cBapHOro coeamHeHMs KakK Ha
y4yacTKe HopMaiauzaiuu (1,5—2 MM OT JIMHUM CTLIaB-
JIEHWsSI B OCHOBHOM MeTaJl1 TIOKOBKM), TaK U Ha
y4yacTKe TepMoae(GopMallMOHHOIO CTapeHMUs

MUKpPOTBEPAOCTb

(6—8 MM OT TMHUM CTIABJICHYSI B OCHOBHOM MeTaJIT
TOKOBKH). YMeHbILIEHUe pa3dpoca ITUX 3HAUYCHUIA
Kak Ha pacctostHuu 1,5—2 mM 1 6—8 MM 3TB cBap-
HOTO COeIMHEeHUSI, TAaK M HA OCHOBHOM METaJLIE TOJIK-
HO TTOJIOKUTETLHO BIIMSTh Ha XJIAIOCTONKOCTh CBap-
HOT'O COeIMHEHUSI.

HUccnenoBanue cocrosinus kapouanoii gasni 3TB
CBapHOro coeJMHEeHHs TM0cJIe M0CJeCBAPOYHOro
OTIYCKA COBMEIEHHOTO CO CTApeHnueM

Hnst ompenenaeHUs] BIUSIHUSI CTapeHUsT MpPU
450 °C Ha pa3Mep U paclipelejieHUe B CTPYKType
ctayim KapouaHbeIx ¢a3 3TB cBapHOro coeaHeHUs
BBIMOJIHEHBI METAJLIOrpahuuecKue uccieaoBaHus.
CpaBHMBaJIM OTHOCUTEbHBIN BKJIaa KapOuaoB y
o6pasiioB u3 3TB cBapHoro coeauHeHusi 6e3 Mo-
CJIECBApOYHOTO OTIYCKA IO PEXKUMY 2, a TAKKE 10~
cJie TTIOCJeCBapOYHOI0 OTMYCKA, COBMEIIEHHOTO CO
crapeHueM 1o pexumy 3. MccienoBaHue poBO-
nmunu Ha [TKCC Ne 15 TTO «Cesmartn» (puc. 4).

Pe3ynbTaThl OLICHKU paclpeaeaeHus Kapoui-
HBIX (a3 B CTPYKType CTaJIU IIPEACTaBICHbBI Ha puc. 4
n 5. BugHo, yto Ha y9actkax 2 u 6 mm 3TB cBapHO-
ro COEAMHEHMS] CTapEHUE 3aMETHO CHUXKAET KOJIU-
yecTBO KaponaoB pazMepoM 0,5—2 MKM 1 yBEJTNYM -
BaeT KOJMYECTBO KapOUIOB pa3MepoM 3,5—5 MKM
(10 CpaBHEHUIO CO IITATHBIM TOCJECBAPOYHBIM
OTIYCKOM). DTO CBUIETEIbCTBYET O IIPOTEKAHUU
MPOLIECCOB KOATYISILIMU KapOUIHOH (ha3bl B CTPYK-
Type CTaIu IIpA TEPMUIECKOM 00pabOoTKe, YTO JOJIK-
HO OKa3bIBaTh MOJOXUTEIbHOE BIUSIHAE HA BEJIU-

HV, xkr/mm? J i
— JInHMA CNAaBNEHN
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/ Pexum 3 ;

150

100

50

0]

11 Paccrosinue
OT INHUU
cruiaBie-
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Puc. 3. 3aBucMMOCTh MUKPOTBEPIOCTU CTAJIM OT PACCTOSIHMS OT IMHUU CIUIaBAEHUsI IJisi 00pa3lioB
CBApHOIO COENMHEHMS: [ — 10 TepMOOOPadOTKH; 2 — MOCJIE MOCIECBAPOYHOTO OTITyCKa
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Jonst mowanu,
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Puc. 4. Pacnipenenenue KapouaHo ha3bl B CTPYKTYPE CTaJIX HA y4acT-

ke 3TB cBapHOTo coeMHEeHUsT Ha PACCTOSIHUM 2 MM OT JIMHUM CILJIaB-

JIEHUs B MIOKOBKY: I — JI0 TepMOOOPabOTKH; 2 — MOCJIe TOCIeCBAPOUHOTO

OTITyCKa TI0 pexkuMy 2; 3 — MOciie TOCIeCBapOYHOTO OTIYCKA PYXUMY 2 C
BBIICPKKOI mipu Harpese pu ¢ = 450 °C

Jonst rutonianu,
3aHMMaeMast
Kapbuzamu, %

20

0,4

Pa3zmep
KapOMa10B, MKM

0,6 0,8

Puc. 5. Pacnipenenenue kapounHoit asel Ha yuactke 3TB cBapHoro coemnu-
HEHMsI Ha PACCTOSTHUM 6 MM OT JIMHUU CITIaBJICHUS B IIOKOBKY: / — 110
TepMOOOPabOTKU; 2 — MOCIe MOCAECBAPOUYHOTO OTITYCKA MO IITATHOMY PEXUMY;
3 — mocJie MocaecBapovyHOro OTITYCKa C BBIICPXKKOW B TEYEHUE 5 4acoB NpU
450 °C Ha cTaguu Harpesa

ynHy yaapHoi Bsa3koctu 3TB cBapHoro coennHeHust
cTaju.

Hapsiny ¢ uccnenoBanuem pacnpeaeseHus Kap-
ounHbIX a3 B crpykType 3TB cBapHOro coemMHeHMS
Ha yJyacTKax 2 1 6 MM, U3yJajii pacrpeeieHue Kap-
OuHON (ha3bl B CTPYKTYpe OCHOBHOTO MeTajljia Io-
KOBKU. Pe3ynibraThl Uccae10BaHus MPeiCTaBIeHbl Ha
puc. 6.

PesysbraTel nccienoBaHuii (puc. 6) MO3BOJISIOT
cenaTh 3aKJII0YeHUE, UYTO COBMEILIEHUE TeMIepa-
TYPHO-BPEMEHHOTO peXXrMa CTapeHMUsI C MocjiecBa-

POYHBIM OTITYCKOM CITOCOOCTBYET CHUXKEHMIO BbI-
nejeHus: kapouaoB pasmepom 0,5—2 MKM U B
OCHOBHOM Me€TaJljI€ TOKOBKM, UTO COOTBETCTBEHHO
JIOJIKHO TIPUBOAUTD K MOBBILLIEHUIO XJ1aJ0CTOMKO-
CTU CBAPHOT'O COEIMHEHUS.

Ha ocHoBaHuU aHa/iu3a MOJyYeHHBIX Pe3yJib-
TaTOB MPEJI0XKEH PEXUM MOCIECBAPOUYHOTO OTIY-
cKa Il CBapHbIX coeMHEeHN KoHTeliHepa BTYK-
8M ¢ oTpaboTaBIIMM SIAEPHBIM TOILJIMBOM.
Konrelinep nsrorosieH 3A0 «DHEProTekc» U3 rno-
KOBOK ToamuHoi 380 MM M3 cTaau MapKu
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Jost rutoniany,

3aHUMaeMast
Kapbunamu, %
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0 0,2 0,4
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0,6 0,8 kap6uuos, Mkm

Puc. 6. Pacnipenenenue kapOouaHoii pa3bl B CTPYKTYpe OCHOBHOIO METaJlIa:

1 — 110 TepMO0OOPaGOTKH; 2 — TIOCIIE TIOCIECBAPOYHOTO OTIYCKA MO ITaTHOMY

pexumMy; 3 — MocJie MOoCAeCBapOUHOTO OTITYCKA C BBIIEPKKOIA B TEUEHUE 5 YaCOB
npu 450 °C Ha cTamum HarpeBa

09I2CA-A. MecTHYI0O TepMUYECKYI0 00pPabOTKY
ITIKCC u cBapHBIX COeIMHEHUI KOHTeHEpa Mpo-
BOJIMJIU IO PEXXKUMY 3 CO CTYTIEHbKOM MpU TemIiepa-
Type 450 °C ¢ BIIEpKKOi1 S5 4.

ITocne Tepmuyeckoit oOpabOTKM AJjIs1 aHaAIMU3a
CBOICTB Mo Ii1youHe cBapHoe coenuHeHue [TKCC
koHteliHepa BTYK-8M paspesanu Ha 9 uvacteii. U3
KaXXIOI 9acTh CBapHOTO COCTWHEHUSI M3TOTaBIIM-
BaJIi 00pa3LIbl JJIs1 ONpeesieHuUs yIapHOI BI3KOCTU
W UCTIBITAHWI HA CTaTUYECKOE pacTsikeHue. Pesyiib-
TaThl UCTIBITAHUI TTOKA3aIu, YTO MECTHasl TePMU-
yeckas oopadorka ITKCC mist konreiinepa BTYK-
8M, BKIIOUAlONIAsl MOCIECBAPOYHBINA OTIIYCK CO
cryrneHbKoit npu Temneparype 450 °C, mo3Boauiia
ITOJIYIUTHh BBICOKME 3HAYECHUS COIPOTUBICHUS
XPYITIKOMY pa3pyIIeHUIO CBAPHBIX COSIMHEHH TTPU
temnepatype muHyc 40 °C. Tak, MUHUMAaJIbHOE 3Ha-
yenue 3TB cBapHoro coenunenus [IKCC KCV-#
cocraBuio 245 JIx/cm?, a 70 % vcnbITaHHBIX 00-
pasuoB [TKCC He nonBeprjiich MOJHOMY pa3pyliie-
HUI0. YiapHast BI3KoCTh 3Thx 0opasioB KCV-*+mpe-
BbICHJIA 3HaueHue 367 JIxx/cm>.

AHaJIOTUYHbIE PE3YJIBTaThl ObUTM MOTYYEHbI TPU
nuccienoBaHuu cBapHbix coenrHeHnit [TKCC Ne 59
n 61 KoHTelHepa 1 OTPabOTABIIETO SIIEPHOTO
toruBa TYK-109.
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PesynbraThl KOMITJIEKCHBIX MCCIIENOBAHUI CTPYK-
TYPHBIX U3BMEHEHUI KapOUAHOM (hasbl B pa3IMyHbIX
yuactkax 3TB co cTOpoHBI ITOKOBKY CBApHBIX COSIM -
HeHuit u3 ctanu mapku 0912CA-A npu pa3IMuHbIX
pexXrMax TepMUUYECKON 00pabOTKU MMOKA3alIi, YTO
KOoaryJsiiusl KapoOuaHoU a3kl B CTPYKType CTalu
[TO3BOJISIET ITOJYYUTh BBICOKE 3HAYEHUSI COITPOTUB-
JIEHUSI XpYTTKOMY Pa3pylIeHUIO CBAPHBIX COSTUHEHU
npu Temneparype muHyc 40 °C. MuHuMaabHOe 3Ha-
yeHue yaapHoii Bsiskoct KCV-* o6pas1ioB, BeIpe-
3aHHbIX 13 3TB cBapHoro coemmnenus: [IKCC
BTYK-8M, cocraBuiio 245 [Ix/cm?, ipuuem 70 %
o6pasuos [IKCC He moaBepriiuch MOJTHOMY pa3py-
meHuto. Ha ocHoBaHMM TOJIydEeHHBIX PE3yJIBTATOB
SKCIIEPUMEHTOB U UX aHAJIM3a ONTUMMU3UPOBAH pe-
>KUM MOCJECBAPOYHOTO OTITYCKA KOHTEWHEPOB JIst
OTpabOTaBLIETO sIIePHOrO TOIMBA. CpaBHUTEIbHBIC
ucnblTanus ynapHbix oopasuoB [TKCC Ne 59 u 61
KOHTEIHEPOB JIJIs1 OTPaOOTABIIETO SIAEPHOTO TOILI -
Ba TYK-109, TepMooOpabaHHbIX MO IITATHOI U HO-
BOI TEXHOJIOTMH (C KoaryJisiiuueit KapoumHoii pasbl),
MOKa3aJlk, YTO HOBAsl TEXHOJIOTUSI TTO3BOJISIET B 2—3
pasa MOBBLICUTH 3HAUECHUS YIAPHOM BSI3KOCTH 00-
pasLoB, BeIpe3aHHBIX U3 3TB cBapHbIX COeIMHEHUIA,
MpUYeM MUHUMATbHOE 3HAUEHUE YIAPHOM BI3KOCTU
KCV-cocrapnster 135 [Ix/cm>.
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HOBAA TEXHOJIOTMA NPOU3BOACTBA TUTAHOBbIX OETAJIEM

A.E. Volkov, E.Yu. Raskatov, A.V. Kopeina

A NEW TECHNOLOGY OF PRODUCING TITANIUM PARTS

CHIXeHe Beca BPAIIAIONIXCS U TepeMeIIaroIMXcsl BO3BPATHO-TIOCTYIIATEILHO AeTaleil IBUTraTesst
MO3BOJISIET YBEJIMYUTh MAaKCUMATbHbIE 000OPOTHI U, KaK CJIEICTBUE, TOBBICUTH MOILIHOCTb aBUALIMOHHBIX
¥ aBTOMOOWJIBHBIX IIBUTATEEI, TIPY 3TOM CHU3UTH YACTbHBIN pacXo/ TOTUIMBA, a TAKXKE BPEITHBIX BbI-
neneHuit. [Tpou3BoOACTBO KOHEYHO! MPOAYKIIMK U3 TUTAHA B HACTOsIIEe BpeMsl OYeHb JAOPOTo U
cioxHo. CyIecTByIolas MeToMKa IIpeayCMaTPUBaET BBIITYCK KOBAHBIX TIJTUT, OJIOKOB U CTepKHEN 13
TUTaHa. 3aTeM 3TU 3arOTOBKHU MPOXOJST 00pabOTKY, U U3 HUX MOJYJalOTCs AeTalu HY>KHOI (hOpMBI.
TTpu nanHo# TexHoaoruM oKosio 70 % MaTepuraia rmoramgaeT B OTXOIbI, TTPOU3BOACTBEHHBIN TTpoIiece
TpeOyeT MHOTO BpeMeHU U O0JbIINX dHepro3arpar. HoBast TeXxHOIOTHsSI — IMCKOBOTO JOHHOTO CIMBa
(AAC) — muieHa 3TUX MIHYCOB

MOJEJIMPOBAHUE; TEXHOJIOTUA IMCKOBbBIV JOHHbIN CJTUB»; AMOPOHBIE U HAHOKPUCTAJIU-
YECKHUE PACIUIABDBL; KOMITIO3UIIMOHHLIE MATEPUAJIbI; ®OPMOOBPA3SOBAHUE.

Weight reduction of rotating and moving parts of reciprocating engine can increase the maximum speed
and as a result increase the capacity of aircraft and automobile engines, while reducing fuel consumption
and harmful emissions. Production of the final titanium products is currently very expensive and difficult.
The methodology includes the production of forged plates, blocks and rods made of titanium. Then these
blanks are processed, and obtained details of the necessary form. With this technology, approximately
70% of the material falls into the waste, the manufacturing process requires a lot of time and a lot of
energy. New technology Disk bottom drain does not have these disadvantages.

MODEL-BASED ANALYSIS, TECHNOLOGY “DISK BOTTOM DRAIN SINK”; AMORPHOUS AND

NANOCRYSTALLINE MELTS; COMPOSITE MATERIALS; FORM CREATION

MeToabl TPOM3BOACTBA CIUTKOB U3 TUTAHOBBIX
CILIaBOB JOCTATOYHO XOPOIIO OCBOeHHI [ 1]. OpHUM
U3 HUX SIBJISIETCS MeperiaB MeTajlJla B TIPOMEKYTOU -
HOI €MKOCTU (METOJ «TapHHUCaX—PacXoayeMblii
anekTpona» — ['PD), on obecrieunBaeT BLICOKOE Ka-
YeCTBO MPOAYKIINW, HO HECMOTPS Ha BCE MOJIOXKU -
TeJIbHbIE CTOPOHBI IOBOJILHO IOPOT Y SHEPTOEMOK.
Jlpyroii IMpOKO U3BECTHBIN METO, ISl TPOU3BO/I-
CTBa CJIUTKOB — 9TO BaKyyMHO-IyTOBOI TEperiaB
(BAIT), koTOpBIii 1OCTATOYHO SKOHOMMWYEH, OCO-
OSHHO IIPY MOJYYEHUU CIUTKOB OOJIBIIOro Aua-
meTpa. Ho, HeCMOTpST Ha Bce ero mpeuMyllecTBa,
JajibHeas nepepadboTKa CIMTKOB B FTOTOBYIO ITPO-
IYKIWIO TTPUBOIUT K OOJIBIINM MTOTEPSIM MeTasuia U
9Hepro3aTparam.
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[TosToMy 15T HYK T IIpOM3BOACTBA CO3IaHA TEX-
HoJIOTUSI AucKoBoro aoHHoro causa (JAJ1C) [2],
CcocoOHas1 O0BEAMHUTH B c€0€ OCHOBHBIE ITOJIOXKM -
TeJIbHBIE CTOPOHBI BBILIEIIEPEUNCIACHHBIX TEXHOJIO-
TUiA, TIPA 3TOM 3KOHOMMWYECKHU OoJiee BLITOAHAS, C
0oJiee IUPOKUMU BO3MOKHOCTSIMU U3TOTOBJICHMS
TUTAHOBOM MPOIYKIIMH.

Haubonee OAM3KKUM aHaJIOroM TEXHOJOTUU
AJC saBasieTcs IMPOKO M3BECTHAs TEXHOJIOTHS
I'PD. CpaBHUMBasI NPUHLIMUITAAILHYIO CXEMY YCTPOii-
crBa I'PD u ycrpoiicta JAC, MOXXHO OTMETUTh
OCHOBHbIE KOHCTPYKTUBHO-TEXHOJOTUUYECKUE OT-
JINYMSI 3TUX MPoLieccoB. [IpoMBIIIIEHHbBIE YN TS
ocylecTBieHus cocoda 'PD nmeroT moBopoTHBI
TUTeJIb IUISI CIMBa paciviaBa B popmy. Cxema I'PD
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Puc. 1. O0muii Bua ycTaHOBKM IS pealn3aiiu
TEXHOJIOTMU AMCKOBOTO ToHHOTO ciauBa (I1J1C)

HUCIOJIB3YEeT PacXOMyeMblil JEKTPOJ, B KauecTBE
KOTOPOTO CITY>KUT rapHUCaX OT MPEeAbIayIlei riaB-
KU, KOTOPBI MOJYyYaIOT U3 MPSIMOYTOJbHOTO TUTJIST
3a cuet rmoBoporta ero Ha 90 °. [Tocie Toro, Kak pac-
T1J1aB MOJTy4YeH, 3a CYET MOBOPOTA TUTJISI [IPOMCXOIUT
€ro CJIMB B KPUCTAJIM3ATOP Yepe3 HAIMPaBIISIOILYIO
BOpOHKY. Ha nmepBoii cTaguu 3anoHeHUs1 KpUcTa-
JIU3aTopa B HETO IolaaaeT Hanbojiee HarpeTast op-
1IMs pacrjiaBa. 3aBepllaroniasi Mopuys pacriasa,
c/ivBaeMasi U3 TUIJISl, UMeeT 0oJiee HU3KYIO TeMIIe-
paTypy, TO3TOMY BEPXHSIS YaCTh CJIUTKA JOCTATOYHO
OBICTpPO 3aTBepAeBacT. TeM caMbIM 00Opa3yloTCs
(bpoHTHI KpUCTAIU3ALIMU, HATIPABJIEHHbIE OT Ha-
PY>XHBIX MOBEPXHOCTEU CIUTKA K €ro LIEHTPY; 9TO
MPUBOJUT K TOMY, YTO B MECTE UX CXOXAECHUs 00-
pasyeTrcsi MopucTocTb. MHBIMU ClIOBaMU, JaHHaS
CXeMa 3JIMBKY KpUCTAJUIM3aTOpa He 00eCrieuMBaeT
MOCTOSIHHYIO MOAINUTKY pacilaBOM KPUCTALIN3Y-

fonrecs: 00beMbl MeTajlla Ha BCeM TPOTSKEHUU
CIIUTKA.

Cxewma yctpoiictBa JJIC Takke MCMONb3YET B
Ka4yecTBE pacXoayeMOro 3JIEKTpoAa rapHUCAX OT
npealiecTBywouei miaBku. CauB pacriaBa B Kpu-
CTAJUIM3aTOP OCYIIECTBIISIETCS 3a CUET IIPOTLIaBIIe-
HUS THULIA TTeperuiaBiasieMoro aucka. Ipu J1C B
KPUCTAJUIN3aTOP M3HAYAIBHO IT0TIaJaeT MeHee Ha-
rpeTasi HOpLMsI paciljiaBa, a Ipy 3aBepILICHUN CJIU -
Ba B BEPXHIOIO YaCTh KPMCTAIM3aTOpa MOMagaeT
OoJjiee HarpeTas MOpLUMS paclijiaBa, YTO CO3JaeT
(pOHT KpHUCTAUIM3ALUM METaJjljla HallpaBJICHHBIN
cHuU3y BBepX. To ecTh maHHas cxeMa obecIieunBaeT
MOCTOSIHHYIO HOAIIUTKY PacIljIaBOM KPUCTAJIN3Y-
oluecss 00beMbl MeTajljaa Mo BCEMY CEUYCHUIO
CIIMTKA. DTy MOAMUTKY YCUJIMBAET BO3MOXHOCTh
MoJ0orpeBa BepXHeil YacTu BaHHBI paclljlaBa B rap-
HUCaXe.
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Puc. 2. YnpoieHnHas cxema aeiictBust ycraHoBku JJ1C

6) 2) 0) e) é)
1 E ‘i/ E ij E

auc) 3) u) K) ) M) H)
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’ é ‘V
15 Ji Iy v v

’ } 5 ‘ H

Puc. 3. MonHas cxema neiictBust ycraHoBku 1J1C
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Puc. 4. ®aconHble U3aeIMs, MOJIYYeHHbIE Ha pa3IUUHbIX Moaudukauusax yctaHoBok JC:
a — aBToMoOmIbHBIE KarnaHbl 13 Fe-Ti-Nb; 6 — kinanansl u3 Ti-AlTi; ¢ — matyn u3 Ti; e — Tpoiinnku u3 Ti

[pennoxkeHHBIN CITOCO6 peann3yeT YCTaHOBKa,
MpeacTaBIeHHas: Ha puc. 1, KOTopasi COCTOUT U3 BepX-
Hell KaMephl /, 371eKTpoa 2, 1ToKa 3, mpruBoaa 4, cde-
PUUECKOr0o KpUCTALIM3aTopa 5, rTapHUcaXka 6, JIucTa 7,
IIMIMHAPUYECKOTO KPUCTAIT3aTOpa &, pabovero Kpy-
ctajm3aropa 9, coneHouna /0u xoprmyca /1.

Ha puc. 2 mokazaHa paboTa yCTAaHOBKM: Ha JIUCT
7 HachIMaeTcsl ompenesieHHbI 00beM MUXThl 12
(puc. 2, a), najaee MeXay 3JEKTPOAOM 2 U IIUXTOM
12 3axuraercs ayra 13 (puc. 2, 6), KoTopasi oopasy-
eT pacruiaB Metaiia /4 (puc. 2, ¢). IloctenneHHo
3JIEKTPO. 2 CTUIABJSIETCS M YMEHbIIIaeT CBOM Aua-
MeTp, IIPH 3TOM ayra /3 KOHIIEHTPHUPYETCS B IIeH-
TpajJbHOM YacTu (puc. 2, ); majee BCsl Wuxta 12
PpacIuTaBIsIeTCs, TI0CIe YeTo JHUIIE TTPOTUIABIISCTCS 1
pacIuiaB clIMBaeTcsl B Kpuctaumsatop & (puc. 2, d).
B MOMeHT 3armoTHeHIST KpUCTaI3aTopa J0TIaB-
JISIETCST OCTATOK 3JiekTpona 2 (puc. 2, e).

IMomHas cxema pabOTHI yCTAaHOBKY ITOKa3aHa Ha
puc. 3: mocje 3anmoJHeHUsT KpUcTauin3aTopa pac-
IIaBoOM (pHcC. 3, ), OCTaTOK JIeKTpoaa 2 IOILIABIIS-
€TCSI TTIOJTHOCTBIO (pHUC. 3, €), U ayra /3 BbIKJTIOUaeTcs.

3aTeM mociie OCTHIBAHUST MeTaJlJla BEPXHSS Ka-
Mepa I cCHUMaeTcs co chepryecKkoro Kpuctauimsa-
Topa 5 (puc. 3, uc) M CIUTOK 15 CHUMaeTCs BMeCTe
¢ rapHucaxeM 6 (puc. 3, 3). danee ciuTok 15 or-
pe3aetcs oT rapHucaxa 6 (puc. 3, u), B cpeprudecKuit
KPUCTALIM3ATOP S YCTaHABIMBACTCS JTUCT 7 (puc. 3, k),
Ha KOTOPKI Hackimaercs muxrta 12 (puc. 3, 2). Ha
LIMXTY yCTaHABJIMBAETCSI C MOBOpoToM Ha 180° rap-
HUCaX 6, KOTOPBII MpeBpallaeTcsl B 3J1eKTPoOI 2.
Hanee BcE 3akpbIBacTCs BepXHeii KaMmepoit 1, mocie
yero UOET mpuBapkKa 3jekTpona 2 u mroka 3 (puc.
3, M), Jajee mpoiece MOBTOPSETCS.

3aTeM mociie OCTHIBAHUST MeTaJlJla BEPXHSS Ka-
Mepa I cCHUMaeTcs co chepruecKkoro Kpuctauimsa-
Topa 5 (puc. 3, uc) U CIUTOK 15 CHUMAeTCsI BMeCTe
¢ rapHucaxeMm 6 (puc. 3, 3). danee ciuTok 15 ot-
pe3aetcs oT rapHucaxa 6 (puc. 3, u), B cpepruuecKuit
KPUCTALIU3ATOP S ycTaHaBIUBAeTCs JIUCT 7 (puc. 3,
K), Ha KOTOpbIi Hacklnaercs muxrta 12 (puc. 3, 1).
Ha mmxty ycraHaBIMBaeTcs ¢ moBopoToM Ha 180°
rapHucax 6, KOTOPHIi IpeBpalaeTcs B 3JIEKTPo 2,
najee BCE 3aKpbIBaeTCs BEpXHEH Kamepoii /, mocie
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Yyero MAeT MpuBapKa 3JeKTpojaa 2 U mToka 3 (puc.
3, m), Iajiee IpolecC ITOBTOPSICTCS.
KoHCTpYKTUBHOII OCOOEHHOCTBIO YCTAaHOBKU
JJC sgBIsieTcs TO, YTO KPUCTAUIM3ATOP 5, B KOTOPOM
pasMelaeTcs rapHucax, uMeeT hopMy TOJTyIIapust
WIN IoJTycephl. 3a CYET 3TOTO IPH IJIaBJICHUM IITNX-
TBI U 3JIEKTPOJIA pacIljiaB CKaIIMBaeTCs Ha JINCTE 7,
MpY 3TOM HauOOJBIINI AUaMeTp, KOTOPBIA 00pasy-
eT TapHUCaX O, BCerma MeHbIe MaKCUMAaJIbHOTO
JnrameTpa KpucTtaupausaropa 5. CieaoBaTebHO, KOT-
na 00pa3oBaHHBIN rapHUCaX MEePEeBOPAUYNBAIOT U,
MPUBAPUB K IITOKY, UCHOJB3YIOT KaK 3JIEKTPOJ, TO
TTOCJIEAHNI CBOOOTHO BXOIUT B MPOCTPAHCTBO KPH-
craym3atopa S (puc. 3, ). BHYTpeHHSIST OJIOCTh
BepXHeU KaMmephbl [ SIBIISIETCS 3epKaJIbHBIM OTOOpa-
JKEHUEM reOMEeTPUY BHYTPEHHEH MOJIOCTU KPUCTAI-
nm3aropa 5. biaarogapst 1aHHO 0COOEHHOCTH 2JIeK-
TPOA-TapHUCAaX CBOOOAHO pa3MellaeTcs BO
BHyTpeHHel noiocTtu rneun JJC, mpu 3ToM He uc-
MOJIb3ys JIMIITHETO MPOCTPAHCTBA, YTO TMO3BOJISIET
HaunoOoJiee OBICTPO M 3KOHOMUYHO CO3AaBaTh BAKYyM.
1st Toro 4TOoOBI BEpXHSISI KaMepa CBOOOAHO
CHMMaJIaCh ¥ OTBOJWJIACH B CTOPOHY, OTKPBIBAs ITPO-
CTPaHCTBO ISl CheMa rapHucaXa 1 CIMTKA U3 Kpu-
CTalIn3aTopa, OHa cHabXeHa OJHOCTOPOHHUM
ITHEBMOITPUBOJIOM 4, KOTOPbIiA MOXEeT ObITh CHA0-
JKeH CIeLIMAJIbHBIM TOPMO30M 16, HaTIpuMep dJIeK-
TpoABUTaTeIeM C peayKTopoM (cM. puc. 1). To ectb

JBDKEHIE BHU3 00eCIIeunMBaeTCsI 3a CUET Beca SJIeK-
Tpoda 1 CO3JaHUSI BaKyyMa B ITOJIOCTH ITHEBMOIIPH -
Boza. s Toro 4ToOb! IBMKEHNE OBLIIO TIJIABHBIM,
BJIEKTPOJI, yIepKUBaeTCsI TpOCcoM 1 7; ecii TpeOyeT-
CsI pe3KO MOIHSITh BJIEKTPO 2 BBEPX, B THEBMOIIPU -
BOJI 4 MOIaeTCs ra3 Mo ONpeIe/IeHHBIM TaBJICHUEM.

ITocne mpousBoacrsa Ha neuu A C ciautka, emy
He TpeOyeTcsI ITOBEPXHOCTHAsI 00TOUKA, TAK KaK 3Ta
MMOBEPXHOCTh OUEHb POBHAS 1 uncTas. B kauecTBe
puMepa Ha puc. 4 ToKa3aHbl ITOBEPXHOCTU U3IE-
Jmii, moaydeHHbie metogom JI1C.

3akaouenue

Texnomnorus JI/1C MeeT He TOJIBKO OOJIBIIYIO ITPO-
WU3BOIUTEIBHOCTb M KOMITAKTHOCTh, HO M BOBMOKHOCTb
MPOM3BOIUTh CJOXKHYIO MO KOH(PUTYypalliy MPOIyK-
L1110, BKJTIOYAst IPOU3BOICTBO TUINT, JIMCTOB, (DACOHHBIX
W3ISAMA U T. . DTa TeXHOJOTUsI He TpebyeT 0cobo
CJIOXKHOM CHCTEMbI YIpaBJIEHNsI, OOJTBIIMX KAITUTaI0B-
JIOXXEHUI U TIPOU3BONICTBEHHBIX IUIOIIAEH.

JlarnHoe 000pya0BaHNE MOXET HAUTHU CBOE IIPH-
MEHEHME B MECTax MPOM3BOCTBA TUTAHOBOM I'yOKH
U CKOIUIEHMSI TUTAHOBBIX OTXOHOB, ITO3BOJISISI 3HA-
YUTEIbHO CHIXATh C€0€CTOMMOCTh TUTAHOBOM ITPO-
nykiun. Kpome Toro, mpu oCBOeHUM IIPOU3BOICTBA
TUTaHa MaJIbIMU MIPEINPUITUSIMU, a TAKXKE B CTpa-
Hax, M0Ka He MMEIOIINX TUTAHOBOT'O IIPOU3BOICTBA,
texHosorus JIJIC MoxeT ctaTh 6a30BOIA.
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KOMMNO3ULIUOHHDLIE MATEPUAJIbI HA OCHOBE AJTIOMUHUA,
YNPOYHEHHDIE YINTEPOAHbIMU HAHOBOJIOKHAMMU

A.N. Skvortsova, K.A. Lycheva,
A.A. Voznyakovskii, T.S. Koltsova

COMPOSITE MATERIALS BASED ON ALUMINUM,
REINFORCED CARBON NANOFIBERS

PaccMoTpeHBI pa3naust CTPYKTYPhI M CBOMCTB KOMITO3UIIMOHHBIX MaTEPUAIOB Ha OCHOBE aTIOMUHMS
¢ comepxkaHuem 1 macc.% yriiepoaHbIX HAHOBOJIOKOH B 3aBUCMMOCTH OT METOIa KOMITAaKTUPOBAHUSI,
a Take BO3MOXHBIE MEXaHU3MBbI YIIPOYHEHUST TaKUMX MatepuaiioB. [Toka3aHo, 4TO yriiepoaHbIe
HaHOBOJIOKHA IO3BOJISIIOT MTOBBICUTh MPOYHOCTh MAaTpuilbl Ha 30 %, 4TO COOTBETCTBYET 3HAUCHUSIM,
MOJYYEHHBIM MPU XOJOJIHOM TPECCOBAHUM KOMITO3UTA C MOCHEAYIOMNM criekanueM. Kak s
XOJIOAHOTO, TaK U TOpsiuero mpeccoBaHMsl 00pas3oB MPU YCIAOBUU OTCYTCTBUSI KapOUIHOM (ha3bl
PE3YJIBTAThI XOPOIIIO OITUCHIBAIOTCS COOTHOMIEHNEM Xojuta — [leTda, 9To T03BOJISIeT CIeIaTh MPEIo-
JIOXXEHME O TPEMMYIIIECTBEHHOM BIMSIHUM pa3Mepa 3epHa Ha TBEPIOCTh UCCIIEIOBAHHBIX MAaTEPUAJIOB.
KomnaktupoBanue nipu 980 °C mpuBOIUT K pa3pylIEHUIO YIJIEPOIHBIX BOJOKOH U 00pa3oBaHUIO
KapOuaHbIX cBs3el. [1py 00pa3zoBaHuy KapOuia Ha TOBEPXHOCTHU pasaesna a3 yIpouHeHUe TPOUCXOIUT
3a cueT oOpa3oBaHUsI HOBOI (ha3bl KapOuaa aTlOMUHUS.

AJIIOMUHUN; KOMITO3ULIMOHHBIN MATEPUAJL; TTIOPOILIKOBASL METAJITYPTUS; YITIEPOIHBIE
HAHOBOJIOKHA; MEXAHW3M YITPOUYHEHMUA.

The differences in the structure and properties of the materials Al - 1 wt.% CNF, depending on the method
of compaction, had been discussed. Carbon nanofibers allow to increase matrix strength by 30%, which
corresponds to the values of cold pressing composites strength. It was shown that the results are well
described by the Hall — Petch in the case of carbide phase absence. This suggests emptive effect of grain
size on the materials hardness. Carbide formation at the interface takes place at 9800C, simultaneously
with the destruction of the carbon fibers. In that case, hardening occurs due to new Al4C3 phase formation.

ALUMINUM; COMPOSITE; CARBON NANOFIBERS; POWDER METALLURGY; STRENGTHENING
MECHANISM.

BBenenue

CoszaaHue JEerKUX MaTepyuasioB ¢ YIydllIeHHbIMU
MeXaHUYeCKUMU U (PU3NYECKUMU CBOUCTBAMU —
aKkTyasibHasl 3a7a4ya. B cBSI3U ¢ 9TUM HcCaeI0BaHUS
B 00JIaCTH CO3[aHUSI MaTEepUaTOB U3 METAJIOB,
YIIPOYHEHHBIX YIJIEPOAHBIMU HAHOCTPYKTYpaMU,
nocJjeaHee IeCcITUIeTue akTUBHO pa3BuBatoTcs [ 1].
Kak mpaBuiio, 1ieJib BBeIGHUSI YTJIEPOAHBIX HAHO-
Tpyook (YHT) u nanoBosiokon (YHB) B MmeTammm-
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YeCKyl0 MaTpuily — ee ynpodyHeHue. OCHOBHOM
Mnpo0aeMOii, CBSI3aHHOI C UBrOTOBJIEHMEM KOMIIO-
3UTHBIX MaTepPUaJIoOB, SIBJISIETCS arjoMepalus Ha-
HOTPYOOK M3-3a MX BBICOKOI MOBEPXHOCTHOM BHEP-
TAW, YTO MPUBOAUT K CHUXECHUIO OXUIAECMBIX
CBOWMCTB, TaKMX, KaK MPOYHOCTh, MIACTUYHOCTb,
BJIEKTPO- 1 TEILUIOIPOBOIHOCTD U T. 1.

[Ipu nmosydeHUU KOMITO3UIIMOHHBIX MaTepra-
JIOB cucTeMbl «amomMuHuii — YHT» ¢ xopommum
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pacmpenelieHueM HAaHOCTPYKTYP B MATPULIE OCHOB-
HBIMU TEXHOJJOTUUECKUMU 3TallaMU SIBJISIIOTCS CMe-
meHue YHT ¢ mopomkom MaTpHIbl IyTEM CO-
BMECTHOI'O MOMOJIa 1 KOMMOAKTUPOBaHUE MyTeM
XOJIOAHOTO M30CTATUUECKOro MPEeCCOBAHUS C TI0-
CJeAYIOIIUM CIIeKaHUEM WUJIM TOPSIYEeTo U30CTaTU -
YeCKOTO MPECCOBAHUS U CTIEKAHUS B TIJIA3MEHHOM
pas3psne [2, 3]. KoHeunble pu3nKo-MeXaHUYeCKIe
CBOIICTBA KOMITIO3UTOB 3aBUCSIT OT METOHIOB 00Opa-
0OTKM MaTepuaa, Tak Kak OHU TTPUBOJIST K U3ME-
HEHUIO MUKPOCTPYKTYphI U pactipeneneHus YHT
U, CJIe0BaTeIbHO, K Pa3IMUHON CTEIeHU YIpoU-
HEHUSI.

PaHee Hamu ObLI pacCMOTpeH MeTOJ CUHTe3a
YIJIEPOAHBIX HAHOBOJIOKOH HEITOCPEICTBEHHO Ha
aJTIOMUHUEBBIX MUKPOYACTHUILIAX, TTO3BOJISIIOLINIA
HOJIyYUTh paBHOMEpHOe pacrpencieHne YHB B
aJTIOMMHMEBOI MaTpulle [4]. MeTon 3aKitodaeTcs B
XUMHUUYECKOM OCAXKICHUU YITIEpOaa U3 ra30Boii (pasbl
Ha TIOBEPXHOCTU MATPUUYHBIX METAJUIMYECKUX Ya-
ctun ipu go6asinenuu 0,02 % macc. HUKEIEBOTO
Karanuzaropa. B mpeanaraemoii padbote paccMoTpe-
HBI pa3lIN4us CTPYKTYPBI U CBOMCTB MaTepUAalIOB
cuctembl «Al — 1 macc.% YHB» B 3aBucuMOCTH OT
MeToaa KoMOakTupoBaHus. Llebio JaHHO paboThI
OBLIO UCClIeJ0BaHNE BIUSHUSI METOI0B KOMITAKTH -
poBaHust Ha GOPMUPOBAHUE CTPYKTYPhI 1 MEXAHU3M
YIIPOUHEHMUSI.

10 MxM

MaTepnanbl N METOJIHKA IKCNIEPHUMEHTA

B kauecTBe MCXOMHOTO MaTepuraa ObLI UCITOb-
30BaH MopoIok aafoMuHus Mapku [1A-4 o FTOCT
6058-73 ¢ pasMepoM 4YacTUIl MeHee 63 MKM U YK-
croroii 99,5 macc.%.

B kauecTBe KaTanamszaTopa pocTa yriaepOaHbIX
HaHOCTPYKTYP UCITIOIb30BaIN HUKEJIb, KOTOPBIil Ha-
HOCHJIY HAa MIOBEPXHOCTh AIFIOMUHKUEBOTO MOPOILIIKA
U3 pacTBOpa HUTpaTa C MOCAeAYIOIIUMU TepMUuJe-
cKoit 0opabdoTtkoii mpu Temmepatype 200 °C u Boc-
CTAHOBJICHHEM B BOJOPOJE IIPU TeMIleparype
550 °C. KonueHTpanusa Hukens coctapisuia 0,01 %
OT MaccChl ATFOMUHUSI.

C 1enblo co3aaHust paBHOMEPHOTO paclIipe/iesie-
HUS YIJIEPOIHBIX HAHOCTPYKTYP B MaTpUlle MPOBO-
JIAI0Ch ra3oha3HOE OCAKIECHKE YIIIEPOIHBIX BOJIOKOH
U3 alleTUJICH-BOJOPOIHOM CMECH HEITOCPEACTBEHHO
Ha aJIIOMMHMEBBIX MUKPOYACTULIAX C HAHECEHHBIM
Katanu3atopoM. IToaydyeHHBIH KOMITO3ULIMOHHBIN
MaTtepuall TIPeaCcTaBIIsieT OO0l allOMUHUEBBIE MU-
KPOYaCTHULIbI C PABHOMEPHO pacrpeie/IeHHbIMU yTJie-
POIHBIMU BOJIOKHAMM T10 TIOBEPXHOCTU. MeToauka
IPUTOTOBJICHYSI ITOPOLLKA AETAIBHO OIMcaHa B pabo-
Te [4]. MUKpon300pakeHsT UCXOIHOTO TTOPOIIKA 1
KOMITO3ULIMOHHOTO MaTepuasa IpuBeieHbl Ha puc. 1.

st momy4eHnsT KOMIAKTHBIX MaTEpUaJioB U3
nopoiuka ¢ 1 macc. % YHB usrorasiusaiuce ta-

10 MKM

Puc. 1. COM-u3o00pakeHre NCXOTHBIX aTIOMIHUEBBIX YaCTUII (@) ¥ KOMITO3ULIMOHHOTO ITOPOIIKOBOIO MaTepraia
«Al — YHB» (6)
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OJIETKM METOIIOM XOJIOTHOTO OMHOOCHOTO IPECCOo-
BaHU rpu gaBieHnun 600 MIla.

YacTb 1o1ydyeHHBIX 00pa31i0B CIIeKaIu B Cpee
aproHa ripu temriepatype 550 °C B TeueHue 1 yaca.
Hpyryio 4acTb MOABEPTaI JOTOJTHUTEILHOMY T0-
psiueMy rpeccoBaHuio. 7151 aToro obpasel; mome-
aJcsl B KOHTeHEpe BBICOKOTO JaBICHUS MEXIY
JIBYX TpachUTOBBIX TaOJIETOK B LUUJIUHAPUUECKUI
rpaduToBBIM HarpeBaTesb. HarpeB KoHTeliHepa
OCYIIECTBJISLICS IPOITyCKaHUEM MePEeMEHHOT0 3J1eK-
TPUYECKOTO TOKA ITPU HarpsikeHun 3—6 B B pexu-
Me CTaOMIM3aluu BJIEKTPUIECKON MOIIHOCTH.
IIpeccoBaHre MPOBOAMIOCH MPU TeMIIepaTypax
720 1 980 °C. HecMOTpst HaA TO, YTO MpECCOBaHUE
TPOBOIMIIOCH TP TEMIIepaTypax BhIIIIE TEMIIEPATyp
TUIaBJICHUSI aJTIOMUHUS, TIPOLIeCcC MTPOXOauI 6e3 00-
pa3oBaHUs XUIKOHN $a3bl, T. K. TIPU MTOBBIIIIEHUHT
JaBJICHUs TeMIlepaTypa rIaBJIeHUS aTFOMUHUS T10O-
Boimaercs [5]: dT/dP = 6,41-102 K/MIla, 1. e. ipu
nmasienun S5 ['Tla temnepaTypa r1aBiaeHUS aJTIOMU-
HUS paBHa mpumepHo 980 °C.

HcnbiTaHus: Ha TBEPIOCTD TPOBOAMIUCH METO-
noMm bpunemns (HB) TBepIOCIIABHBIM IIAPUKOM
JuramMeTpoMm 5 MM Tipu Harpyske 98 H (yHuBepcasb-
HbIl TBepaomep Zwick/Roell ZHU 250). Metamio-
rpauyecKuii aHaJIu3 MUKPOCTPYKTYPHI TTPOU3BO-
JIUJICS HAa CBETOBOM ONTHYECKOM MUKpocKorte «Carl
Zeisse» Axio Observer B quarna3zoHe yBeJIUUEHUI
100—1000 kpat. MccnenoBanus pa3oBOro cocrana
MPOBOAUIUCH METOIOM PEHTTEHOBCKOM (pOTO3TEeK-
TpoHHOI criekTpockonuu (PD®DC) Ha criekTpome-
tpe Thermo Scientific K-alpha.

PesynbsraThl nccliefoOBaHuil M KX 00CYKIeHHE

Ha puc. 2 npeacrasneHsl potorpadun MUKpoO-
CTPYKTYPbl KOMIIO3UIIMOHHOI'O MaTepuaja Iocje
X0JIOAHOTO (a) 1 ropsiuero (6, 8) nmpeccoBaHusi. Bo
BCEX CJIyYasix MUKPOCTPYKTYpa 00pa31ioB IIPeACTaB-

JIsieT co0oii paBHOOCHBIE 3epHa. Ilocie ropsiuero
MPeCcCOBaHUSI B MUKPOCTPYKTYPE 3aMETHbI BKJTIOUE-
HUS 3epeH MEeHbIIeTo aAuaMeTpa. Bo3aMoXxHO, 3TO
CBSI3aHO C TeM, YTO MTPU OCTHIBAHWM HAYMHAET Mpo-
UCXOAUTh AMHAMUYECKAS PEeKpUCTATIU3ALUS,
BCJIEJICTBUE KOTOPOI 3apOXKIaIOTCsI HOBbIE PEKPU-
CTAJUTM30BaHHbIE 3epHA.

TBepaocTh KOMMAKTOB U CPeIHUI pa3Mep 3epHa
(1o pesynbraTaM MeTa/UIOTpauyecKoro aHaausa
MUKPOCTPYKTYP) NMPUBEACHBI B TAOJIULIE.

XapaKTepPlCTl/lKl/l KOMIIAKTOB MaTepuaJioB
HA OCHOBE ATIOMHUHHUSA

CpenHuit
CocraB | KommnakruposaHue TBEI;_II[I(;CTB’ 2 ZE)TIZP
MKM
Topsiuee mpeccoBa-

Al o 30 4
nue (5I'TIa, 720 °C) 9
X0JI0IHOE MpeccoBa-

Arre | e 400 MTa, cre- | 35 45,5
kaHue npu 600 °C
Al—1% | Topsiuee mipeccoBa- 55 35
YHB | nue (5TTIa, 720 °C)
Al—1% | Iopsiuee npeccoBa- 53 34
YHB | aue (5TTa, 980 °C)

Kak BugHO 13 TabauLIbl, pa3aIndyHbIe METOIbI
00pabOTKM NTPUBOIAT K MU3MEHEHNIO MUKPOCTPYK-
TYpBl 1, CJI€IOBAaTEIbHO, K Pa3IMYHON CTCIECHU
yrpoyHeHus. B nuTtepaType onmucaH psii MOAEEH,
OIMCHIBAIOIINX MEXaHU3MBbI YIIPOYHEHUST MaTepU-
aJIOB yIJIepOIHBIMU HAHOTPYOKaMHU, TTO3BOJISIONIE
CIIPOTHO3MPOBATh MPOYHOCTh KOMITO3ULIMOHHBIX
MaTepHaJIoB.

B xommosute, ympouHeHHOM BOJOKHUCTHIMU
CTPYKTYpaMM, Harpy3ka oT MaTpUIbl K BOJJOKHAM
rnepeaaeTces B IMIEPBYIO OYepeab 3a CYET CABUTOBBIX

Puc. 2. TunmaHble MUKPOCTPYKTYPbI KOMITO3ULIMOHHOTO MaTtepuasa
«Al—1 macc. % YHB» nociie xononHoro (a) u ropsiuero npeccosanus mpu 720 (6) u 980 °C (s)
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HanpsKeHUI Ha ux rpaHulle pasaena. [To smope
pacripeieJIeHUsT HalIpsoKeHU i Harpy3ka B BOJJOKHE
M3MEHSIETCS OT HyJIs Ha KOHILIAX JO MakKCUMyMa B
HeHTpe. YeM IIMHHEee BOJIOKHO, TeM OOJIbIIIe CUJa,
KOTOpasi MOXET ObITh ITepeaHa K HEMY U, cJiefoBa-
TeJIbHO, TeM 3(h(eKTUBHEE MCIT0Ib30BaHNE CBOMCTB
BoJsiokHa. CyllIeCTBYeT KpUTUIECKOE 3HAUCHUE ITTUHBI
BOJIOKHA (/,.), IPY KOTOPOM MaKCHMaJIbHOE Hallpsike-
HUE B LIECHTPE BOJIOKHA PaBHO €ro MPOYHOCTH [6].

PaccmotpuM, HaripuMep, MOAEb, TPEITOXKEeH-
Hyto Kennu—Taiicon [7]. B apMrupoBaHHBIX KOMITO-
3UTaX MPUJIOXKEHHas Harpy3ka rnepeaaeTcs U3 Mat-
pullbl Ha BOJOKHA BCJEACTBUE CIABUTOBBIX
HanpsKeHUH, KOTOPbIe BOBHUKAIOT BIOJIb TPAHUIIBI
pazaesia «BOJIOKHO—MaTpular». JaHHasg Moaelb
ObL1a UCIIOJIb30BaHa AJIsl pacueTa KOMITO3UTOB «Al-
4 06. % YHT» niput mmHEe HAHOTPYOOK HIKE KpH-
Tieckoi (/ </) [8]. [pemest MpOYHOCTH KOMIIO3H-
Ta MOXKET ObITh paCCUMTAH I0 (popmyie

sc=oV, (/) +o,(1-V), (1)
e /.= cfd/ZTm — KpUTHYECKad JJIMHA BOJIOKHA,
Vf — obobvemHag ¢pakuust YHT, / u d — cpenHue
nmvHa v quamerp YHT, 6 — npouHoCTh MaTpuiibl,
T, — MPOYHOCTb HA CABUI MaTpulbl (T, = G, /2);
G, — TIPOYHOCTD VHT.

B ciyyae />/, IpOYHOCTH KOMITO3UTOB MOXKET
OBITH paccuMTaHa 10 CeAyIolIe (hopMyie:

G,.= ch/(l —1./2)+c (1 — Vf). )

ITo nmpencrapaeHHON MOEIU, IPUHSB IS YIJIie-
POIHBIX HaHOBOJIOKOH ¢,= 3000 MITa [9], d = 50 um
nc, = 88,3 MIla[10], mosyyaem, 4To KpUTHIECKAS
nmuna YHB (/) pasna 600 nm. B Hamewm ciyyae
CpenHsIs JJIMHA BOJIOKOH COCTaBIISIET OoJiee 1 MKM,
YTO OOJIBIIE 3HAYCHNST KPUTUIECKOM JUTMHEL. B Ta-
KOM ciydae (T. €. / > [.) IpPOYHOCTh KOMIIO3UTOB
MOKET OBITh pacCYMTaHa 110 MOAEIH, TIPEITOKEH-
Hoil Kysumaku (ypaBHeHME (2)).

CorracHo pacueTy IIpy cofepskaHNH B 00pasiie
¢ 1,200. % (1 macc. %) yriiepomgHbIX HAHOBOJIOKOH
Tpeaest IPOYHOCTH KOMITO3UIIMOHHOTO MaTepraa
cocrasigeT 112 MIla, uyro Ha 30 % BbILIE, YeM Y
YUCTOTO aTIOMUHUS. DTO 3HAUeHWE OJIM3KO IOy~
YEHHBIM HaMU 3KCIePUMEHTAIbHBIM pe3yJibTaTaM
ITPY XOJIOTHOM TTPECCOBAHUH 1 ITOCTICIYIONIEM CITe-
KaHWU MpU IepecyeTe TBEpAOCTU Ha TIpee Mpoy-
HocTu. Takmm 06pa3oM, caMu yIIepoIHbIE BOJIOKHA
He Jal0T 3HAYMTEJIbHOTO MOBbIIIEHUST CBONCTB.

Hanmuawne yrieponHbIX HAHOTPYOOK B MaTpHIIe
MOXET MPUBECTU K U3MEJbYCHHUIO 3epHA HECKOJIb-
KMMHU criocobamu. HaHoTpyOKM yBeIMYMBAaIOT Ha-

KJIeTI ¥ TETLJIONPOBOAHOCTD U ICMCTBYIOT B KAUeCTBE
BTOPO#1 (a3bl, YTO BHI3bIBAET YBEIUUEHUE CKOPOCTHU
00pa30BaHusI 3apOJIbIIIEH MPU PEKPUCTATIM3ALIOH-
HBIX ITPOLIECCAX, TPUBOISIIMX K YMEHBIIEHUIO pa3-
Mepa 3epHa.

B nanHOM ciyyae 3aBUCMMOCTb MU3MEHEHUs
npejena TeKy4ecTH OT pa3mepa d 3epHa 1Jisl TTOoJIu-
KPUCTALJIMYECKOTO MaTepuaia MOXET ObITh CIIPO-
THO3UMPOBAHO COOTHOILIIeHeM Xosuta — [lerya:

c,=c,t Kd'”?, (1)
I1ie G, — HEKOTOPOE HAIIPSIKEHKUE TPEHUS, KOTOPOE
HEOOXOAMMO JJISI CKOJIbXKEHUST IUCIOKAIUil B MO-
HoKpucTajie; K— MHIMBUIYabHAs IJ1s1 KaXKI0TO
MaTepuaia KOHCTaHTa, TakxKe Ha3biBaemasl Koad-
¢unmeHTom Xoyuta—Ilerya.

YrneponHas asza mpensTCTBYET pOCTY 3€pHa B
npoliecce crekaHus WM BbICOKOTEMIIEPATYPHOTO
OTXHra, YTO MOXKET OBITh MepBOOYEPEIHON MpPU-
YMHOM YIIpOoYHeHUsI. 3aBUCUMOCTh Xojuta — [leTua,
MOCTPOCHHAsI MO 3KCIepUMEHTaIbHO HalAeHHOM
TBEpIOCTH 00pa3loB, U pacrpeaesieHue pa3MepoB
3epeH Ha obpasuax ¢ cogepxanueM 1 macc.% YHB
(cM. Tabi1. 1) mpeacTaBlieHBl Ha pUC. 3.

B ciyyasix ropstuero npeccoBaHUsI YMCTOTO aJlio-
MMHMSI, @ TAKXKe KaK TIPY XOJOIHOM MPeCcCOBAaHUN
¢ TIOCJEAYIOLINM CIIeKaHWeM, TaK U MPU TopsiueM
npeccoBanuu (720°, 5T'Tla) kommo3uta «Al—YHB»
¢ comepxxanueMm 1 macc. % YHB pesyssraTel Xopoiro
OIMMCHIBAIOTCSI COOTHOIIeHHeM XoJjuta — Iletya (cMm.
puc. 3), 4TO TTO3BOJISIECT CeaTh MPEAIION0XEHNE O
MPEeUMYIIECTBEHHOM BIUSHUU pa3Mepa 3epHa Ha
TBEPAOCTb UCCAEAOBAHHBIX MAaTEPHAJIOB.

OpHako mist oOpa3siia, CKOMIIAKTUPOBAHHOTO
npu 980 °C, maHHas MOJeJb He TToaxonuT. BeposT-

HB

Al'1 % YHB, npeccosanue 720 °C
55 1 —

L 2

455 ; Al-1% YHB,
1 " npeccosanue 980 °C
40 P B
] ,/")Al-l % YHB, xonomnHoe
359 " npeccoBaHKe
" Al, ropstaee
30 1 @—_npeccoBaHue

T T T T T T
0,0004 0,0005 0,0006 0,0007 0,0008 0,0009 1/d,
MKM /2

Puc. 3. CoorHomenue Xojia — Ilertya mjist o6pasioB
«Al-YHB»
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HO, 9TO CBSI3aHO C TEM, UTO YIIPOUHEHNE B TAaHHOM
cJIydae IIPOUCXOIHUT IO APYTUM MEXaHU3MAaM.

B ciyuae, Korna yriieponHblii TPOIYKT U MaTpu-
a o0pa3yloT HOBYIO (pa3y, IPOYHOCTH KOMIIO3UT-
HOTO MaTepuaja orpaHMYeHa MPOYHOCTHIO Ha CIBUT
Mexkda3Hol cocrapisionieii. Hanuune BhICOKOTO
MeX(ha3HOTO B3aMMOACHCTBUS MOXKET IMOMOYb B
nepenaye HampsoKeHUsT OT MaTPUILBI K HAHOTPYO-
KaM. Mogenb yIpoYHEeHUST KOMITO3UTA B IPUCYT-
CTBUM MexXda3HOTO cJ10s1 Obla npeioxeHa Koge-
MaHOM M coaBTOpamMu. B cOOTBeTCTBMU ¢ maHHOM
MOJIETbIO TIPOYHOCTh KOMITO3UTa MOXET ObITh pac-
CuMTaHa cienylomuM oopasoM [11]:
c.=(1+2b/D)[og J/D—(1+2b/D)c, | Vf+ c,,0
e Gy, . — MPOYHOCTh Ha CABUT Ha MIOBEPXHOCTH
pasnena; b — TrommuHa MexdasHoro cios; D — nu-
ameTp YHT. D10 cooTHOIIEHE MOXET OBITH OYEHb
MOJIE3HO IIJIsI KOMITIO3UTOB, apMupoBaHHBIX YHT, B
clyyae, KOrja peakuusi Mexay HaHOTpyOKaMu U
MaTpHUIIel MOXET TPUBECTH K 0Opa30BaHUIO Kap-
o6unpa. B TakoM ciyyae mpoyHOCTh 0Opa3lia 3aBUCUT
OT TIPOYHOCTU Ha CIABUT TTOBEPXHOCTHU pasieia
«aTIOMUHUI — Kapoua». Korma npuioxeHHoe Ha-
MIpsiKEHUE TIPEeBHIIIAeT Mpenesl MPOYHOCTU TP
cIBUTe MHTepdelica, pa3pylieHUue MPOUCXOAUT
BIIOJIb TPAHULIBI pa3aena.

Kak 6b110 oncaHo paHee [12], Ha oOpa3nax,
TTOJTYyYEeHHBIX ITPY TOPSTIEM ITPECCOBAHUY TIPU TEM -
nepatype 980 °C, MeTogoM peHTIeHOBCKO (pOoTO-
2JIEKTPOHHOM CIEKTPOCKOMMUM OBLIO OOHAPYXKEHO
obpaszoBaHue Kapouna amomuHus (Al,C,). B my6sm-
KalMsIX MOsSIBJICHWe KapOuma, Kak MpaBUiIo, OTMe-
YaloT NpU UCCIAEAOBAHUN KOMIO3UTOB CUCTEMBbI
Al—Si—C (manpumep, 13]).B padore [14] mpuBo-
ISITCSI JAaHHBIE TT0 KOMTO3UTY «Al—1%YHT», Tomny-

YEeHHbIE TTPU TOpSiYeM MIPECCOBAHUH C TTOCJIEMYIOLIEN
9KCTpy3ueit. B tTaHHOM ciydae aBTOPbI TaKXKe OTMe-
TWIN IIPUCYTCTBUE KapOUIHOM (ha3bl, a MpeaesI Ipod-
HocTH Komrto3uTa coctaBmia 191,5 MIla, yto 6113K0
10 3HAYEHUIO TTOJIyYEHHOMY HaMU JJIsI KOMITO3UTa
npu 980 °C (pacueTHbIi Mpeaes MPOYHOCTU KOMIIO-
3uta cocrapisier 188 MIla). Takum o6pazom, rmpu 980
°C KOMITaKTUPOBaHMSI yIIPOUHEHUE KOMIIO3UTa TTPO-
HUCXOIUT 10 MEXaHU3MY «00pa30BaHusI HOBOI1 (Da3bl».

3akiouenue

B pabote paccMOTpeHBI pa3inyus CTPYKTYPHI U
cBoiicTB Matepuainos «Al — 1 macc.% YHB» B 3a-
BUCHUMOCTH OT METOJIa KOMIIAaKTUpoBaHuUsl. Bo Bcex
clydasix MUKPOCTPYKTYpa 00pa3loB MpeJACTaBseT
c0o00I1 paBHOOCHBIE 3e€pHA, TOCJE ropsiyero Impec-
COBaHUS 3aMETHbI BKJIIOUEHUST 36PEH MEHBIIIEro
nramerpa. PaccMoTpeHbl MEXaHU3MBI YIIPOYHEHUST
KOMITO3UTOB YIJIepOAHBIMU HAHOCTPYKTYypaMu. [1o-
Ka3aHo, UTO YIJIepOIHbIE HAHOBOJIOKHA ITO3BOJISIIOT
MMOBBICUTH IPOYHOCTh MAaTpUILILl HA 30 %, 4TO COOT-
BETCTBYET 3HAUECHUSIM, TTOJTy4€HHBIM ITPU XOJI0THOM
MpeccoBaHUU KOMITO3UTa ¢ MOCJIeaYyIoIIeM CcreKa-
HueM. Kak [u1s1 XOJIOIHOIO, TaK W JJIsI TOPSIYEro
MpeccoBaHusl 00pa3loB MPU YCIOBUU OTCYTCTBMSI
KapOMIHOM a3kl pe3yIbTaThl XOPOIIO OIMCHIBAIOT-
csl cooTHoleHueM Xosia — [leTya, uto mo3Bossier
cIeNaTh MPEAIONIOXEeHNE O MPEUMYILECTBEHHOM
BJIMSIHUM pa3Mepa 3epHa Ha TBEPIOCTb UCCIIeI0BaH-
HBIX MaTepuanoB. KommnakrupoBanue rpu 980 °C
MPUBOAUT K pa3pylIeHUIO YIJIEPOAHbBIX BOJOKOH U
00pa3oBaHMIO KapOUIHBIX CBSI3EH, YTO MOATBEPXK-
JgeHo fanHeIMU PODC. [1pu obpazoBaHnu Kapouaa
Ha MTOBEPXHOCTU pa3zzaena (a3 ynpouHeHUe ITPouc-
XOIUT 32 cYeT 0OpasoBaHus HOBOM (aser Al C,.
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A.N. [lemudoB, N.A. MapkenoB

O TEPMOAUHAMUKE CUCTEMbI YITNEPOA-KUC/TOPO/

A.l. Demidov, I.A. Markelov

ON THE THERMODYNAMICS OF SYSTEM CARBON-OXYGEN

BrimoHeHbI pacueThl 3MeHeHM i sHeprum [ 160ca, SHTaIbINU U SHTPOIIMHM B 3aBUCUMOCTH OT COCTaBa
cucteMbl yriiepos (rpacdur) — Kuciaopos B uHTepBaie temmnepatyp 500—2500 K; naHa otieHKa BIUSIHUS
SHTAJIBIIMIHOTO U SHTPONMIHOrO (paKTOpOB Ha 3HaueHMs dHepruu [mub6ca cucremnl. [IpoBenen
TepMOJAMHAMUYECKUN aHaJIM3 3TOW CUCTEMbl Ha OCHOBE PACCUYMTAHHBIX 3HAYCHUN M3MEHEHUS
TEPMOJMHAMUYECKUX XapaKTePMCTHUK. YCTaHOBJIEHO, UTO SHTAJbMUIHBINA (aKTOp OKas3bIBaeT
MaKCcUMaJbHOE BJIUSIHME HA 3HAUYeHUsI U3MeHeHUuit sHeprun ['mb0ca cucteMbl B 00J1aCTH COCTaBOB,
KOTOpast oTBeuaeT okcuay yrieponaa (I1V), a sHTponuiiHbIN — B 001aCTH COCTaBOB, OTBEUYAIOIIEH OKCHUITY
yriepona (I1). TTokazaHo, 4TO MoJIydeHHbIC PEe3yJIbTaThl MOTYT ObITh UCTIOJIb30BaHbI TTPU aHAJINU3E SIB-
JIEHWI TOpeHUsT 1 TasuduKauy yriaepoacoaepKaliero TorinBa, IpoleccoB MOTydYeHHsT YyryHa 1
xenesa.

YIJIEPO; KUCJIOPOA; OKCUJ YTJIEPOJA (11); OKCUJ YITIEPOJA (1V); TEPMOANHAMMUKA; TTOJIYYE-
HUE XKEJIE3A U UYTYHA.

Reactions between carbon and oxygen plays an important role in metallurgical processes, where the first
one is used as a fuel or (and) as a reductant. In this work, thermodynamic analysis of the carbon-oxygen
system is made, taking into account two reactions: C+1/202=CO and C+02=CO02. The system C—O
is divided into three subsystems — C-CO, CO-CO2, CO2-02 — and calculations of changes in Gibbs
free energy, enthalpy and entropy of each subsystem as function of composition in the temperature range
500-2500 K are made. Evaluation of influence of enthalpy and entropy factors on change in Gibbs free
energy of the system is given. The thermodynamic analysis of system carbon (graphite) — oxygen on the
basis of the calculated values of change of thermodynamic characteristics is carried out. It is established
that the enthalpy factor has the maximum impact on values of changes of energy of Gibbs of the system
in the field of structures answering to carbon oxide (IV), and entropy — in the field of structures, answering
to carbon oxide (II). It is shown that the received results can be used in the analysis of the phenomena
of burning and gasification of carboniferous fuel, processes of receiving cast iron and iron.

THERMODYNAMICS OF CARBON-OXIGEN SYSTEM; CARBON; OXIGEN; CARBON MONOXIDE; CARBON
DIOXIDE; THERMODYNAMICS; PRODUCING IRON AND CAST IRON.

Beenenue

TepMonuHaMKuKa CUCTEMBI YIJIEPOA — KUCJIOPOI
TIPEACTABIISIET MHTEPEC B CBA3U C IPUMEHEHUEM YTJIe-
pona (KOKC) B KaueCTBE TOILIMBA M BOCCTAHOBUTEJISI
B IIpolieccax MoJIydYeHUs UyTryHa u xkejesa [1—4].

TopeHuto TBEPIOTo yIaepoja MOCBsIIEHO 3Ha-
YUTEJbHOE YMCJIO padOT OTEYECTBEHHBIX U 3apy0OesK-
HBIX y4YeHbIX. Kputnueckuii 0630p pe3yabTaToOB
HCCIIeI0BaHMI caenaH B psiae padot [S—8]. bonbiioe

YUCJIO TyOIMKALIMIA TTOCBSIILIEHO TEPMOAMHAMUKE,
KWHETHKE ¥ TEOPETUISCKUM pa3paboTKaM pas3yiny-
HBIX CXeM MeXaHM3Ma peakluii TOpeHUsl yriiepoja.
PaccMmoTrpeHue o0111x TepMOAMHAMUYECKMX 3a-
KOHOMEPHOCTE!, MPUCYILIUX TpolieccaM TOPeHMUsI
yrjiepojaa, OrpaHUYMBAETCS aHAIU30M 3aBUCHMO-
CTeil BeJIMUMH CTaHAAPTHBIX 9HTAJIbIINI 00pa3oBa-
Hus okeuaoB yriepona (I), (II), usmeneHuii cran-
napTHoM sHepruu [1100ca 1 KOHCTAaHT paBHOBECHS
peakuuii cucrembl C — O OT TemMIiepaTyphl.
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11 manmpHeIero n3ydeHus oOIIMX TepMOIHA-
MMYECKMX 3aKOHOMEPHOCTE, MPUCYILMX MpoLieccaM
TOPEHUST YITIEpO/Ia, ONIPEAe/ICHHbIN MHTEPEC MPeaCTaB-
JISIeT aHaJIN3 3aBUCUMOCTel TepMOAMHAMMYECKUX Xa-
pakreprcTuK cucteMbl C — O B IIMPOKOi1 001aCTH CO-
CTaBOB — OT UMCTOrO YIJIepoaa A0 YMCTOro KMUCIOpoa.

B cratbe [9] HamMu ObLT TPOBEAEH CPABHUTEb-
HBI aHAJIU3 pe3yJIbTaTOB TEPMOAUHAMUYECKUX pa-
CUYETOB M3MeHeHMs SHepruu [100ca 11s1 peakiimii B
cucteme C — O Ha 1 MosIb KMCI0pOAA UM OKCUIA
yriepona (1), Ha 1 Molb coemMHEHUST MPOAYKTa
peakuu 1 Ha 1 MOJIb aTOMOB MCXOAHBIX BEIIECTB.
AHaJIn3 ToKasall, 4YTO pe3y/IbTaThl pacueTOB U3Me-
HEHMI cTaHIaapTHOM 3Hepruu [M606ca XuMUYECKUX
peaxkiuii 3aBUCST OT (POPMBI 3aITUCU YPABHEHUIA.
ITosToMy OBUTIO MPEITOXKEHO MPOBOAUTH CPABHU-

TEJIbHBIN TEPMOIMHAMMNYECKUM aHATTA3 Pa3TMUHBIX
peakiuii Mpy 3al1Ccy ypaBHEHU Ha 1 MOJIb aTOMOB
HWICXOIHBIX BELIECTB, HAIIPUMED:
(2C+0,=2C0) /4, (N
(C+0,=C0,/3. )
Llenb naHHOM pabOTHI — ITPOBEIEHKME TEPMOIMHA -
MMWYECKOI0 aHaJIM3a CUCTEMBI yriepos (rpadur) —
KHCJOPOA Ha OCHOBE paCCUYMTAHHBIX 3HAUYEHUI U3-
MEHEHUSI TePMOJMHAMUYECKUX XapaKTePUCTUK
(oHeprus [160ca, SHTANBIIMS U SHTPOIMSI) OT CO-
craBa B uHTepBaje Temnepatyp 500—2500 K.

MeToauka pacyeToB

J1g TIipoBeieHus pacyeTa U3ydaeMylo CUCTEMY
pasgemin Ha Tpu toacuctemsl: C — CO, CO — CO2

Tabmuna 1

YpaBHeHus 11 pacyeTa TepMOAMHAMHYECKHUX XapaKTepucTuK B noacucremax C — CO, CO — CO,, CO, - O,

IToncucrema

YpaBHeHUSs

Cc-CO

AH'=x AH’ ;
AG' = x AG”°

CO - CO,

AH"=x AH° _ + xCOZAH° coy’
AG"=x AG° + xcozAG° ;
AG”H = xoRTIn(x ) + xCOZRTln(xCOZ)

coy’

CO,—-0

AG, = xCOZRYln(xCOZ) + xCOZRﬂn(xCOZ)

I — ° .
AHM =X, +AH o ;
1 = ° .
AG" =X, +AG

Tabnuna 2

‘YpaBHeHus JJisi pacyeTa TePMOJMHAMUIECKIX XapaKTepucTHk B cucteme C — O

X, AH, xJIX/MoJb AG, xJIx/Monb AS, J1x/(moib: K)
1 AGI
0,000—-0,500 A]{:ﬂ;n2 =np +hy AG =——
ny hy
1l 1l ux. _
0,500—0.667 N el AG DG +AGTT Ag = AH -AG
hy ny T
1 AG" + AG™
0,667—1,000 AH =£ AG =
ny Ny

* CIMCOK NIPUHATBIX 0003HaYeHUii puBeaeH B [IpMIOKEHNN B KOHLIE CTAThbU
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n CO,— O,. YpaBHeHUs Ul pacyeTa U3MEHEHMS
sHepruu [M60ca, SHTATBIINU U SHTPOTIMU B KAXIOM
u3 noacucreM U B cucteme C — O npeacraBiieHbl B
tabu1. 1 1 2. cxonHbie faHHbIE J151 pacYeTOB TEPMO-
JTMHAMUYECKUX XapaKTEPUCTUK CUCTEMbI B3SITHI U3
crpaBouHuka [10].

PacueTnl ¥ TepMOAMHAMUYECKHIA aHAIN3
cucTembl yriaepos (rpaur) — KUCIOpO

Pe3ynbTaThl pacyeToB 3HAYEHUIN M3MEHEHUS
TEPMOINHAMUYECKUX XapaKTEPUCTHUK ITPEICTABJICHBI
B Ta0J. 3, 4 1 Ha puc. 1-3.

3HaueHMS TEPMOAMHAMUUECKUX XapaKTEPUCTUK
nia noacucrem C — CO, CO - CO,, CO,— 0O, B
3aBucUMocTu OT coctaBa mpu 1000 u 2000 K

npuBeaeHbl B Taby. 3. M3 1aba. 3 BUAHO, YTO
u3MeHeHus1 aHepruu ['mb66ca npu obpazoBaHUU
HIeaIbHbIX ra30BbIX cMeceid (moncuctemsl 11 u 111)
BHOCSIT HEOOJIbIIION BKJIad B U3MEHEHUsI SHEPruun
[1166ca cooTBeTCTBYIOLIEH TToACcUcTEeMBI. 1o mmosry-
YEeHHBIM 3HAYEHUSIM TePMOJMHAMUYECKUX XapaK-
TEPUCTUK MOJCUCTEM ObUIM PACCUMTAHBI U3MEHEHUS
sHepruu [1ndo6ca, SHTANBINUU U SHTPOITUU CUCTEMbBI
C — O B 3aBUCHMMOCTH OT COCTaBa (X)) B MHTEpBaJe
temmepatyp 500—2500 K.

Kaxk BunHo u3 Tabj. 4, U3MEHEHUS SHTAIBITUU
W SHTPOIMM CUCTEeMBI pu Temneparypax 1000 u
2000 K 6:113km Mexk 1y co00ii, IT03TOMY 3aBUCMMOCTHU
YKa3aHHBIX TEPMOJMHAMUYECKUX XapaKTePUCTUK
OT COCTaBa MPUBEJAEHbBI TOJBLKO ISl TEMIEPATYpPhI
1500 K (puc. 1, 2).

Tabmmia 3

3HaveHus TePMOIMHAMUYECKHUX NapamMeTpos, K/Ix, nus noacucrem C — CO, CO — CO,, CO,—- O,
B 3aBHCHMOCTH OT cocTapa npu Temneparypax 1000 u 2000 K

a) ITodcucmema C — CO
Temneparypa, K
Xco X, Ilpu T = 1000 K Ipu T =2000 K
AH' AG! AH' AG'
0,0 0,000 0,0 0,0 0,0 0,0
0,2 0,167 -22,4 -40,1 -23,8 -57,2
0,4 0,286 -44.8 -80,1 -47,6 -114,4
0,6 0,375 -67,2 -120,2 -71,4 -171,6
0,8 0,444 -89,5 -160,2 -95,2 -228.,8
1,0 0,500 -111,9 -200,3 -118,9 -286,0
0) Iloocucmema CO — CO,

[Mpu T = 1000 K [Tpu T = 2000 K

xCOz Yo 1 1 i 1 I n
AH AG' AG™ AH' AG' AG™
0,0 0,500 -111,9 -200,3 0,0 -118,9 -286,0 0,0
0,2 0,545 -168,5 -239,4 -4,2 -174,6 -308,0 -8,3
0,4 0,5830 -225,1 -278.6 -5.6 -230,2 -330,0 -11,2
0,6 ,615 -281,6 -317,7 -5.6 -285,9 -352,0 -11,2
0,8 0,643 -338,2 -356,8 -4,2 -341,5 -374,0 -8,3
1,0 0,667 -394,8 -395,9 0,0 -397,1 -396,0 0,0
6) Ilodcucmema CO, — O,

[Mpu T = 1000 K [Mpu T = 2000 K
*co, %o AHM AGM AG™ AHM AG" AG™
0,0 0,667 -394,8 -395,9 0 -397,1 -396,0 0,0
0,2 0,714 -315,8 -316,7 -4,2 -317,7 -316,8 -8,32
0,4 0,769 -236,9 -237.,6 -5.6 -238,3 -237.,6 -11,19
0,6 0,833 -157,9 -158,4 -5.6 -158,9 -158,4 -11,19
0,8 0,909 -79,0 -79,2 -4,2 -79,4 -79,2 -8,32
1,0 1,000 0,0 0,0 0,0 0,0 0,0 0,0
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Tabnauna 4

3navenus usmeHenus npu remneparypax 1000 u 2000 K suranabnun, sHeprun [n66ca u snTponun cucrembl C — O
B 3aBHCHMOCTH OT COCTaBa

X, T=1000 K T=2000 K T=1000 K T=12000 K T=1000 K T=2000 K
AH, xIX/MoJlb AG, xJIx/Mo0b AS, 1x/(mojb: K)
0,000 0,0 0,0 0,0 0,0 0,0 0,0
0,167 -18,7 -19,8 -33,4 -47,7 14,7 13,9
0,286 32,0 34,0 57,2 81,7 25,2 23,9
0,375 -42,0 -44.6 -75,1 -107,3 33,1 31,3
0,444 -49,7 52,9 -89,0 1271 39,3 37,1
0,500 -56,0 -59,5 -100,2 -143,0 44,2 41,8
0,545 76,6 79,4 -110,7 -143,8 34,1 32,2
0,583 -93.,8 -95.9 -118,4 -142,2 24,6 23,1
0,615 -108,3 -109,9 -124,3 -139,7 16,0 14,9
0,643 -120,8 -122,0 -128,9 -136,5 8,1 7,3
0,667 -131,6 -132,4 -132,0 -132,0 0,4 0,2
0,714 -112,8 -113,5 -114,6 -116,1 1,8 1,3
0,769 91,1 91,6 93,5 95,7 2,4 2,0
0,833 -65,8 -66,2 -68,3 -70,7 2,5 2,2
0,909 -35,9 -36,1 37,9 -39,8 2,0 1.8
1,000 0,0 0,0 0,0 0,0 0,0 0,0
AH, x]Ixx/Momb AS, xIx/(monb - K)

0o °

35k

270 b

-105

-140 1 1 1 0 0
0,00 0,25 0,50 0,75 1,00 0,00 0,25 0,50 0.75 1,00
C x ¢ C X, 0

hate]

Puc. 1. 3aBUCUMOCTb M3MEHEHHUSI DHTATbIIUU
cucteMbl C — O ot coctasa rmpu 1500 K

WUsmenenus sHranpnuun cuctemsl C — O B
untepBaige 1000—2000 K xapakTtepusyroTcs
HanOoJee OTpULIaTeIbHBIMU 3HAYCHUSIMU B 00J1aCTH
COCTaBOB, OTBevaloleit okcuay yriaepona (IV),
x, = 0,667 (cm. puc. 1).

3HaK U3MEHEHUSI DHTPOIIUU CUCTEMbI 3aBUCUT
OT UHOWBUIYaJIbHBIX CBOMCTB peareHTOB U CBS3aH
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Puc. 2. 3aBUCUMOCTb U3MEHEHUS SHTPOIUU
cuctembl C — O ot cocraBa npu 1500 K

CO 3HAKOM M3MEHEHUsI oObeMa CHCTeMBI [6].

HOCKOﬂbe
( jT ( )
aV oT 4 ’

TO BTEX CJTyJastx, KOT/Ia C TOBBIIIICHUEM TEMITePaTyPhl
MpyU HEU3MEHHOM OObeMe daBJieHHWE CHUCTEeMBbI
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AG, xJIxx/Monb
0q

-135

-180 1 L L
0,00 0,25 0,75 1,00

C X, (0]

Puc. 3. 3aBucumocTth u3MeHeHus1 sHeprum ['nubdo6ca
cuctembl C — O ot coctaBa npu Temmepatypax 500 (1),
1500 (2), 2500 (3) K

yBEJIMUYMBAETCSI, DHTPOMUS pacTeT BMECTe C
o0beMoM. 17151 10CTaTOYHO pa3pekeHHBIX Ta30B 3TO
yCJI0BUE COOJIIOJAETCS, U BO BCEX pEaKIIMsIX, B
KOTOPBIX OHU MIPUHUMAIOT yyacTue, 3Hak AS OyaeT
coBmagaTth co 3HakoMm AV. IIpu 3TOM BIUSTHUEM
MPUCYTCTBYIOIIMX KOHJIEHCUPOBAHHBIX (pa3 MOXKHO
npeHeOpeyb, TaK KaK UX 00beMBbl OTHOCUTEIBHO
MaJibl.

ITpu nporexanuu peakiuu (1) o0beM CUCTEMBI
yBeJIMUYMBAETCS MOUTU B 2 pasa, a sl peakiuu (2)
U3MeHeHrue oO0beMa He3HauuTeabHo. IToaTomy
M3MEHEHUSI SHTPOIIUHY CUCTEMbI XapaKTepU3YIOTCSs
MaKCUMaJbHBIMU 3HAUYEHUSIMU IJII COCTaBOB B
objactu, oTBevawilneir okcuay yriaepona (II),
x,= 0,500, a B o6;acTu, OTBEYAIOIIE OKCHUIY YIJIe-
pona (IV), cucrema xapakTepusyeTcsi MUHUMAaJb-
HBIMM 3HAaUYCHUSIMU U3MEHEHMSI SHTPOMNUU (puUc. 2).

N3menenust sHeprum I['mb0Oca cucteMbl B
untepnaje 500—1500 K xapakrepu3syloTcst HauboJiee
OTpULATEIbHBIMU 3HAYEHUSIMU [JIsI COCTaBOB B
obsactu, oTBevalonieil okcuay yriaepona (IV) (cm.
Tab1. 4, puc. 3). [Ipu noBbllieHUN Temnepatypbl T
cBbiie 2000 K MUHUMYM cMmeliaeTcss B 00J1acTh
coCTaBoOB, 01M3KUX K okcuay yraepoaa (II). Ipu
2500 K m3MeHeHusa sHepruu I'mbOca cucTeMbl
MUHUMAJIbHBI B 00JIACTU, OTBEYAIOIIEH OKCUIY
yraepoaa (II).

TakuM o0Opa3oM, SHTAJIBIUUHBIN (aKTOp
OKa3bIBaeT MaKCHUMaJIbHOE BJIMSIHUE Ha 3HAYCHUS
n3MeHeHuii sHepruu [ mo0ca cCTeMBbI 1711 COCTaBOB,
B objacTu oTBeuawlleil okcuay yriaepoaa (IV), a
SHTPONUIHBIA — B 0071aCTH, OTBEYAIOIIEH OKCUIY
yraepogaa (II).

BriBoabl

B paboTe mpoBegeH TepMOAMHAMMUYECKUM
aHaJIU3 CUCTEMBI yriiepon (rpadut) — KMCI0POI Ha
OCHOBE pacCUMTAHHBIX 3HAYEHUN HU3MEHEHMUS
TEPMOJMHAMUYECKUX XapAKTEPUCTUK (DHEPTUS
['m606ca, SHTAIbIUS U SHTPOITKST) B 3AaBUCUMOCTH OT
cocTtaBa B uHTepBaje Temneparyp 500—2500 K.

PacyeTbl MOKa3bIBAIOT, UTO SHTAIBITMIAHBIN (pak-
TOpP OKa3bIBaeT MaKCUMaJIbHOE BJIMSIHME Ha 3Haue-
HUST UBMEHEeHUI sHeprun [Mb66ca cucteMsbl B 00-
JIaCTU COCTaBOB, OTBevalollleil OKCUAY yrjepoaa
(IV), a sHTpONUitHBIN — B 00JaCTH, OTBevarolei
okcuny yriaepoaa (1I).

[ToayyeHHBIE pe3yabTaThl MOTYT OBITh UCMOJIb-
30BaHbl MPU aHAIU3€E SIBJIEHUIA TOPEHUS U ra3udu-
KallMU yrJiepoacoaepxKalliero Torinsa, mpoieccon
MOJIyYeHUsI YyTyHa 1 XeJe3a.

IIpunoxenne

Yc10BHBIE COKpALIEHUs M 0003HAYEHHS

X, — MOJISIpHast OJIs1 aTOMOB KHUCJIOPOAa,

X, — MOJIbHAs 10711 okcuaa yriepona (I1);

Xc, — MOJIBHAS OISt OKCHIA YTIIEPOia (IV);

N — YUCIIO MOJIEH YIJIepo/a;
N, — YUCII0 MOJICH aTOMOB KHMCJIOPO/Ia;

Ny — CyMMa YicIIa MOJIeH yIiepo/ia v KUCIOPO/a;
AH’® ., — cTaHIapTHas SHTaJIbINA 00pa30BaHMs
okcuaa yriaeponaa (II), kJIx;

AH® co, — CTAHIAPTHAS SHTATTBIINS 00pa3oBaHUS

okcuaa yriaepoaa (IV), kJIx;
AH,, AH,, AH, — W3MEHEHNE SHTAIBIIUU B
noacucteme C — CO, CO — CO2, CO2 — 02, co-
OTBETCTBEHHO;

AH — n3MeHeHue SHTAIbIINU CUCTEMBI, KJIK;

AG” ., cTaHnapTHasi sHeprusi ['m66ca
obpazoBaHus okcuaa yriepoaa (1), kJIx;

AG"CO2 craHaapTHasi sHeprus ['ub66ca
obpazoBaHus okcuaa yriepoaa (1V), kIIx;
AG, AG,, AG,, — nameHeHne sHeprum ['m66¢ca
cooTBeTCTBeHHO B rtoacuctemax C — CO, CO - CO2,

CO2 - 02;
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AG, — wusmeHeHue sHepruu ['mGbca mpum
0o0pa3oBaHUU UACATIBLHOM ra3oBoii cMecH, KIIK;

AG — sHeprus ['m66ca cucreMsl, K/X;

AS — M3MeHeHMe DHTPOMUU CUCTeMbl, [/
(Mosb-K);

AV — n3MeHeHNEe 00beMa CUCTEMBL, M?;

T — Temrniepatypa, K;

R = 8,314 — yHuBepcayibHasi ra30Basi MOCTOSTH-
Hast, JIx/(Moinb: K).
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TPOWUHbIX AJIIOMUHUEBDBIX CINJIABOB
NPU HEPABHOBECHOW KPUCTA/I/TU3ALUU

L.Yu. Dobosh, V.M. Golod

MODELING THE MICROSTRUCTURE
OF TERNARY ALUMINIUM ALLOYS
NON-EQILIBRIUM CRYSTALLIZATION

[MpeacrapiieHbl pe3y/IbTaThl pacyeTa apaMeTpOB MUKPOCTPYKTYPHI, (POPMUPYIOLLEICS TTPU PA3IUUHBIX
YCIOBUSX KPUCTAJUTM3ALIMA MHOTOKOMITOHEHTHBIX aJTIOMUHUEBBIX CTIABOB, IMOJyYeHHbBIE C TTOMOIIIBIO
pa3paboTaHHOI YMCAEeHHON Monaenu. Moaeab OCHOBaHAa Ha CUCTEMHOI B3aMMOCBSI3U TEILJIOBBIX,
KPUCTAJUTM3ALMOHHBIX U TU(OY3MOHHBIX TTPOLIECCOB U YIUTHIBACT PE3YTbTaThl TEPMOAMHAMUYECKOTO
MoJenupoBaHus (pa3oBbIX MpeBpaileHuii. [TocTpoeH (parMeHT MOBEPXHOCTH JIMKBUAYCA CUCTEMBbI
Al-Cu-Mg, onipenesieHbI 00s1acTh (hOPMHUPOBAHKS PA3IMUYHBIX CTPYKTYPHBIX COCTABIISIIOIINX Y BIIMSTHUC
Ha UX COCTaB COAEPKAHMSI KOMIIOHEHTOB IIPY PaBHOBECHBIX YCIIOBUSIX M IPU MOJHOM MOJABICHUN
muddy3un B TBepaoit dasze. MccnenoBano BimsaHue cocrtaBa ciiaBoB Al-Cu-Mg u ycioBuii nx
3aTBEepACBAHUS HA KUHETUKY (DOPMUPOBAHUS, KOJTMYECTBO U ITApaMETPhl CTPYKTYPHbBIX COCTABIISIFOIIMX.
IMoka3zaHa afeKBaTHOCTb MPEIIOKEHHOM YMCICHHOM MOIENN JJIsI IPOrHO3UPOBAHKS TTapaMeTPOB
MMKPOCTPYKTYPbI HA OCHOBE COITOCTABJICHUSI 3KCIIEPUMEHTAIbHBIX M PACYETHBIX JAHHBIX IPU PA3ITMYHON
CKOPOCTH OXJIAXKIIEHHSI M COCTaBe aIFOMUHUEBBIX CIJIABOB.

KPUCTAJNIU3ALNA ATIOMUHUEBBIX CITJIABOB; KOMIIbIOTEPHOE MOJEJIMPOBAHUE; COCTAB
KUJIKOM DA3BI; TAPAMETPbI MUKPOCTPYKTYPbI; AEHAPUTHI U DBTEKTUKA.

The results of calculation of parameters of the microstructure formed under different conditions of
crystallization of multicomponent aluminum alloys are shown, obtained by the numerical model. The
model is based on the system the relationship of heat, diffusion and crystallization processes and considers
the results of thermodynamic modeling of phase transformations. Fragment of the liquidus surface of
the system Al-Cu-Mg built, identifies areas of formation of various structural components and influence
on their composition of components under equilibrium conditions and complete suppression of diffusion
in the solid phase. The influence of the composition of the alloys Al-Cu-Mg and conditions of crystallization
on the kinetics of formation, quantity and parameters of structural components was investigated. The
adequacy of the proposed numerical model to predict the microstructure parameters was shown by
comparison of experimental and calculated data at different cooling rate and composition of aluminum
alloys.

CRISTALLIZATION OFALLUMINIUM ALLOYS, COMPUTER MODELING; COMPOSITION OF LIQUID PHASE;
MICROSTRUCTURE PARAMETERS; DENDRITES AND EUTECTIC.

Bsenenne IIMHCTBE CIy4yaeB MPOTEKAET HEPABHOBECHO C Ya-
ctuuHoi nuddysueii B TBepaoit daze. Ux Mmuxkpo-
CTPYKTypa COCTOUT TNPEUMYIIECTBEHHO U3
JEHIPUTOB TBEPAOTO PACTBOPA HA OCHOBE AJTIOMU-

KpI/ICTaHHI/ISaHI/IH JUTEUHBIX aJTIOMUHUEBBIX
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HUSI, a TAKXKE BBIIEIEHUI 9BTEKTUKYU 1 HEKOTOPBIX
WHTEPMETAUTUIOB, KOTOPBIE PACIIONAraoTCs B MEX-
JIEHIPUTHBIX ITpocTpaHcTBax. DopmupoBaHe 1eH-
JIPUTHOM CTPYKTYpPhl HAXOIUTCS B TECHOM 3aBUCH-

MOCTH OT

MHTCHCUBHOCTHU TCIIJIOBBIX U

I bY3MOHHBIX MPOLIECCOB, a €€ MPOrHO3UPOBaHNE
JaeT BO3MOXKHOCTD JOCTVKEHUS HEOOXOTMMBIX Me-
XaHWYECKUX M DKCIUTyaTallMOHHBIX CBOWCTB, IO-
CKOJIBKY OT BEJTMIMHBI MEKIYOCHBIX IIPOMEKYTKOB
JNEHIPUTOB 3aBUCST pa3Mepbl U PacIiooXeHUe ra-
30BBIX 1 HEMETAJUTMUECKUX BKITIOUSHII, MOP(hOJI0-
T'Usl Ta30yCalOuHOl MUKPOMOPUCTOCTH, Pa3BUTHE
JEeHAPUTHOM JIMKBALIMY B OTIMBKAX 1 CJIUTKAX [1—3
u ap.]. Hapsay ¢ skcnepuMeHTaaIbHbIMUA UCCIEN0-
BaHUSAMHU [4—7], BaXKHBIM MTHCTPYMEHTOM JJISI 00eC-
MeYeHsI KauecTBa OTJIMBOK CTYKUT KOMITbIOTEPHOE
MOJIeJIMPOBaHME TUTEHHBIX mpolieccoB [8—10], pe-
3yJIbTaThl KOTOPOTO TMO3BOJISIIOT peajiM30BaTh Ha-
YIHOOOOCHOBAHHOE BO3ACHCTBME Ha IMapaMeTphl
(dopmupyoeicss MUKpOCTPYKTYPHI.

Lenb paboTl — TPOTHO3MPOBAHNE TTAPAMETPOB

MMKPOCTPYKTYPbI TPOMHBIX cI1aBoB Al-Cu-Mg, ¢op-
MHUPYIOLIENCs IPU HEPABHOBECHBIX YCIIOBHSIX KPU-
CTAJlJIM3allMK, ¢ UCIIOJIb30BaHUEM pa3pabOTaHHOM
KoMIIbloTepHoi Moaenu [11—12, 13], 6azupyromeii-
csl Ha MexaHu3Me TUPEPY3MOHHON KoaleCLieHLIUU
IEHIPUTHOM CTPYKTYPhI Y TIPUHLIUIIE AIAUTUBHOTO
BJIMSIHUSI KOMITOHEHTOB CILJIaBa Ha MPOLeCC Kpu-
CTaJUTU3alNN.

00630p UCCIIeI0BAHMIA, TTOCBSIIIEHHBIX PACUETy

BTOPUYHBIX MEXKIYOCHBIX TPOMEXKYTKOB JEHIPUTOB
M, [4—10, 14—16], npuBeJ K BBIBOY 4TO CPEIM MPEI-

a)
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JlTaraeMBIX MOJIEJIei HEeT JOCTOBEPHOTO O0OOIIEHMS,
KOTOPOE MOIJIO Obl IMOKa3bIBaTh CTENEHb BIAUSHUS
KOMITOHEHTOB 1 TIapaMeTpOB KPUCTAJUTM3alINU Ha
(hopMUpyOILYIOCS MUKPOCTPYKTYpPY (puc. 1).

[IpuBomMMEIE pe3yabTaThl MHOTOKPATHO pa3-
JIMYAKOTCS 110 BEIMYMHE A, KaK IIPY PA3HOM COzep-
JKaHWHU JIETUPYIOIIeTo KOMIOHeHTa (puc. 1, a), Tak
U 7151 6JIM3KMX 10 COCTaBy CIUIaBOB (puc. 1, 6), 4To
CBHIIETEIBCTBYET 00 aKTYaIbHOCTH pacCMaTpUBae-
MOTO BOMpoca.

MeTonuka BbInoJHeHHsI PA00ThbI

IIporHo3upoBaHue NnapaMeTPOB MUKPOCTPYKTYPbI
aJIIOMMHHEBBIX CIUIABOB OCYIIECTBIEHO C TOMOIIIBIO
CUCTEMHOM YMCJIEHHOW MOJEIIN, ITPEACTABISIOLLEH
MNpOoLIECC HEPABHOBECHOM KpUCTA/UIA3ALIMU JIUTE -
HBIX aJIOMUHMEBBIX CILIABOB B M€30MAaCIITAOHOM
00beMe CIlIaBa, JJ1s1 KOTOPOTO XapaKTepHO PaBHO-
MepHOe pacripefie/ieHue TeMIepaTypbl U KOHILICH-
Tpaluy OCTaTOYHOIO pacriaBa, B yCJIOBUSX 3HAYU -
TEJbHOTO TOJaBJICHUSI MHKpPOMACIITA0HOI
¢ dy3un KOMIOHEHTOB TBepaoil das3el [11] u
3¢ heKTUBHOTO MpoTeKaHust UM dy3uMoHHOI Koa-
JIECLICHIIMM BTOPUYHBIX BeTBel neHapuToB [17]. st
3TOrO pelaay cuctTeMy AudQepeHIMaaIbHbIX ypaB-
HEHUU, ONUCHIBAIOIIMX B3aUMOCBSI3aHHOE U3MEHE-
HUe cocTaBa xkuakoi dassr C (m) (coriaacHo mpe-
oOpasoBaHHOMY ypaBHeHuIo OHaka [12]), Temma

. dm
BbLIEIeHUs TBepnoi (asbr i (r) = U BEJIMYMHBI

BTOPUYHBIX MEXIYOCHBIX TPOMEXYTKOB A,(C*, T) neH-
JIpUTOB TBeporo pactBopa (Al). CucteMHast B3auMo-
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Puc. 1. PacueTHble CTPYKTYpHBIC XapaKTepucTUKHU B criaBax Al-Si (a) [14—16] u Al—(4,5-5) %Cu (6) [4—10]
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CBSI3b UCIIOJIb3YeMBIX YPaBHEHUIT 3aKIII0YaeTCS B
TOM, UTO XOJ KPUCTA/UIM3aLMU U ee Mopdosorus
HaXoJsITCsI B 3aBUCUMOCTH OT XapakTepa muddysu-
OHHBIX MPOLIECCOB U TeMIa BblAEJECHUS TBEPAOW
(asml |, KOTOPBIE OMIPEACIISTIOT U3MEHEHHE COCTaBa
KuaKoi dasbl Ct' 1 KWHETUKY M3MEHEHMSI TEPMO-
TUHAMWYECKUX U TEOMETPUICCKUX YCIIOBHI TIPO-
TeKaHus 1uddy3un A, OCKOJIbKY Ha MeX(daszHOM
TpaHUIIe IIPOMCXOIUT TIepepacIpeie/ieHIe KOMITO-
HEHTOB MeXIy (azaMu.

J1st aHam3a CTPYKTYPBI MHOTOKOMITOHEHTHBIX
CILJIaBOB, CcolepXKallluX IBOMHYIO U/WIN TPOHYIO
3BTEKTHUKY, MCTIOIB30BAIN MOaeNnb JIXXeKcoHa —
XanTa [18] 1 ee MOAEpHU3UPOBAHHbBII aHAJIOT JJIst
TpOlHBIX cucTeM [19], B KOTOpBIX OTpaxkeHa B3au-
MOCBSI3b MEXKIY CKOPOCTBIO 1) pOCTa IBTEKTUUECKUX
KOJIOHWI W BEJIMYUHOM A MEXIUTACTUHYATHIX pac-
CTOSTHUIA:

MN=K/(K D), 1))
rae K, K, — Koo GUIMeHTbI, KOTOPBIE 3aBUCAT OT
psia TEpPMOIMHAMUYECKUX U KUHETUYECKUX XapaK-
TEPUCTUK (ha3, 00pa3yIOIINX IBTEKTUKY [18, 19].

HudopmanuonHoe odecneyeHue pacyeToB, Ha-
psIIy € aIeKBaTHOCTHIO pa3pabOTaHHOM YMCIIEHHOM
MOJIEJIU, SIBISIETCST BaXKHBIM YCJIOBUEM, MO3BOJISIIO-
MM TIOBBICUTh JOCTOBEPHOCTH ITOJIy4aeMBIX pe-
3yapTaToB. OmnpeneneHue GUZMKO-XMMUYECKUX
napameTpoB ciuiaBa (KO3 UILIMEHT pacIipeneIeHIs
k, TaHreHC yIyla HaKJIOHa JUHMU JMKBUIYCA p) HA
KaxXIIOM IIIare pacuyeToB OCYIIECTBIISIIN 3a CUeT MC-
M0JIb30BaHMUsI B pa3pabOTaHHOI YMCIEHHONM MOIEIN
TaHHBIX TEPMOAMHAMHUYECKOTO MOICINPOBAHMS,
MOJIYYEHHBIX C TOMOIIBIO TPOrPAMMHOI0 KOMILIEK-
ca POLYTHERM [12], 94T0 103BOIMJIO YY€CTh IIPO-
SIBJICHUE TeMITepaTypHOI 3aBUCMMOCTH YKa3aHHbBIX
mapaMeTpoB. TemItepaTypHYIO 3aBUCUIMOCTH KO3 (-
(unreHToB nuddy3un TerupyoIX KOMIOHEHTOB
B TBepIO# 1 KUIKOM (ha3zax pacCUMTHIBAIINA COTJIAC-
HO ypaBHEHUI0 AppeHuyca

D(T) = (D,) exp(—0/RT), 6)
rae Q, — Heprus akTuBaluy 1uddy3nu i-ro Kom-
noHeHTa; (D), — nmapaMerp, He 3aBUCSIIIA OT TeM-
nepatypbl T; R — yHUBepcajibHasl ra3oBasi ocTo-
AHHasA. 3HayeHus KodbpuuueHtoB D u Q nns
pa3IMYHbBIX 2JIEMEHTOB, UCIOJb3yeMble MpPU pa-
cueTax, IpuHUMau coraacHo [20].

DKCnepuMeHTAJIBHYI0 OIIEHKY NMapaMeTpoB JeH-
JIPUTHOM U IBTEKTUYECKOI MUKPOCTPYKTYPbI IIPOBO-
JWIW TIpU MeTajuiorpacuyeckoM McclieOBaHUU
JIMTBIX 00pasuoB u3 crutaBoB Al-5%Cu-(0-5)%Mg

94

n AK12 (Al-10,5%Si-0,1%Cu-0,2%Fe), ctpyktypa
KOTOPOTO COIEPXKUT 3HaunuTeabHoe (6ojee 60 %)
KOJIMYECTBO 3BTEKTUKU. CKOPOCTh OXJIAXKICHUST OT-
JINBOK BapbMPOBAJIU 3a CYET UCITIOIb30BaHUS TIecya-
HO-TJIMHUCTBIX U METATMIECKUX (OPM JUTS TIOJTY-
YEHUS OTVIMBOK UMJIMHAPUYECKON U TTPSIMOYTOIBHOM
KOH(UTYpaLIMU C IIPUBEACHHOM TOIIIMHON OT 2,5 10
17 mm. J11s1 mpoBeaeHUsT TePMUUYECKOro aHaau3a B
OTJIMBKAX OB YCTAHOBJICHBI XpOMeEJIb-aTtoMeie-
BbI€ TEPMOIIAPbI, (PUKCUPYIOLLIUE TPOUCXOASIIIEE B
Ipoliecce KPUCTAJUTU3alNU U3MEHEHUsT TeMIlepa-
TYpbl B OCEBOI YaCTU OTJIMBKU U Y €€ TTOBEPXHOCTHU.
Ieperpes crutaBoB rpu 3aimBKe coctapisut 100—120 °C.

OLIEHKY MUKPOCTPYKTYPbI TPOBOIMIN Ha CBE-
TOBOM ONTUYEeCKOM MUKpockoriie Leica DM 5000 B
nyariazoHe yBeandeHuit X 50—200 ¢ ucrioab30BaHu-
eM TIPOTpaMMbl KOJIMYECTBEHHOI 00pabOTKM JTaH-
HbIX Thixomet PRO. B 11oyd4eHHBIX 00pa31ax BOJIM -
31 TEPMUYECKOTO LIEHTPA OTIMBKU U3MEPSUIU
BTOPUYHBIE MEXIYOCHBIC POMEXYTKM JSHIPUTOB
M, a Takxke (B oOpasiax u3 crutaBa AK12) pasmepsbr
MEXIITACTUHYATBIX PACCTOSHUN B SBTEKTUKE A .
KonnuectBo n3MepeHMit, BHITOJIHEHHBIX B HECKOJIb-
KHUX TOJISIX 3peHUsI, COCTaBsIo He MeHee 100 ms
Kaxgoro obpasua [11].

Pesynsrarbl Mo TMpoOBaHUS

TepMoauHaMUYecKoe MOIETHPOBAHKE XONIa 3a-
TBepAEBaHUS TPEXKOMIOHEHTHBIX cr1aBoB Al-Cu-
Mg ucmoab30Baln IS IOCTPOeHUST (hparMeHTa
MOBEPXHOCTU JIMKBUIYCA AJAHHOI CUCTEMBI (puc. 3)
1 TIOJYYeHUS YPaBHEHWI, OTIMCHIBAIOIINX JIMHUM

Cu, %
40

35
30
25
20
15 5
10 g
5 P

0

0 5 10 15 20 25 30 35
Mg, %

Puc. 3. O6nactu hopMUpoBaHHUS pa3IMIHBIX
CTPYKTYPHBIX COCTaBJISIIOIINX W UX Pa3rpaHUIUTENIbHbIE
JIMHUY (TTYHKTHUP) TIPY PAaBHOBECHOM KPUCTAIITU3AIINI
cruiaBoB cuctembl Al-Cu-Mg
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Tabnuna 1

Oo6sacTH BbIIETEHHS CTPYKTYPHBIX COCTABISIIOIIMX U PA3TPAHMYMTE/IbHbIE JUHUHA HA MPOEKIUH OBEPXHOCTH
JukBuayca cucremsl Al-Cu-Mg (npu Cu < 33% u Mg < 34%)

O6o3HaueHue Oo6sacTb Ha
. CTpyKTypHBIE CraTtuctuyeckast MOsie/b
pa3rpaHUIUTETHLHON TUHUMN TIOBEPXHOCTH .
L COCTaBJISIOIINE pa3rpaHUYUTETHLHON TUHUM
TpOIiHOI auarpamMmel (puc. 3) | aukBumyca (puc. 3)
1 A (Al) + ALCu + E|
Cr., =5,62 CLMg —5,21
B (Al) + ALCuMg + E|
2 B (Al) + ALCuMg + E,
Ct., =307 CLMg - 791
C (Al) + AL,CuMg + U,
3 C (Al) + ALCuMg + U,
., =0,66C, —6,47
D (A)+T+U, ’
4 D A+ T+ U,
¢, =061C —6,07
E (A) + T+ E,

[pumeuanue: E,= (Al)+ALCu+AlLCuMg; U, = (Al)+ALCuMg+T; E, = (Al)+ T+ — coctasbl TpoiiHOM 3BTeKTIKM [21];
e, = (Al)+AlL,CuMg; e, = (Al)+ T'— cocTaBbl ICEBIOOMHAPHOM IBTEKTUKM (TOUKM «IepeBasia») [22]

TaJbBETOB IBOMHBIX 3BTEKTUK, COIJIACHO KOTOPBIM
IIPOUCXOIUT MTOKOMITOHEHTHOE N3MEHEHHE COCTaBa
kunkoi dasbl. Takke ObLIA MOJIYYEHbI CTATUCTU -
YeCKMe MOJIEIN JIMHUM, pasrpaHUIMBAIOIINX TIPU
KpHUCTaLIM3alMu CILJIaBOB 001acTU (hOPMUPOBAHUS
Pa3IUYHBIX CTPYKTYPHBIX COCTaBJISIIONIUX (Ta0I. 1).

BaxkHBIMU I'paHULIAMU TIPU CTPYKTYPOOOpa3o-
BaHuU cI1aBoB Al-Cu-Mg Ha mOBepXHOCTU JIMKBU -
Jyca SIBJISIIOTCS. IMHUM 2 U 4, OTMevalollue TOYKU
«repeBaia» (e, ¥ e,) ¥ pasfieisioiue 00JacT Bbl-
JIEJIEHUS COCEHUX TPOMHBIX IBTEKTUK (Eu U, a
takxke U, u E, coorBeTcTBeHHO). CTpyKTYypa CIuia-
BOB, B KOTOPBIX UCXOHOE COAEPXKAHUE KOMITOHEH-
TOB COOTBETCTBYET IMHUSIM 1| 11 3, IIpu paBHOBECHOI
KpHUCTa/UIM3alM1 COCTOUT U3 IEPBUYHOTO TBEPAOTO
pactBopa (Al) u TpoitHO# aBTeKTUKHU (£ nmu U, ).
B criiaBax ¢ MCXOIHBIM COCTABOM, OTJIMYAIOLLIMMCSI
oT uHuil 1 u 3, opmupyercs: pasauyHasl o Co-
cTaBy JBOMHasi 3BTEKTHUKA: B obOjactu A —
(Al)+ALCu, B obnacrax Bu C — (Al)+AlLCuMg, B
obnactsax Du E— (Al)+T.

CpaBHuTEIbHOE TEPMOAMHAMHYECKOE MOIETHPO-
BaHUe, TIPEJCTaBICHHOE B BU/e rpadMKOB Ha puUC.
4, oTpaxkaeT BIMSIHUE CONepKaHWsI MarHus B CTIIa-
Bax Al-4,5 %Cu-(0,1—-16)%Mg, Ha KOJTUYECTBO
CTPYKTYPHBIX COCTABIISIOIINX, BEIIETSIONINXCS TIPH
paBHOBecHOI1 (puc. 4, @) U HepaBHOBeCHOI (puc. 4,

0) xpuctayunsanuu. Kak BUIHO U3 npeacTaBieH-
HBIX TPaUKOB, YBEJUUECHNE COMEPKAHUS MAarHUsI
B CILIaBaxX, HECMOTPSI Ha 3HAUMTEJIbHOE pa3inyue
YCIJIOBUM KpUcTauin3auuu (puc. 4, a, 6), IpUBOIUT
K TOCTEIIEHHOMY M MPaKTU4YeCKU OJUHAKOBOMY
CHIDKEHMIO KOJIMYECTBa TBEpAoro pactBopa (Al), a
HauOOJIbIIIME PAa3JIMYUSI B COOTHOIIEHUN CTPYKTYP-
HBIX COCTABJISIONINX CBS3aHBI C KOJIMYECTBOM U CO-
CTaBOM B3BTEKTUKHU, (DOPMUPYIOLIEHCS MOCie BbI-
neneHus (Al).

B paBHOBeCHBbIX ycJI0BUSIX (puc. 4, @) 1BoitHast
aprekTHKa (Al)+Al-Cu B 06nact A NosBJIsIeTCA
npu 1 % Mg n ee KOJIMYECTBO M’ HE3HAUYMTEILHO
YBEJIMUUBACTCS, JOCTUTASI MAKCUMAJIBHOM BEJTMUHU -
Hbl (0,015) pm 1,6 % Mg, mociie 4ero yMeHbIIIaeT-
Cs1 COOTBETCTBEHHO BO3PACTAHMUIO IO 17, TDOMHOIMA
aBTeKTUKU E,. B 061actax B u C obpasyercs qBoii-
Has 9BTeKTHKA (Al)+AL-Cu-Mg, Hanbosblee Ko-
JmaecTBO Kotopoii (0,26) Beimenstercs mipu 11,1 %
Mg, a 3aTe€M C pOCTOM KOJIMYECTBA TPOMHOI 9BTEK-
tuku U magaer no 0 mpu 16 % Mg, korna cocras
cIulaBa BBIXOOUT Ha JnHUIO 3 (puc. 3).

[1pu KpUcTaIIM3aLUK B YCIOBUSIX TTOJTHOIO IM0-
naBiaeHus: nuddysuum B TBepmoil ¢asze (puc. 4, 0)
U3MEHEHME NOJU JIBOMHBIX U TPOMHBIX DBTEKTUK
BBIpaXKeHO OoJiee 3HaYUTeIbHO. B 0061actul A ¢ yBe-
JIMYEHUEM COepKaHUSI MaTHUS TTOHUXKAETCS KOJI -
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Puc. 4. Bnusnue conepxanus Maruus B cruiasax Al-4,5 %Cu-Mg Ha 10110 CTPYKTYPHBIX COCTaBIsOWUX m, m®, m',
MPU PAaBHOBECHBIX YCJIIOBUSIX KPUCTAILIM3ALMU (@) ¥ TIOJTHOM ToAaBieHuu nuddys3uun B TBepaoit dase (6).
ITyHKTUpHbIE JMHUY PA3IENIAIOT 00JaCTH U3MEHEHMS Pa30BOro CoCcTaBa IBOMHOM 3BTeKTUKM () E, U, (uHum 1
1 3 Ha puc. 3) ¥ TPOKHOM IBTEKTUKM (A) e, (uHMA 2 Ha puc. 3)

4EeCTBO IBOIHOI 9BTeKTUKU (Al)+Al -Cu 1 nmpouc-
XONIWT COOTBETCTBYIOIIEE YBETMUCHUE JOTU TPOHHOM
9BTEKTUKM E,. DTa Xe TpOlHas 9BTEKTUKA (POPMHU-
pyetcs B obsnactu B u ee mosst ymeHbIaercs no 0
pu 3 % Mg, 9TO COOTBETCTBYET TOUYKE TICEBIOOH-
HAPHOM SBTEKTUKH €, KOTOPasi OTMEYAET FPAHMULLY,
COOTBETCTBYIOLLYIO UBMEHEHUIO COCTaBa TPOWHOM
9BTEKTUKHU. Jlosis 1BOiHOM oBTeKTUKM (Al)+Al-
Cu-Mg B obnactu B ¢ yBenmnueHneM coaepKaHUs
MarHus nocreneHHo yeeanuubaetcs (o1 0 10 0,15),
a 3aTeM, JTOCTUTHYB MaKCHMyMa TpU TMepexoje B
ob6sacth C (TOYKa e,), HAYUMHAET CHUXKATBCS C T10-
SBJICHUEM B CTPYKTYpE TPOWHOM 9BTEKTUKU U, 1
YBEJIMYEHHUEM €€ TOJIH.

Ycenosust, korna auddysust B TBepAoil haze mpo-
TEKaeT MOJHOCTBIO (DS~ o0) MO0 MOJHOCTHIO MO-
nasiieHa (D= 0), 0oTBEYaIOT COOTBETCTBEHHO PAaBHO-
BECHBIM U TIpeleTbHO HEPAaBHOBECHBIM YCIOBUSIM
kpuctausdauuu. [1pu yactuuHoit auddysuu B
tBeproit ¢aze (0< DS<o0), uro Hanboee XxapaKTep-
HO JIJIs1 peaJIbHbIX YCIOBUM KpUCTAJUIU3AllUU ajlto-
MUHHUEBBIX CIUiaBoB [13], 3aBUCHMOCTU m=f(CLMg)
3aHUMAIOT TTPOMEXYTOUHOE IMOJOXKEHUE MEXIy
JIVHUSIMA, COOTBETCTBYIOIIIMMH PABHOBECHBIM (pHC.
4, a) M IpenebHO HepaBHOBECHBIM (puc. 4, 6) yciio-
BUSIM KpUcTautn3aunu. KuHeTnueckuii mapamerp
G, UCTIOJIb3YEeMbIil TIPU MOAEJIMPOBAHUN Mpoliecca
KpucTtajusanuu [13] u onpeaensieMblii Kak

S
i . _8D’1;5

=) o=, 3
1+ 20, ! A3 (3)

20.;
G;
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MO3BOJISIET KOJIMYECTBEHHO OLIEHUBATh U YYUTHIBATh
peaIbHYIO MUHTEHCUBHOCTD A1 (GY3MOHHOIO Mepe-
HOCa KOMIIOHEHTOB B TBepaoii daze D° mpu B3au-
MOCBSI3aHHBIX U3MEHEHUSX TTapaMeTpOB ACHAPUT-
HOW CTPYKTYpbl (A,) ¥ HHTEHCUBHOCTH
TEIIO0OMEHA MPYU KPUCTAJUTU3ALNH (T, ).

PacyeT mapameTpoB IEHAPUTHON MUKPOCTPYKTYPbI
Obl1 BoIMOJHEH s cruaBoB Al-4,5%Cu-(0,1—
16)% Mg, KpUCTAIUTU3YIOIINXCST B YCIIOBHSIX YaCTHY -
Hoii nuddy3un B TBepaoii hase Mpu 3agaHHOM Xa-
PaKTEepHO MOJHOM MPOIOKUTEBbHOCTHU Mpoliecca
T,= 500 ¢, 4To OTBEYAET 3HAYCHMIO OE3pa3MEPHO-
ro napametpa ¢ ~ 0,5.

I1pu yBenmyeHun KoHueHTpayu Mmaraus ot 0, 1
1o 1,5 %, 4To COOTBETCTBYET 00aCTH A Ha puc. 3,
10JIs IEPBUYHOTO TBEPAOro pacTsopa (m ~0,90) u
NPOIOJIKUTENLHOCTD €ro BbiaeneHus (T, ~ 410 c)
MPaKTUIECKU He U3MEHSIOTCSI, B TO BpeMsI KaK KO-
HeuyHasl BeJIMUMHA MEXKTYOCHbBIX TPOMEXKYTKOB JICH -
IPUTOB A, yMeHbLIaeTcs oT 215 10 90 MkM. D10
CBSI3aHO C KOMIUIEKCHBIM BJIMSIHUEM (DUBUKO-XU-
MMUYECKHUX MMapaMeTPOB, B YaCTHOCTH C IMOAABICHN -
eM nuddy3un B TBEpAoil ¢a3e, KOTOPOE YCHIMBA-
€TCs C YBEJIMYEHUEM COAEPXKAaHUA MarHus u3-3a
COOTBETCTBYIOIIETO MOHMXEHUSI KO duimeHTa
nudoysun [20]. Ilpu manpHeilIeM MOBBILLIEHUU
KOHIIEHTpayu Maraust ot 1,5 1o 16 % (B o6nacTsix
B n C Ha moBepxHOCTH JIMKBHUITYCA) NOJISA M COKPa-
maetcst 10 0,65, a TpogOKUTETEHOCTD BBIICICHUS
TBEPIOTO PacTBOpa T, — 10 168 ¢, Npu 5TOM YMeHb-
IIEHUE KOHEYHOI BETMIMHBI A, IPOMCXOIUT C MEHb-
M temrioM (0T 90 1o 35 MKm).
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Jlo6aBKa MeIn B CITIaB C TIOCTOSTHHBIM COZIEp-
>KaHUEeM MarHusi (COMg = 4,5 %) oka3bIBaeT aHaJIO-
TMYHOE BIWSHWE HAa M3MEHEHHWE COOTHOIIECHUS
CTPYKTYPHBIX COCTABJISIONIUX:

ipu (0,1—1) % Cu (o6macts C, gBOITHAS 3BTEK-
tuka (Al)+7), Tt ~470c) A, ymenbiaercs ot 230 1o
110 MxM™m;

npu (1—16) % Cu (ob6nacth B, nBoiiHast 3BTEK-
tka (Al)+ALCuMg) T ymeHbiuaercs 10 86 c, A,
yMeHbiaercsd ot 110 1o 30 MKM.

[MomyueHHBIE pe3yNbTaThl MTOKA3BIBAIOT, YTO B
paccMoTpeHHoit cucteme Al-Cu-Mg ¢ yBeInuyeHu-
€M MCXOTHOTO COAepKaHMS KaK MeIU, TaK U Mar-
HMSI, HAOII0IAETCs TTIOXOXUI XapaKTep U3MEHEHU S
TIPOIOJDKUTETFHOCTH BBIICTICHUS TIEPBIYHOTO TBEP-
JIOTO PacTBOpa T, U BEJMYMHBI MEXIYOCHBIX TPO-
MEXYTKOB JICHAPUTOB A,. B ucciaenosanHoii Tpoii-
HOI1 crcTeMe 3TO CBUAETEILCTBYET 00 aIUTHUBHOM
XapakTepe BIUSHUS KOMITOHEHTOB Ha (DOpMUpPYIO-
LIYI0CSI MUKPOCTPYKTYPY B YCJIOBUSIX KOaleCleH-
MU, KOTOpasi 3aBUCHUT OT TEPMOIMHAMUICCKUX
napamMeTpoB cruiaBa U AU by3MOHHOM MOABUXK-
HOCTH JIETUPYIOIINX KOMITOHEHTOB.

PeayanaTm IKCNIECPUMEHTAJIBbHOI0 UCCJICTOBAHUA

TunmyHas MUKPOCTPYKTYpa B TIOTIEPETHOM Ce-
YEHUU UCCJIEIOBAHHBIX CILJIABOB, IPpUBEACHHAs Ha
puc. 5, mpeacTaBisgeT co00M NeHAPUTHI TBEPIOTO
pacTBopa Ha OCHOBe amtoMuHus (Al) 1 HaxomsIy-
10CS1 B MEXXJEHIPUTHBIX MPOMEXYTKAX 9BTEKTUKY.

Hcnonb3ys B pazpaboTaHHOU YMCIEHHOU MO-
JIeJTV 3HAYEHMST TIOJTHOM TTPOIOJIKUTETbHOCTH KPH-
CTaJUIM3ALUK T, B OCEBOI YaCTH OTJIMBOK [23], 5Kc-
MIePUMEHTAIBHO OIpeneIeHHBIC TI0 TEPMUISCKUM

KPUBBIM PaCCUMTAIN COOTBETCTBYIOIINE KOHEUHBIE
3HAYEHUS MEXIYOCHBIX MPOMEXYTKOB NEHIPUTOB
A, M MEXTIIACTUHYATBIE PACCTOSIHUS B 9BTEKTUKE A, .

Kak BUaAHO U3 MpUBENEHHBIX B Ta0JI. 2 TaHHBIX,
CpemHue 3HAYCHUS MapaMeTPOB MUKPOCTPYKTYPHI
AJTIOMMHMEBBIX CIIJIAaBOB, PaCCUUTAHHbBIE C MTOMO-
IIBI0 YUCIICHHO MOIETN 1 TTOJTydeHHBIE SKCITEPH -
MEHTaJIbHO, XOPOLIO COIIaCyIOTCSI MEXIY co0oli (B
TIpeiesiax MpUBeIeHHOM CTaTUCTUYECKOM ITOTpel-
HOCTH 3KcIepuMeHTa). [1pu yckopeHHol KpucTa-
JIM3aLMK CTUIABOB B METAITMUECKOM KOoKuie (12—16¢)
J06aBKa MarHusi Majio BIMSIET HA U3MEHEHUE BEIU-
YUHBI MEXIYOCHBIX IMMPOMEXYTKOB JACHIPUTOB, a
Hab101aeMble OTJIMYMSI MOTYT OBbITh CBSI3aHBI C I10-
TPEITHOCTHIO U3MepeHuii. [1pu 6oee mnTeIbHOM
KpUCTANIM3alluU CIUIAaBOB B MecyaHoil ¢dopme
(750—1200 ¢) mobGaBka MarHus Ipyu yBEJINYECHUU
WHTEHCUBHOCTU Auddy3un B TBepaoil (ase B co-
BOKYITHOCTH C U3MEHEHNEM (PU3UKO-XUMUICCKIX
apaMeTpOB KOMIIOHEHTOB CIUIaBa (K, p,) UHTEHCH -
dummpyeTt mpoilecc KoaJeCIeHIINN 1 BHI3BIBAET
YMEHBIIEHUE BETUYMHbBI MEXKIYOCHBIX MPOMEXKYT-
KOB.

BoinosiHEHHOE CcOMOCTaBIeHUE O CPEAHUM
3HAYEHMSAM A, ¥ A, JTOTIOJHUTENIBHO BBIABUIIO JIO-
KaJbHYI0 (B MUKpoMaciiTabe) HeOTHOPOIHOCTh
CTPYKTYPbI (G, HAMHOTO NPEBILIAET IOTPEITHOCTD
U3MEPEeHUil), BKJIag KOTOPOI, OLICHUBAEMBblii BEIU -
YUHOM KoabdulMeHTa Bapuauu V=g / (7»2)Cp, co-
crapnsieT £(0,20—0,30), yTo OBLIO paHee BbISIBICHO
U B cTanu [24]. B coueTannu ¢ pa3mmaHOi IpOaOIKI-
TEeJIbHOCTBIO 3aTBEPAEBAHUSI IO CEYEHUIO OTIIMBKU 3TO
00YCITOBIIBAET 3HAYNTEIBHBIA pa3Max IapaMeTpoB
MUKPOCTPYKTYPbI TAKXKE U B MaKpoMacuiTaoe.

Tabmuma 2

DKcnepuMeHTAJIbHbIE H PACIETHbIE 3HAYEHNS MEXKTYOCHBIX IPOMEKYTKOB JIEHIPHTOB )., M MEXKILIACTHHYATHIX PACCTOSHMIA
B 9BTEKTHKE ) MPH PA3JTMIHON NPOJOIKUTEILHOCTH 3aTBEPIEBAHMS OTIMBOK T,

CranmapTHas
A, MKM
T,.¢ (pacuer) }\'cpicl’ MKM (3Kcmep.) OHJI/I6UKa n3Mepe-
CrutaB (3KcTtep.) HU kcp, MKM
A, A A, A, A, A,
Al-5 %Cu 13 17,4 13,934 - 0,2 -
752 91,6 93,1+17,5 - 1,7 -
Al-5 %Cu-5 %Mg 16 16,7 14,1£2,7 - 0,3 -
1020 73,8 77,2143 - 1,4 -
AKI12 12 17,4 2,3 16,1+4,8 2,7+0,9 0,5 0,1
1160 95,7 14,1 96,2+17,9 17,9+4,8 2,1 0,6
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Puc. 5. Mukpoctpyktypa ciiaBoB Al-5%Cu (a, 6), Al-5%Cu-5 %Mg (s, 2) u AK12(0, e),
KPUCTAJUIM3YIOIIMXCS B METAJUIMYECKOM KoKuie (a, 8, d) 1 ecyaHoii popme (6, 2, e)

Jl1s1 orpeaeeHusI TOKaJIbHOM TTPOIOIKUTETb-
HOCTH pOLIECcca KPUCTA/LTU3aMK 00pasIioB T, , B
KOTOPBIX He ObLJIA YCTAHOBJIEHBI TEPMOIIAPHI, C T10-
moiupio nporpaMmMbl POLYCAST 0Obu1 BBIOJTHEH
pacuer MX 3aTBepaeBaHMsI. B KauecTBe MCXOIHBIX
JAHHBIX MCITOJb30BalN pe3yabTaThl XMMUUECKOTO
aHaM3a 00paslioB, a TAKXKE IMTOCTPOCHHBIE B CUCTE-
me SOLIDWORKS TpexMepHbie reoMeTpruyecKue

MOIECJIU OTJIMBOK, YTO ITO3BOJIMJIO ITOJIYYUTH CBEIC-
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HUS O pacTpeneeHUN TeMIepaTyp B OTIMBKAX U
MPOAOKUTEIBHOCTH UX 3aTBEPAEBAHUS BIOJIb TPEX
KOOPIMHATHBIX ocelt. C MCIoNIb30BaHUEM TTOJTY-
YEHHbIX 3HAYEHUH T, M SKCIIEPUMEHTAILHO OITpe-
JIeJICHHBIX CPEIHUX 3HAYCHU I ()\2)Cp ObLIU ITOCTPO-
€Hbl CTaTUCTMYECKME MOAeJU Al pacueTa
BEJMYMHBI MEXKITYOCHBIX IIPOMEXKYTKOB IEHIPUTOB
B BKCIEPUMEHTAJIbHO MCCJIeJ0OBAaHHbBIX CIJaBax
(Tabmn. 3).
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Tabnumna 3

CraTucTHyeckue MOJIEe M IS pacueTa MEK1YOCHBIX NPOMEKYTKOB N€APUTOB B UCCJICIOBAHHBIX CILIaBaxX

Vpasnerme Koodduuuent CraHnmapTHas olmmoKa

Cruias K03 OUILIMEHTOB YpaBHEHHUSI
)\2 = k1 »c’zl r Koppensaiuu R e n
Al-5% Cu A, = 7,450 0,899 1,08 0,02
Al-5 % Cu-5 % Mg A, =451 0,963 1,05 0,01
AKI12 A, = 6,301"¥ 0,899 1,09 0,02

[IpuBeneHHBIE MOIEIN UMEIOT BBICOKMI KO3(-
(buIMeHT KOoppesIiy R 1 XOPOIIIO COTIIACYIOTCS CO
3HAYEHUEM CTENEHHOro Koadduuuenra n 0,33,
YTO OTBEYAECT TEOPETUUECKOUN 3aBUCHMOCTH IS
I hY3MOHHON KOANeCIEHIMNA B SMITUPUYECKOM

CTENIEHHOM BBIPaXXEHUU A, =kl‘t'25 [12].

3akimoyenne

[TonyyeHHBIE pe3yJIbTaThl TTO3BOISIIOT YTBEPXK-
naTh, 4yTo B cucteme Al-4,5% Cu-Mg yBenudeHue
HUCXOAHOTO coaepxaHust maruug ot 0,1 1o 16 %
MPYBOINT K M3METBYSHUIO IEHAPUTHOM CTPYKTYPHI.
Ecnu crmaB HaxoguTcst B 00acTi A, Te mociie pop-
MHUPOBaHMUS TBepAOTo pacTtBopa (Al) BbiaessieTcs
nBoiiHast 3BTeKTHKA (Al)+Al,-Cu, To 106aBKa Mar-
HUS IPUBOIUT K 00JIee MHTEHCUBHOMY U3MeTbye-
HUIO JEHIPUTHOU CTPYKTYPHI, UYeM B CILJIaBax M3
obnactu B, roe nocie (Al) BblaeasieTcsl IBOMHAs
aBrekTrKa (Al)+Al-Cu-Mg 1 ¢ yBeTMYeHUEM UC-

XOJTHOTO COJIEp>KaHUSI MarHus TakXe OTMeJaeTcs
COKpallleHUe JOJIM TBEPAOTO pacTBOpa U JIIUTENb-
HOCTHU Mpoliecca KoajecueHuuu. Meroauueckue
MOTPEUIHOCTH, BbISIBIIEHHbBIE ITPU 0030p€E CYIIECTBY-
IOIIMX METOJIOB, ObLIM YUTEHbI B JJaHHOI padoTe.
ToyHOCTb 1 aeKBATHOCTb MO/, TTOATBEPKICH -
Hasi Ha MpUMepax TPOMHBIX U MHOTOKOMITOHEHTHbBIX
CIUIABOB TPU YIOBJIETBOPUTEJIBHOM COIJIACUM pa-
CUYETHBIX [TApAMETPOB MUKPOCTPYKTYPbI C IKCTIEPU -
MEHTAIbHBIMU TAaHHBIMU TO3BOJISIET TPUMEHSITh €€
Kak arnriapar Jij1s YMCJI€HHOTO MOJIeIMPOBAHUSI TPO-
1ecca (hOpMUPOBaHUSI JEHAPUTHBIX U 9BTEKTHUYE-
CKMX CTPYKTYPHBIX COCTaBJISIIOIIUX MTPU HEPABHO-
BECHOM KpHUCTaIIU3allMU, KOTOPBIE SIBJISIOTCS
BaXXHBIMM TapamMeTpaMu TMPU UCCIeTOBAHUN MU-
KPOCTPYKTYphI. TakKuM 00pa3omM, MCHOIb30BaHNUE
pa3paboTaHHOU MoJeNU JAeT BO3MOXHOCTb PeTy-
JIMPOBAHMUSI YCIIOBUM [IJTSI TTOJTyYEeHUST ONTUMATbHOMN
MUKPOCTPYKTYPbI C LIEJIbI0 O0ecreueHnsi Heo0Xo-
JTUMBIX MEXaHUYECKUX CBOMCTB JIUTHIX U3IEJIUIA.
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ANHAMUYECKOE MOAE/IMPOBAHUE
BECLUATYHHOIO CHMJ/IOBOIro MEXAHU3MA

V.S. Dvortsov

DYNAMICAL SIMULATION OF A CRANKLESS MECHANISM

[MpencraBaeHbl pe3yabTaThl MOACIMPOBAHMS OECIIaTyHHOTO CHJIOBOTO MeXaHW3Ma IBUTATess C
BHEILIHUM TOIBOJOM TEIUIOThI MPU MOMOIIY BCTPOEHHOTO MOJYJIsl IMHAMUYECKOTO aHaIn3a MakeTa
Autodesk Inventor 1 Mmomysst Rigid Dynamics makera ANSYS. [IpoBeneH ¢pu3ndecKuii 9KCIIepUMEHT.
CpaBHeHbI pe3yabTaThl YUCIEHHOTO MOAEIUPOBAHUS U (U3UUECKOTo dKcrepuMeHTa. OnucaH OMnbIT
MPUMEHEHUST OPUTUHAIBHOTO TOAX0Aa K M3MEPEHMIO TMHAMUIECKUX XapaKTePUCTUK TIOPIIHS BO
BpeMs1 paboThl MexaHu3Mma. OnpeneieHo HanpaBjieHue MPOoBeAeHUs JaIbHEHIINX paboT Mo ycoBep-
IIEHCTBOBAHUIO M3MEPUTEIbHOM crucTeMbl. [ToBBIIIIEHNE CTAOMILHOCTH M TOYHOCTU M3MEPEHUI 10-
3BOJISIT BBISIBUTb BUOPAIIMOHHbBIE HAIPY3KU TMOPIIHS B KPAWHUX TMOJOXEHUSIX, YTO YBEJIUYUT CPOK
CITy>XOBI YTUIOTHEHHUI 3a CUET ydeTa STUX Harpy30K ellle Ha 3Tare MpOeKTUPOBaHMSI.

JTUHAMWYECKOE MOJEJIUPOBAHUE; BECIHATYHHbBI CUJIOBOM MEXAHU3M; IBUTATEJIb C
BHELIHUM MOABOAOM TEIJIOTbI; USMEPEHWUE YCKOPEHWI; IBUTATEb CTUPJIVHTA.

Are presented the simulation results of the crankless mechanism of the engine with external combustion
by means of the built-in module of the dynamic analysis of an ‘Autodesk Inventor package’ and the ‘Rigid
Dynamics’ module of an ‘ANSYS’ package. Physical experiment is made. Results of numerical modeling
and physical experiment iscompared.The experience of the application of innovative approaches to the
measurement of the dynamic characteristics of the piston during operation of the mechanism. Identify
promising for further work to improve the measurement system. Increased stability and accuracy of
measurement will identify vibration load of the piston in the extreme positions. This will increase seal
life by taking into account these loads at the design stage.

DYNAMICAL SIMULATION; CRANKLESS MECHANISM; ENGINE WITH EXTERNAL COMBUSTION;
ACCELERATION MEASUREMENT; STIRLING ENGINE.

BBenenne

B Omxaitime rombl BaKHEWIINMM (PaKTOpOM
ycroiunBoro passutusi Poccuiickoit Deaepannu
CTaHET OCBOeHME 30HbI ApKTHUKU. be3 MaciTadHo-
0 1 YCKOPEHHOTO pa3BUTUS APKTUYECKON TpaHC-
MOPTHOM CUCTEMBbI, B YACTHOCTHU 0€3 pacIIMpeHUs
POJIU TPAHCIOPTHBIX CPEICTB ABOMHOIO U YHUBEP-
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CaJIbHOTO Ha3HAUYeHUSI, CIIeLInaIM3UPOBAHHBIX CU-
CTEM TMEePEeBO3KHU I'PY30B U CYI0B HAyYHO-UCCIIEA0-
BaTeJIbCKOro JjoTa, TaKoe OCBOEHME ITPOCTO
HEBO3MOXKHO [1]. YuuThiBas KiuMaTu4yecKue yciio-
BMS peTMOHA M HEOOXOMMMOCTh TapaHTUPOBAHHO-
ro obecriedeHnsT (YHKIIMOHUPOBAHUS CYIIECTBY-
Iolllell CeroiHs, BOCCTaHABIMBAaeMON WJIM BHOBb
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cosmaBaeMoii MH(PPACTPYKTYp, 0cOO0e BHMMaHME
clenyeT YAeAsTb JHEPreTUYeCKUM YCTaHOBKaM
QY).

Cpenu pa3anyHbIX BapuaHTOB DY it ApKTU-
KU MPEACTABISIOT MHTePEC CUCTEMBI C IBUTATEIS-
MU BHellrHero rnoasoaa Teriotel (JIBIIT), k mpu-
mepy asuratenu Crupnunra (JC). WMurtepec x
ABIIT ocTaeTcss MOCTOSHHBIM Ha TIPOTSKEHUU
necatuiaeTuii. OO6magast BBICOKUMH TIPEUMYIIIE-
CTBaMM B 00JIAaCTU MCIIOJb30BaHUSI HU3KOMOTEH-
IIATBHBIX ICTOYHUKOB TETLTOTHI ¥ BO3MOXKHOCTBIO
obecreynBaTh HaJeXXHOE dHEProcHabXeHue B ca-
MBIX OKCTPEeMAaJIbHBIX YCIIOBHX, TIOTOOHBIC TBUTA-
TEJU SIBJISTIOTCSI TIEPCIIEKTUBHBIM MOJEM MJIsI UC-
CJICIOBAaHUM.

Oco6ennoctu padotsl JABITT, a uMeHHO DyHK-
IIMOHUPOBAHNE MeXaHW3Ma TIPU OTCYTCTBUU «Tpa-
TMUIIMOHHO» MaCISIHON CUCTeMbl CMa3KHU, BEIHYK-
Aal0T 00paIaThCs K «HETPAIUIIMOHHBIM» CUTIOBBIM
MexaHuzMmaM. JleJio B TOM, YTO HaJIMYUE XXKUIKOU
CMa3KH1 B CUCTEME MOXKET OTPHUIIATETbHO CKa3aTh-
cs1 Ha paboTe ABUTATEIs B cliydyae MolagaHus ee BO
BHYTpPEeHHUI KOHTYp. B cirydae mpuMeHeHNUS B Ka-
YECTBE TMOPIIHEBOrO YIUIOTHEHUST Kojel u3 ¢ro-
POILTACTOBBIX KOMIIO3UIINIT TTOTPEOHOCTH B TIPHU-
MEHEHUM KUAKOCTHOI CUCTEMbI CMa3KH HET.

[IpoBeneHHBIEC paHee UCCIIEAOBAHNS YKa3hIBa-
10T HA HEOOXOAMMOCTb YUeTa IpoTeyeK uyepes3 Io-
noOHble yrmioTHeHMs [2]. OmuH M3 CIoco0oB
YMEHBIIECHUSI TIPOTeYeK — obecreyeHrue MakcHu-
MaJIbHO PaBHOMEPHOTO 1 TIPSIMOJIMHEIHOTO TIepe-
MellleHus1 mopiHs. Buaumo, Haubosee pauuo-
HaJTbHBIM CHJIOBBIM MEXaHM3MOM MOXET CTaTh
aHaJoI MexaHM3Ma oIbITHoro apurartens 2J1-200
[3]. BoimonHeHHBIN 1O OecIIaTyHHOII cxeMe, OH
obecrnieynBaeT MPSIMOJIMHEIHOE NBUXKEHWE MOPII -
Heit. XapaKTepuCTUKY IBUTATES CIIeAyIoIIue:

UKCITO HUIUHIPOB ....vvvvveeeeeeeeennneee 2
JAuaMeTp HAIMHIAPA, MM .....ovvvnnnnnnnnnnns 52
XOI TTOPIIHST, MM .evvnenneeeeviiinieeeeeanns 47
PaGounit 00BEM, CM? ......vvvvveiiiiiiiinnns 200
CreneHb cXXaTusl reomMeTpudeckas ... 12,5
MortHocTb, KBT (71.C.) ........... 16,5 (22,4)
YacroTa BpallleHHUsT, MUH™' .............. 6000

Ilenb Hamero uccaeaoBaHus — OlIEHKA ITMHA-
MUYECKUX HArpy30K, JEUCTBYIOIIUX B 30HE TOJIOB-
KM TIOPIIHS OeCIIaTYHHOrO CUJIOBOTO MeXaHU3Ma
(BCM) nyist npoeKTUpOBaHUSI TOPLIHEBOTO YILJIOT-
HEHHUSI C Y4YeTOM cIleluduuecKux TpeOOoBaHU
ABIIT.

>

MeTon n10CTIKEHHS IIOCTABJIEHHOI eI

M3BecTHBI [6] 3HAYeHUS] ONTUMAJBHBIX 3a30-
POB B Iape «I0J3yH — HaIlpaBIsoLas» 111 1BU-
rateneir ¢ BCM. OHu HaxomsTcsl B Mpeaeiax oT
0,035 go 0,090 mwMm. IlopiiHeBble YIJIOTHEHUS
JABIIT 3ayacTyto BbIMOJHEHBI M3 (PTOPOILIACTO-
BBIX KOMITO3MIIMI 1 pabOTalOT ¢ IpeaBapUTeib-
HBIM HATSITOM JJISI TIOBBIIIEHUSI T€PMETUIHOCTH.
M3-3a Hanuuus 3a30pa B Iape «I10J3yH—HaImpaB-
Jisioniasi» M OTCYTCTBHUSI 3a30pa MEXIy LMJIMH-
JIPOM U TTOPIITHEBBIM KOJIBLIOM, C OJHOI CTOPOHBI,
U TIOPLIHEM C YIJIOTHUTEJbHBIM KOJIBLIOM, C APY-
roii, Ha MOPIITHEBOE KOJbIIO HEM30eXKHO NEICTBY-
0T TepeMeHHble Harpy3ku. JlomoJHUTeIbHbIM
¢dakTOpOM, YCUIMBAIOIIMM HArpy3Ky Ha MOPIITHE-
BO€ KOJIbLIO, MOTYT OBbITh YIIPYTMe CBOMCTBA caMO-
ro mroka nmopiHs bCM.

MHxeHepHBII pacueT npearnoaraeT BICOKYIO
CKOPOCTb €TI0 BBITIOJIHEHUS TSI 00eCTIeYeHUs BO3-
MOXHOCTH OBICTPOTO TMepedopa MHOTOUMCIEHHbBIX
rnapaMeTpoB KOHCTPYKIIMU. B KauecTBe MeTOAMK
IJISI pacyeToB MEXaHMKU MOXKHO MCIIOJb30BaTh
BCTPOEHHbIE MOJIYJIM TPOTPaMM TPEXMEPHOTO MO-
JeJIMPOBaHUSl 1M YNPOILEHHbIE MOIYJIM HayYHbIX
BBIYMCJIMTEIbHBIX TTAKETOB.

Heobxoaumo mpousBecTd pacueT MexaHu3Ma
pa3IUYHbIMU METOJAMU U CPAaBHUTH MOJIYYEHHbIE
pe3yabTaThl C 9KCIIEPUMEHTOM.

Panee npoBeneHune MogoOHOTO 3KCIIepUMEHTa
He MPeICTaBIsIOCh BO3MOXHBIM 1O MPUYMHE OT-
CYTCTBMSI KOMITAKTHBIX aKCEJepPOMETPOB, pEru-
CTPUPYIOIMX IBUXKEHME 1O TPEM OCSIM KOOPAMHAT.
TToMmuMo Macchl JaTYMKa MPooJIeMY BbI3bIBAJIO U3-
MepeHUe OOJIbIINX aMIUIUTYL YcKopeHuit. C rosis-
JIeHMEeM Ha pbIHKEe JaT4yMKa Mpou3BoJcTBa Analog
Devices Maccoit 0koJ10 IByX I'paMM € 1Uana30HOM
u3MepeHus 1o TpeM ocsim = 200 g cTajgo BO3MOXK-
HbIM MPOBENEHUE BKCIEPUMEHTOB, ITOAOOHBIX
OIMMChIBAEMOMY Jajiee.

Pac‘leTHO-SKCHepl/lMeHTaJIbHOC HccjieaoBanmue
MEXaHUu3Ma

JIMHAMUYECKOE MOIEIMPOBAHIE MHOTOMACCO-
BBIX CHCTEM 3HAUYMTENIBHO YIIPOIaeTcs TMpU UC-
MMOJIb30BAHUN CITELIMAJIM3UPOBAHHBIX PACYETHBIX
MpOTrpaMM B CBSI3KE CO CPelaMK TPEXMEPHOTO MPO-
ekTrupoBaHust. COBMECTMOCTD MEXITY Pa3INYHbI-
MM IporpaMMaMM JOCTaTOYHO BbhicoKa. Co3maBast
MOIENb MeXaHW3Ma, HalpuMep C ITOMOIIBIO
Autodesk Inventor wiau Solid Works, MOXHO MM-
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IIOPTUPOBATh €€ B HEOOXOAMMYIO PaCUeTHYIO TTPO-
rpammy, Hannpumep B ANSYS wm MSC Adams.
CoBMECTUMOCTb MEXIY IPOMYKTAaMU 3a9acTyIo
MOATBEPKAAETCS COOTBETCTBYIOIIMMU CepTUdhU-
KataMu (TTOMOOHBIN IeHCTBYET, B YaCTHOCTH, MEXK-
ay ipoaykramu Autodesk u ANSYS). BerpoeHHbIe
MOAYJIH AWHAMUYIECKOTO MOIEIMPOBAHUS TaKKe
MOHO HCIIOJIb30BaTh, HO WX (YHKIMOHAT He-
CKOJIBKO MEHBIIIE.

CoracHO paHee MPOBEeNeHHbIM UCCIeT0BAHM -
M [8] u pe3ysbraTam ClIeayorX 9KCIIEPUMEHTOB
TMOJIyYeH PsII JaHHbBIX, TPEOYIOIINX MPOBEPKHU.

B xadecTBe MCXoqHO# ObIIa B3SITa YIIPOIICHHAST
monesib BCM psuratenst 2/1-200. DToT MeXaHU3M
MMeeT W30BITOYHBIC CBSA3W. KI3BECTHO, 4TO TIPO-
rpaMMbl OBICTPOTO MOJIEIMPOBAHUST HE pabOTAIOT C
M30BITOYHBIME CBI3sIMU. [1py pacyeTe Takue CBI3M
npocTo yaausitorcs. TakuMm oO6pa3oM, MOXKHO olie-
HUTB IPUMEHUMOCTD ITOMOOHOTO ITOIX0/1a, CPAaBHUB
pe3yJbTaThl pacyeTa ¢ 9KCIIEPUMEHTOM.

JBICKeHe MeXaHU3Ma MOIIEIN 00eCIIeYnBacT-
cs BpallleHMeM MaxoBMKa. BpanieHue MaxoBuKa
TpeoOpa3yeTcss B BO3BPATHO-TIOCTYIIATEIFHOE IBH -
xeHue nopinHeit. Ilokaszatenu ABMKEHUST MOPII-
Hell (CKOpOCTh, YCKOPEHME) SIBISIIOTCS TaHHBIMU,
TpeOytolMu TipoBepku. [lpu 3amaHuu peaabHOR
TeOMETPUH T TMHAMWYECKOTO MCCIIeIOBAHMS aB-
TOMATUYECKU OOECIeUnBAIOTCSI MHOTHME BasKHbIE
CBOICTBA PacyeTHOM MOMENN: TOJOXEHWE IIeHTpa
Macc 3BE€HbEB, UX MHEPLUOHHbBIE XapaKTEePUCTUKU,
peajbHbIe TeOMETpUYEeCKre odepTaHus U mp. [5].
Hdns mepexoga K 0ojiee CIOXKHBIM BBIYMCICHUSIM
(pacuer BuOpalMu, pacueT HamnpsKeHHO-aehop-
MUPOBAHHOTO COCTOSIHMSI 3BEHBbEB) HEOOXOIUMO
yOenUThCS B TOCTOBEPHOCTH KMHEMATHIECKUX Xa-
PaKTEepUCTUK 3BEHbEB MEXaHN3Ma.

PaccmaTtpuBaembIii MexaHU3M 0oJiee CIIOXKEH
JUISl pacyeTa, 4eM KPUBOIIMITHO-IIATYHHbIN. st
KaXXIIOTO COENMHEHMS TOCTYITHBI 6 CTeTIeHei CBO-
00/b1 (3 MPOCTPAaHCTBEHHBIE OCU U BpalllEHUE BO-
KpyT HUX). B mporecce MomeampoBaHus yCTaHOB-
JIEHO, YTO PabOTOCIOCOOHOCTh MEXaHU3Ma MOXET
OBITH OOecIIeueHa pa3sTMIHBIMUA BapHaHTaMK COYe-
TaHUSI TUITIOB KOHTAKTOB ISl Ka>KJA0TO 13 3BEHbEB.

PacuetHas Momeh MexaHM3Ma BBITIOHEHA B Cpe-
e Autodesk Inventor. MicxomHble TaHHBIE I pacye-
Ta: YepTexKu AeTaJeli; Macca MopIIHs B coope — 232 T;
yacroTa BpauieHust — 2000 06/MuH.

Pacuet ipoBeneH B aByx BapuaHTax. [1epBbrit —
NPy MOMOILU BCTPOEHHOTO MOIYJIsI AMHAMUYECKO-
ro ananm3a makera Autodesk Inventor; Bropoit —
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npu nomomu mopyis Rigid Dynamics makera
ANSYS. O1anunTeabHO 0COOEHHOCTHIO MOIYJIS
Rigid Dynamics siBasieTcs ero paboTa ¢ abCOIIOTHO
TBepAbIMU TeaMu. 7151 pacueTa KWHEMaTUKU Me-
XaHM3Ma UCITOJIb3YeTCs pellleHre ypaBHeHUl PyH-
re-Kyrtel. K mipuMepy, B MoayJisx Static Structural
i Transient pacCUYUTHIBAIOTCSI MATPUIIBI KECTKO-
ctu. Ha puc. 1 npeacraBieHbl MOIEIU B pa3iny-
HBIX PACUETHBIX Cpeaax.

IIpencraBieHHbie Ha puc. 2 TpadUKU UJLTIO-
CTPUPYIOT XapaKTep YCUIIN, MmepeaaBacMbIX OJI-
3yHaMU TOpIIHEN Ha HaIpaBJSIIOIIUE B KOpITyce
ngpurarelist. JlaHHbIe WLTIOCTPUPYIOT BO3MOXKHOCTh
MporpamMM MoKa3bIBaTh BAUSIHUE ABMXKEHUST MeXa-
HU3Ma Ha pa3INYHble KWHEMATUIECKIE CBSI3U.

JaHHble, TTOJyYeHHBIE 110 pe3ybraTaM pacue-
Ta MaKCUMAJIbHOTO YCKOPEHUSI Y CKOPOCTU TTOPII -
Hsl, IpeACcTaBJeHbl B Ta0a. 1. AHAJIUTUYECKOE pe-
LIIEHE BBIITOJHEHO COTTIACHO 3aBUCUMOCTIM [6]

¥ = 2rwsina;
a = 2rw’cosa,

M
rae % — CKOPOCTb MOPIIHS, —; a— YCKOpEeHUe
c

nmopurHg, My — pagnyc KpWBOIIMIIA, M, ® —
o2
YIJIOBasi CKOPOCTh BpallleHusl Kpupommmna, P,
bl
c
0L — YTOJI TOBOPOTA KPUBOILIUIIA OT €0 TOJIOKEHMS

B BMT, rpan. Heo6xoanMo OTMETUTh, UTO JaHHBIN
TUIT MEXaHM3Ma SIBJIIETCS 3JuiuncorpadoMm, 1 pa-
JINYC KpHUBOILIMIIA OyJeT paBeH 4YeTBEepPTU Xo1a
MOPIIIHSI.

Ta6muna 1

P €3YJIbTAThl pacyeTa IMHAMHYCCKHUX XAPAKTEPUCTUK
MEXaHHU3MA YUCJICHHbIMU U AHAJIUTHYCCKUMHU METOAAMU

[TapameTp JlaHHBIE pacueToB
ANSYS | Autodesk | Ananutnue-
Inventor | ckuit MmeTO

Xon mnopurHsa, | 46,97 47,76 47

MM

MakcumanbHas | 4,91 5,136 49

CKOPOCTb, M/C

MakcumanbHoe | 1025 1135 1026

ycKopeHue, M/c?

YckopeHure B 3aKOHE IBVKEHMST TTOPIITHST OTIH -
ChIBaeTCs MOJUHOMOM BhICHIETO Mopsiaka. [Toaro-
My [T anmpoOamMv pacyeTHOW MOAEIW 1IeJIeCOo-
00pa3HO U3MEPSITb UMEHHO YCKOPEHHE MOPILIHS.
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Puc. 2. PacueTHble MO/Ie/ M B PA3IMYHBIX Cpeax U MPUMEPhl pacueTOB:
a — Cuuia neiicTBytoniasi B 30He KOHTaKTa MoJi3yHa nopiiHs (1o3. 2 o ocu Z) (Autodesk Inventor);
6 — JluarpaMMa M3MEHEHUsI peaKTUBHOW CUJIbI B TIape «I0JA3yH—HamnpasJsoliias» 3a 1 ooopot (ANSYS)

OCHOBHOI1 3ajaueil TPOBEACHMSI BKCIEPUMEHTA
SIBJISIETCSI allpo0alsl U3MEPUTEIbHOTO KOMILIeKca
U YCTaHOBJIEHUE TIPAKTUUECKOM BOZMOXHOCTHU U3-
MepeHus yckopeHus nmopiuHs bCM.

Hns u3MepeHus: YCKOPEHUSI HCIOJIb30BaICs
TpexoceBoii akcenepomeTp Analog Devices EVAL-
ADXL377Z. 1o HacTosI1ero BpeMeH! MOJ00HbIe
JAaTYUKKU OTCYTCTBOBAJIM U TPOBEIEHUE 3aMEPOB
YCKOpPEHUsI TIOPIIHSI ObUIO CIMIIKOM 3aTpyIHU-
TesbHOo. [IpeniiecTBeHHUKY UMETU Maccy TMopsi-
ka 60 T 1 0bJ1amaau pa3mMepaMu, COTTIOCTaBUMBIMU C
pasMepaMu MCCIEAYEMOTO TTOPLIHS.
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JlaT4MK CMOHTMPOBAH Ha IeYaTHOM IuIaTe, MMe-
J0TCSl MecTa JJIsl KperuvieHWsl, a TakKe BbIXONbI TOJ
CTaHIAPTHBIE pa3beMbl. JIOMOIHUTEIbHO Ha TUIaTe
YCTAHOBJIEHbI HEOOXOAMMbIE KOHJEHCATOPBI U COMPO-
TUBJIEHUSI, pPEKOMEHIyeMbIe TTPOM3BOAUTESIEM 1T KOP-
PEKTHOII paboThl  ycTpoiictBa. PaccmarpuBaemoe
YCTPOICTBO — HAMOOJIee KOMITAKTHOE 13 JOCTYITHBIX aK-
CeJIepOMETPOB, PACCUMTAHHBIX Ha OOJTBILIME YCKOPEHMSI.

B Mopgenn MCKycCTBEHHO OTpaHUYEHBI Tepe-
MEIIeHUST TIOPUIHS MO JABYM OCSIM, OJHAKO B Ha-
TYPHOM 3KCIIEPUMEHTE OMpeaessIUCh YCKOPEHUsI
MOPIHS B IOJTHOM 00beMeE.
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Puc. 3. PacueTHas cxema GecliaTyHHOTO
CHJIOBOTO MexaHm3Ma [5]

OCHOBHbIE XapaKTepUCTUKHU aKceJepoMeTpa:

Tpu ocu nusmepeHust

HNuana3oH nusMepeHust — 200 r

ITonoca nmponyckaHus

st oceidt X n'Y — 1300 Iix
g ocu Z — 1000 I

HomuHanbHoe HanpstkeHue 3 B

HomuHanbHast 4yBCTBUTENBHOCTD — 6,5 MB/r

HomunanbHast pabouast temnepatypa — +25 °C

3aBUCUMOCTb YYBCTBUTEIBHOCTUA OT TeMIlepa-

Typsl — = 0,02 %/°C;

Tabaputer — 20,3%20,3MmM;

Macca—~2r

TonmuHa naaTel 6e3 yyera pazbeMa — 3 MM

[TuTaHue naTymKa OCylleCTBIsIeTCs peryaupye-
MBIM 0JIOKOM nUTaHus. Tak Kak TaprpoOBKa 1aT4ynKa
BBITMIOJITHEHA OTHOCUTEIBHO IOJOBUHBI HaIpsiKe-
HUs1, TO 00ecrieueHa BO3MOXHOCTb MOJACTPOUKHU MK -
TaHUsI B 3aBUCUMOCTHU OT YCJIOBUI MPOBEACHUSI 3KC-
nepuMeHTa.  PeryiMpoBKa  TOKpBLIBAET  BECh
JMana3oH pabouurx HANpsDKEHUH JaTunKa.

3anuch MokazaHuii 1aTyrKa MpoBOUIACh TPU
MOMOIIY 3JIEKTPOHHOTO MHOTOKAHAaJbHOTO CaMo-

mucua «S-Recorder-L». KoMmyramust ocymiect-
BJIsSIaCh yepe3 IUIaTy-MepeXoqHUK C BUHTOBBIMU
pa3beMaMu.

H3mepenus npoBeneHbl Ha asurareie 2/1-200
B peXXUMe XOJOTHOMN MPOKPYTKU TP PA3TUIHBIX
yactoTax BpaueHus (1o 2000 06/MuH) Ha CTeHAE
MEZVSETIN kadenps! «IBurateian, aBToMOOMIN
U TYCEHMYHBbIe MaIlMHbB» VIHCTUTYyTa HEPreTMKU
U TpaHcnopTHBIX cucteM CaHKT-IleTepOyprckoro
nojuTexHuueckoro ynusepcureta I[letpa Bennko-
ro. OrpaHn4eHne OOYCIOBJIEHO NMAIla30HOM W3-
MepeHMit natuuka. YacTora BpalieHUsT TOMOJIHU-
TEeTbHO  KOHTPOJMPOBajJach TIPM  ITOMOIIN
OECKOHTAKTHOI'O OMTUYECKOIo TaxoMeTpa.

OCHOBHBIEC XapaKTepUCTUKH TaXOMETpa:

PazpsimHOCTB 1IKaibl JJazepHOro poroTaxome-
tpa — 10000 oTcueroB

TouHocts — 10,05 %

Muarna3oH usMepeHust — ot 2,5 10 99999 06/mMuH

Paszpemenue:

0,1 06/muH (0T 2,5 10 999,9 06/MUH)
1 06/muH (cBbitne 1000 06/MuH)

Bri0op nuana3zoHa — aBTOMaTUYEeCKUIA

151 KauecTBEHHOIO MPOBENEHMST DKCIepu-
MeHTa Oblla pa3paboTaHa MeTOAMKa, BKIIIOYAIO-
masi ONnucaHue XapakKTepUuCTUK OOOpYyIOBaHUS,
TTOCJIETOBATEIFHOCTh NEHCTBUIT M HEOOXOTMMBIE
MPOBEPKU.

Kpemienns matTdmka K ITOPITHIO OCYIIIECTBIIS-
eTCsl Yepe3 JIOKEMEHT MPU MOMOIIM MOHTaXKHBIX
ctsekek (puc. 6). Ilpenmomnaraercs, 4To TaKoit
MOHTaX JUISI OTJIAAOYHbBIX UCTIBITAHWI OYyIeT ONTH -
MaJIcH.

Puc. 6. [TopiieHb ¢ yCTAaHOBICHHBIM TaTYMKOM
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Pe3ynbraTbl pacuyeTHO-3KCIIEPUMEHTAIbHbBIX
HCCiae10BaHuMI

PacxoxneHune pacyeTHBIX AaHHBIX (Tabi. 1),
MYCThb M OTHOCUTEJILHO HEOOJIbIIIOE, HO IPUCYT-
CcTBYeT. B COBOKYIMTHOCTM ¢ BBISIBACHHOI CBOOOIOM
MpU BIOOPE KOHTAKTOB B 3BEHbSIX MEXaHU3Ma BO3-
HUKAeT HEOOXOAMMOCTb MPOBEPUTH MOJIYYECHHbIE
pe3yNIbraThl 9KCIepUMeHTaabHO. Pe3ynabraThl pa-
cueta B ANSYS mpakTuuecku COBIIagaloT C pe-
3yJbTaTaMy aHAJIMTUYECKOro pacyeTta. Takum o0-
pa3oM, TMPEICTABISICTCSI JIOTMUHBIM PE3YJIBTAThl
(pm3ryeckoro sKcriepuMeHTa CpaBHUBATh C JaH-
HBIMU, MMOJYYEHHBIMU C TTIOMOILIBIO UMEHHO 3TOTO
pacueTHOro makera.

ITpu nmpoBeaeHNM 3KCIIEpUMEHTa TeMIIepaTypa
B TToMelieHnH coctaBuiia 26 °C. DTo COOTBETCTBY-
€T HOpMaJIbHbIM YCIOBUSIM paOOTHI JaTUMKA; COOT-
BETCTBEHHO, IOIPABOYHBLIM TEMIIEPATYyPHBIM KO-
3 PULIMEHTOM MOXHO MMpeHeOpeyb.

JlaHHBIe CHUMAJINCh Ha IISITU pexKrMax Bpalle-
HUS BBIXOJHOTO Bajia apurareins: 485, 883, 1242,
1636 1 1989 06/MuH.

B xone 00paboTKM JaHHBIX HA TIEPBOM PEXKUME
HE yIaJloch MOJIYYUTh SIBHOM KapTUHBI, TaK KakK
MOCTOPOHHME BUOpALIMKU U TIOMEXU ObUIM OJIM3KU
M0 YpOBHIO ¢ CUTHajJamu AaTuyuka. [To mpuuuHe
HEIOCTaTOYHOM TEXHOJOTMYHOCTU YCTAHOBKU J1aT-
YyuKa 11e1ecoo0pa3HbIM BUAEIOCH CpaBHEHWE MOJI-
HbIX ycKopeHuii. [ToyueHHbIe YCKOPEHUSI CYMMU -
POBaJIMCH TIO MPaBUITY KBaIpaTOB:

_[2_ 2. 2
a=,la; +a, +a;.

Pe3yneraThl cpaBHEHMS JaHHBIX, TTOTYYeHHBIX
OKCIEPUMEHTAIbHO M IIPU pacueTe B IIaKeTe
ANSYS, npeacrapiieHbl B Ta01. 2.

[lepemeliieHue MOPILHS BIOJb OCH LIAJIMHAPA
pacCcYMTaHO HECKOJBKUMH CIIOCOOaMU M MOXET
CUMTAThCSI JOCTOBEPHBIM. PacxoxieHue IaHHBIX

SKCIIEPMMEHTA U pacueTa CBUICTEIbCTBYET O HaJ-
YUY TIepeMelIeHU TI0 HaIlpaBJICHUSIM, TIepIIeHI-
KYJISIpHBIM ocy nHapa. KoamdecTBeHHas olleHKa
ycUJIuii MpuBeAeHa B BbiBoJax. JlaHHbIe ¢ gaTyvKa
CHUMAJIACh 110 KaXKIO0M OCH B OTICIIBHOCTH.

st janbHENIINX UCCaeI0BaHUI PEIIEHO MPO-
paboTaTh METOIbI KOMIIEHCALINY BIVSTHUS YCIIOBUIA
BHEIIHEN cpeibl COrJIacHO pekoMeHaauusm [11].

B upeanbHOM ciyyae MoOpIleHb TODKEH Tiepe-
MeIaThCsl CTPOTO IO OJHOM OCHU, HO B PeaIbHOCTHU
UMEIOT MECTO 3a30pbl B COCAWHEHUSIX U YIIPYyTUE
CBOICTBA MaTepvalioB. YUeT IOMOJHUTEIbHbBIX
YCUIMI TIpU HPOEKTUPOBAHUU (PTOPOILIACTOBBIX
VIUIOTHEHUI, pPabOTAIOLIMX B YCJIOBUSAX CYXOrO
tpenus [ABIIT, mo3BoimuT NOBBICUTH MX CPOK CITYK-
Obl, HaJEXHOCTb T€PMETU3ALIMU U 32 CYET 3TOrO
YBEJIUYUTH 3(POEKTUBHOCTD ABUTATEIIS C BHEIITHUM
MOJABOAOM TEIIOTHI.

BriBoapl

WccnenoBaHue mokasajno, YTO paccMaTpuBae-
MBI€ pacUeTHBIC TTPOTPAMMBI MTO3BOJISIIOT OLICHUTD
pa3BUBaeMble YCUJIMSI B KOHTAaKTHBIX Mapax. [1pu
3TOM COCTaBHBIC YaCTH MeXaHM3Ma TIPEICTaBIIsI-
I0TCSI KaK abCOJIIOTHO TBEpIbIE Tesla, YCUINSI BHE
30H KOHTAaKTOB He 0TOOpaxkKeHbl. TakuM oOpas3oMm,
MpU MOMOIIM TIPOrpaMM JUISl 3KCIIpecC aHalIu3a
OIVHAMUKNA M KWHEMAaTHMKW MeXaHW3Ma He TIpei-
CTaB/ISIETCS BO3MOXHBIM YCTAHOBUTb 3HAUYEHMUSI
Harpy30K BHE 30H HETIOCPEICTBEHHBIX KOHTAKTOB,
B YACTHOCTU B 00JIaCTH MOPIIHEBBIX KOJIEI] MeXa-
HHU3Ma. B cBA3M ¢ 9TMM HE0OXOMMMO, OTIMPAasICh Ha
9KCIMEPUMEHTAbHbIC TaHHbIC, BHIBECTU IMITUPU-
YECKYIO 3aBUCUMOCTb JIJIST OLICHKM TMHAMUYIECKUX
HArpy3oK, IeMCTBYIOLIMX B 30HE TOJIOBKU MOPUIHS
BCM.

YcraHOB/IEHA TTPUEMJIEMOCTb UCIIOIb30BaHUS
nmatunka Analog Devices EVAL-ADXL377Z nns

Tabanua 2

CpaBHEHﬂe IKCNEPUMEHTAJNBHBIX U PACYETHLIX JTAHHBIX N0 MAKCUMAJIbHOMY YCKOPECHUIO MOPIIHSA

CyMMapHOe yCKOpeHue
YacroTa BpaileHusl, CyMMapHoe yCKOpeHue
06/MuH 110 ANSYS, m/c? 10 pe3yJibTaTaM BenmmuuHa pacxoxnenust, %
’ SKCITEpUMEHTa, M/c?
1286 1020 1286 21
858 689 858 20
688 398 688 42
252 201 252 20
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MPOBEAEHNs MCCAENOBAHNI IUHAMUKN TIOPIIHS
nurateis ¢ BCM.

Ilo npeaBapUTENbHBIM JAHHBIM YCKOPEHUS 10
0oCsM, IEPIEHAUKYISIPHBIM HaMpaBlIeHUIO Tepe-
MEILEHNSI, PE3KO BO3PACTAIOT C POCTOM YaCTOTHI
BpallleHUsI. DTO OOBSICHAETCS MEXaHUYECKUMU
CBOICTBAMU MaTepuaja IMOPIIHI ¥ OCOOEHHOCTS -
MM ero KOHCTpyKuuu. Tak, K IpUMeEDY, IIpU y4eTe
MAacChl TTOPIITHEBOTO KOMILIEKTA ¥ YCKOPEHUIA, 13-
MEPEHHBIX TaTYUKOM, CHIa, JEHCTBYIOIIAs CO CTO-

POHBI MOPIIHS Ha cTeHKY nmianHapa (mpu 2000 06/
MMH), COCTaBJIsIeT B OMHOM HampasjieHuu 148 H, B
apyroMm — 112 H. I1pu aToM ycunme, oeiiCTBYIOIIEe
Ha KOPEHHYIO 1IeHKY KOJEHUaTOro Baja OT MOCTY-
naTeJIbHO ABMKYIIUXCs Mace, — 238 H. BeanunHbr
COIOCTaBUMBI, CJIeA0BaTEIbHO, TpeOyeTCs MPOBE-
JieHUEe YTOUHSIOIINX SKCIEPUMEHTOB M BHECECHUE
MOJYYEHHBIX JAHHBIX B pacyeT >KECTKOCTU KOH-
CTPYKLIMU MOPIIHEBOIO0 KOMIUIEKTA yXKe Ha JTarle
MpeaBapUTEeIbHOTO MTPOSKTUPOBAHUSI.
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MEXAHU3Mbl TPEHUAl TOHKOCJ/IOUHbIX MOKPbITUA
B YCNOBUAX ®PPETTUHI-KOPPO3UU

M.V. Maksarov, V.A. Krasnyy

THE MECHANISMS OF FRICTION OF THIN-LAYER COATINGS UNDER

CONDITIONS OF FRETTING-CORROSION

PaccMoTpeHO TpuMeHeHre HAHOTIOKPHITUI Ha OCHOBE MOJMMEPHOi (hTOPYIIepPOIHON KOMITO3ULIMHI
1 (PPUKIIMOHHO-MEXaHUYEeCKOTO JJATYHUPOBAHUS IS 3aIIUTHI BHICOKOHATPYKEHHBIX COTPSIKEHUIM
neTajieil MallvH, paboTalIIMX B YCJIOBUSIX (DPETTUHI-KOPpo3uu. M3ydeHbl MeXaHU3Mbl TPEHMUSI
HaHOITOKPBITUI, TTO3BOJISIIONINE 3HAYMTEIHHO CHU3UTH (DPETTUHT-U3HOC MEXaHU3MOB TPEHUS B
U3IETUSIX MAITMHOCTPOCHMSI.

OPETTUHI-KOPPO3UA; HAHOIIOKPLITUSA; ®TOPYIJTIEPOJHASA MMOJMMEPHASl KOMITIO3ULIWA,
OPUKIMOHHO-MEXAHUYECKOE JIATYHUPOBAHUWE; MEJIKOAMCITEPCHAS CTPYKTYPA.

The prospects of application of nano-coatings based on polymeric fluorocarbon composition and friction-
mechanical brass plating for protection of heavily loaded mates machine parts operating under conditions
of fretting corrosion. We studied the mechanisms of friction of nano-coatings that significantly reduce
fretting wear.When choosing materials protective coatings of parts of high load of mates from fretting
should pay attention not only to their durability, but also on the sensitivity to shear, i.c. the ability of a
material to assume the shear deformation without the initiation of fatigue damage processes. It is known
that this property have a thin enough coating, convenient and also those that do not violate the
maintainability of components and allow you to keep in operation the tightness provided in the Assembly.

FRETTING CORROSION; NANOCOATING; FLUOROCARBON POLYMERIC COMPOSITION; OF A FRICTION-

MECHANICAL BRASS; FINE STRUCTURE.

BBenenue

DpeTTUHT-KOPPO3UST HEPEAKO SIBISIETCS TIPH-
YUHOM BBIXOJ/Ia U3 CTPOSI Psifia OTBETCTBEHHBIX Y3JI0B
IBUTATEJIeld BHYTPEHHETO CrOpaHMs, B YaCTHOCTH
OOJIBILIETPY3HBIX KAPhEPHBIX aBTOCAMOCBAJIOB, /16~
Tajieli OypoBOM TEXHUKU U Jp., pa0OTAIOLINX B yCI0-
BUSIX BUOpAIIMii M BLICOKMX KOHTaKTHBIX HArPY30K.
DpeTTUHT XapaKTepeH 1T HOMUHAIbHO HEIOM-
BUXKHBIX COWICHEHUI KOHCTPYKIIWM (Hampumep, B
MecTax CKpeTUIeHUs IeTaleil 1 T. 11.) M BOZHUKAET,
Kak MpaBuJjIo, MpU BUOpaLIUSIX, TPUBOISIIINX K pa3-
JIMYHOTO poja KoyiedbaTeJbHBIM OTHOCUTEIbHBIM
nepemeleHusIM u aedopmanysiMm. Yacro pperruHr
COITPOBOXKAAETCS XUMUYECKUMHU TIpoliecCaMM Ha
MOBEPXHOCTSIX TpeHUsl ((ppeTTuHr-Kopposus). M3-

HalMBaHUE MpU (PPETTUHTE MPOSIBIISIETCS B «Bblena-
HUW» MaTepuaja B MeCTax CKpeTUIeHMS eTajeit
KOHCTPYKIIMH. XapaKTePHOI 0COOEHHOCTHIO (PpeT-
TUHTA, B OTJIMYUE OT APYTUX BUIOB TPEHUS CKOJIb-
SKEHWUSI, SIBJISIETCSI MaJlasi aMIUIMTYIa OTHOCUTEIbHBIX
CMeEILIEHU I KOHTPTEJI, COMOCTaBUMAsI C PACCTOSTHY -
€M MEXIy BepIIMHaMU MUKPOHEPOBHOCTEH Ha MO~
BEpPXHOCTHU TPEHUSI, UTO 3aTPYAHSIET YIaJeHUE ITPO-
IYKTOB M3HOCA M3 30HBI KOHTaKTa. [1pomyKThI
M3HOCA [IPU 3TOM HAaYMHAIOT UTPaTh POJIb abpa3uBa,
YTO MTPUBOJUT K TOTIOJHUTEILHOMY U3HAILIMBAHUIO
[1,2].

I1pu BeIOOpE MaTepraIoB MOKPBITUIA, 3alLIMILIA-
IOIMX OT (PPETTUHT-KOPPO3UU AETAIU BHICOKOHA-
TPY>KEHHBIX COTIPSIKEHUM, CIeMyeT oOpaliaTh BHU-

111



* HayuHo-TexHunyeckme BegomocTyt CaHKT-TeTepbyprckoro rocyiapcTBEHHOMO MOIMTEXHUYECKOTO yHMBepcuTeTa. 3(226)2015

Iporiecchl HaHECeHUsT TOKPBITHIA

XuMuaeckoe
(371IeKTPOJI3)

Topstuee morpyxeHne

XVMUKO-TTapoBOe
ocaxaeHue

Honnas
MMIUIAaHTALS

Mexanuueckoe
HaHeceHne

(DJIeKTPO-XUMUYECKOE HarbiteHne

XUMUKO-TIapOBOE
ocaxeHue

Duzuko-naposoe
OCax/IeHue

M3 pactBOpOB [azorumazmeHHoe

KucnoponHo-
alleTUIICHOBOE

PacributeHue

DrexTpoayrosast
MeTaTU3aLMsT

W3 pacrniaBos coreit

Bosnbdpamom B
MHEPTHOM rase

HonHoe

[TnasmenHoe

BakyymHoe

0BOE 3JIEKTOPOM
Hyn P ucrapeHue

JleToHAIIMOHHOE

Ion cnoem dimoca

HanbuieHue ¢
OIIaBJIEHUEM

Mertaiom B
MHEPTHOM Ta3e

[TnazmenHoe

[TnazmeHHoe
TMepeHeCeHHO ayroi

Puc. 1. Kitaccudukaliiys mpoueccoB HaHECEHUS TTOKPBITHI

MaHME He TOJIbKO Ha UX U3HOCOCTOMKOCTh, HO 1 Ha
YyBCTBUTEJIbHOCTD K CIBUTY, T. €. CIIOCOOHOCTb Ma-
Tepuajia MPUMHUMATh Ha ce0sl CIBUTOBYIO fehopma-
1110 0€3 MHULIMMPOBAHUS IIPOLIECCOB YCTAIOCTHO-
ro noBpexaeHus. U3BecTHO, YTO TaAKMM CBOKCTBOM
00J1a1a10T TOCTATOYHO TOHKME ITOKPHITHUS, yIOOHbIC
Takke M TeM, YTO He HapyllaloT PEMOHTONPUTOI -
HOCTb y3JI0B U MO3BOJISIIOT COXPaHATh B IIpoLiecce
BKCIUIyaTallM¥ HATsTU, MPEeAyCMOTPEHHbIE MpU
coopke [3, 4].

Lleapro pa®oThl OBLIO MCCACAOBAHNE MEXaHU3-
MOB (ppETTUHI-KOPPO3UX HAHOITOKPHITHI Ha OCHO-
BE MOJIMMEPHOI (PTOPYITIEPOAHON KOMITIO3ULIMUA 1
(pUKLIMOHHO-MEeXaHUYECKOTO JaTyHUPOBAaHUS
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MPUMEHUTEJIBHO K YCIOBUSIM pabOTHl BHICOKOHA-
IPY>KEHHBIX COTTPSTKEHUIA.

OcHOBHbI€ BH/IbI TOKPBITHIA
JIJISL 3AIIMTHI OT (hPEeTTUHT-KOPPO3UM

[ToxkpeiTUil TPUOOTEXHUUECKOTO HAa3HAYEHUS —
OrPOMHOE KOJMYECTBO, NTPUUYEM Pa3HOOOPa3HbIX
BUJIOB U TEXHOJIOTMYECKUX CITIOCOOO0B UX (POPMUPO-
BaHusl. CyllIeCTBYIOT pa3inyHble KiaccuduKauuu
MOKPBITUA.

B 3aBucuMocTu oT TpeOGOBaHUIA, MPeabsIBIIsIC-
MBbIX K 3KCIUTyaTallMOHHBIM XapaKTepHUCTUKaAM Jie-
TaJIel, pa3jIMyaroT TpU BUAA IOKPBITUIA: 3allIATHHIE,
MpUMEHsIeMble JUIS1 3alIUThl U3JEINi1 OT KOPpO3UHn
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B pa3HbIX cpenax (aTMocepa, arpecCUBHbBIE U T. 11.);
3alIUTHO-EKOPATUBHBIE — ISl IEKOPATUBHOM OT-
NEJIKWA U3IEUIA C OAHOBPEMEHHOM 3alIMTON UX OT
KOPPO3UM; CrielalIbHbIE, WU (PYHKIMOHATbHbIE,
JUTSL TIPUIAHMS TIOBEPXHOCTH M3AEJINM CTIeIIaTbHbBIX
CBOWCTB (TBEPIOCTh, UBHOCOCTOMKOCTh, AaHTU(PUK-
LIMOHHBIE CBOMCTBA 1 1p.). BEIOOP TUIIA MOKPBHITUIA
orpeessieTcs yCAOBUSIMU 9KCILTyaTalluy IeTalei.
Ha puc. 1 npuBeneHa xiiaccudukaimsi COBpeMeH-
HBIX BUJOB 1 CIOCOO0B HAHECEHUSI U3HOCOCTOMKUX
W 3aLIATHBIX TOKPBITUA.

Heobxoamumo oTMeTUTh pa3inyus B MeXaHU3Me
TPEHUSI MTPU HETIPEPLIBHOM CKOJIbXCHUU U TIPU
(bpeTTUHrE (CKOMBXEHUE C OUEHb MaJIbLIMU KoJieha-
HUSIMM U TMHAMUYECKOM Harpy3koii). OcobeHHOCTU
MeXaHM3Ma M3HAIIMBAHUS ITIOKPBITUI B YCIOBUSIX
(bpeTTHHTa, 00YCIOBICHHBIE MAJIBIMU AMIUIMTYIAMU
HOMMHAJIBHO HETIOIBUKHbBIX COEIMHEHUI, CBSI3aHbI
C COXpaHEHHEM B 30HE KOHTAKTa ITPOJIYKTOB U3HAa-
IIMBaHUS, KOTOPbIe B Ipollecce dKCITyaTaluuu
UIPalOT POJIb «TPEThEro Tejla» U MOTYT KaK YCUJIM-
BaTh M3HAILIMBaHUE, COMPOBOXKIast €r0 KOPPO3UOH-
HBIMU TIpOLIeCCaMU, TaK U OCIA0UTb.

W3HammBaHMe MOKPHITUA B YCJIOBUSIX (PPETTUH-
ra xapakTepu3yeTcs CJIeAyI0IMU OCOOEHHOCTSIMMU:

TpeHUe CKOJIbXEHUs TTPOMCXOIUT B YCIOBUSIX
BO3BPAaTHO-MOCTYIATEIbHOTO JIBVXKCHMUS

(PETTUHT OCYIIECTBISIETCS] HA BO3IYXE;

MPU JOCTUKEHUY 3aJaHHOM aMIUTUTY/IbI CABUTA
KOHTPTEJI0 HAUMHAET JBUKEHUE B OOpaTHYIO CTO-
POHY;

KOHTPTEJIO KECTKO 3aKperieHO B AepXKaBKe U
HETpepbIBHO HAXOAUTCS B KOHTAKTE C MIOKPHITUEM
MpU MOCTOSIHHOM 3aIaHHON Harpyske;

KOHTPTEJIO B IPOLIECCE TPEHUS B Pe3yJIbTaTe 13-
HalllMBaHUS YBEJIMYMBAET CBOIO MJIOIIAIb KaCaHUsI
C TIOKPBITUEM,;

KaXKIBI yIaCTOK ITOBEPXHOCTU TPEHUS ITIOKPhI-
TUSI TIOIBEPraeTcsl MpepbIBUCTO-CUMMETPUUYHOMY
LIMKJTY B3aMMOJIEHCTBUSI C KOHTPTEIOM;

10 Mepe YBEJIMYEHUS TJI01IaI1 KaCaHUS KOHTP-
Tejla IMIMPUHA YYacTKa TPEHUS ITOKPHITUSI TAaKXKe
YBEIMYMBAETCS,

MPOAYKTHI UBHOCA JIUIIb YACTUYHO YHOCSITCS U3
30HBI KOHTAKTa U aKTHBHO YYaCTBYIOT B ITpoliecce
TpeHUSI U U3HAIIMBAHUS.

I1pu ppeTTUHTr-U3HAIIMBAaHUY MO, IeHCTBUEM
CWJI TPeHUSI KpUCTaJlJIMUecKasl pelieTka moBepx-
HOCTHBIX CJIO€B IMPU IMKINYECKUX TAHTEHIIMATbHBIX
CMEIIEHUSIX pacllaThiBaeTCsI W paspyuraercs [3].
IIporiecc paspylieHus IpeacTapiseT codoil auc-

MEePrupoBaHue MOBEPXHOCTU O€3 ynajleHUsl Mpo-
JIYKTOB M3HAIIIMBAHMSI.

OropBaBIlIMecs YacTULIbl MeTaslia U IOBEHUJIb-
HbI€ YYaCTKU MMOBEPXHOCTU TPEHUs MOABEPraroTCs
OBICTPOMY OKMCJIEHUIO KUCJIOpOoAoM Bo3ayxa. Jlo-
MOJIHUTEJbHBIM MCTOYHUKOM ITOBPEXAEHUS MO-
BEPXHOCTE MOXET CTaTh BOZHUKAOIIEE B OTIEb-
HBIX MEeCTaX KacaHMUsI Map TPEHUSI CXBaTbIBAHUE.

VYupoieHHas cxema Ipolecca (ppeTTUHI-U3Ha-
IIMBaHMS B HAYaJIbHOM (pa3e TakoBa: epemMelleHue
u Aeopmalys TOBEPXHOCTEH Mo AeHCTBUEM Mepe-
MEHHBIX KacaTeJIbHbIX HAMPSDKEHWI — OKUCIIEHUE —
paspylilieHre OKCUIHBIX IJIEHOK — OOHAXKEHUE YUCTO-
ro MeTaJla U MECTAMU CXBaTbIBAaHUE — Pa3pylLIEHNE
04YaroB CXBaTbIBAaHMSI U aJCcOpPOLIMsI KHUCJIOpoAa Ha
OOHaXXEHHBIX yyacTKax.

MexaHu3M M3HALIMBaHUS MpU (PpeTTUHTE B
VIIPOLLIEHHOM BHJe IMoKa3aH Ha puc. 2 [3]. IlepBo-
HayaJbHOE KOHTAKTUPOBAHUE JIETAJICH TPOUCXOIUT
B OTIEJIBHBIX TOUKAX IIOBEPXHOCTU (CM. pUC. 2, a).
ITpu BuOpauMu OKCUIHbBIEC TUIEHKU B 30HE (haKTU-
YeCKOro KOHTaKTa pa3pylialoTcs, 00pa3yroTcs He-
00JIbllIMe KaBEepHbI, 3aMOJHEHHBIE OKCHUIHBIMU
IUIeHKaMU (puc. 2, 6), KOTOpbIe MOCTENIEHHO yBe-
JIMYMBAIOTCS B pa3Mepax 1 CIMBAIOTCS B OHY 00JIb-
LIyIO KaBepHY (puc. 2, ). B Heli MoBbIIIAETCS 1aB-
JIEHUE OKMCJIEHHBIX YaCTULL MeTaslla, 00pa3yroTcst
TpeliMHbl. HekoTopble TpelIMHBI CAUBAIOTCS, U
MPOUCXOAUT OTKaJIbiBaHWE OTIAEJbHBIX 00BEMOB
MeTtaiia. YacTuibl OKCUIOB MPOU3BOIST a0pa3uB-
Hoe Bo3zaeiicTBue. B pesynbrare neiicTBUSI TTOBBI-
LIEHHOTO NABJIEHUS U CUJI TPEHHUS YACTULL OKCUIOB
MOBBIIIAETCS TeMIIepaTypa, U MPOUCXOAUT 00pa30-
BaHMe OeJIbIX TBEPIbIX HETPABSIIIUXCS CTPYKTYP B
OTKOJIOBIIMXCS YACTULIAX U HA MOBEPXHOCTU Ka-
BEPH.

B psine vccnenoBaHuii MpeioKeHbl pa3InyHbIe
BapUaHTbl U3HOCOCTOMKMX 3alIMTHBIX TTOKPBITUI,
9(bhEeKTUBHO padOoTAIOLIMUX B YCJIOBUSIX (DPETTUHTA
U GPETTUHT-KOPPO3UU, HAIPUMEDP METHO-HUKEIE-
BbIe [5], MegHO-(hochopHbIe [6] 1 Ipyrue, HAHOCU -
MbI€ DJIEKTPOJUTUYECKUM CITOCOOOM, MMOKPBITUS U3
dymnepena C [7], monumepHbie (snunam-doe-
OKC) TTOKPBITUSI, KPEMHUI U MOJMO/IEH conepka-
1ue TMoKpbITUs [8] 1 ap.

Bo MHorux ciyyasx aheKTUBHBIEC pe3yIbTaThl
Mpu PPEeTTUHTE JAIOT U CIleliMaibHble BUIALI OOpa-
0OTKM, B YaCTHOCTU BUOpPOHAKaThbIBaHWE C CO3/a-
HUEM Ha MOBEPXHOCTU PETYJISIPHOTO MUKPOPETbE-

da [9].
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Puc. 2. MexaHu3M U3HALIMBAHUS TTIOKPBITUI MPU PPETTUHTE:
1, 2 — KOHTaKTUPYIOLIME IeTaln; 3 — TOUKM KOHTAKTa TIOBEPXHOCTEN; 4 — MEJIKUE 3a-
poknaroluecs: KaBepHbl; 5 — 001asi 60sblasi KaBepHa; 6 — TPEIIUHbI; 7 — OTKOJIOB-
1ecst 00beMbl MeTalla; & — OTKOJIOBIINECST YaCTHIILI C TBEPIOM CTPYKTYPOiA

B nammeit pabote nccieqoBaHbl TOHKOCIIOMHBIE
MOKPBITUSI HA OCHOBE MOJUMEPHOI hTOpyTIepo-
HOM KOMITO3UIINH 1 (PPUKITNOHHO-MEXaHMIECKOTO
JIAaTYHUPOBAHUS B YCJIOBHUSIX BBICOKMX KOHTAKTHBIX
Harpy30K, XapaKTepHBIX IJIT KPYITHOrabapUTHBIX
COCIMHEHUI TEIJIOBO3HBIX M CYAOBBIX TU3ENECH, a
TaKKe IBUTATeIei KapbePHBIX aBTOCAMOCBAJIOB.

HcnbiTanusa Ha N3HAIMBAHKE B YCJIOBUAX (DPETTHHTA

HccnenoBaioch M3HALIMBAHUE B YCIOBUSX
(perTHTa MOAEIBHBIX 00pPa3lOB U3 CTalu 15 n
ceporo uyryHa CY25 ¢ moKpuITUSIMU, IPUMEHEHIE
KOTOPBIX MEePCIEKTUBHO MJIsI KPYITHOra0apuTHBIX
JeTajieil CJI0XHOU KOH(dUrypanmuu, Korma Takue
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TPaAULIMOHHO MCTOJIb3YeMble METObI 3AIUTHI, KaK
3JIEKTPOJIMTUYECKOE HAHECEHUE WM BaKyyMHOE
HaInbUIeHME MOKPBITUI, a TAKXKe Ja3epHasi 00padboT-
Ka MOBEPXHOCTHU JIETAJIEN, OKA3bIBAIOTCS TEXHOJIO-
ruyecku HempuemjembiMu. MccienoBaivch mo-
BEPXHOCTU TPEHUs 00pa3loB Mocjiae odopadoTKu
MOJIMMEPHON (TOPYIJIEPONHON KOMITO3ULIMEN U
(PUKIIMOHHO-MEXaHWYECKOTO JIATYHUPOBAHUS 1O
CpPaBHEHUIO C UCXOAHBIMU 00Opa3amMu 0e3 MOKpbI-
TN 1 MMOBEPXHOCTHOI 00paboTku. Bece BumbI mo-
KPBITUI UCTIONb30BAIUCH JIJII TOBEPXHOCTEU Tpe-
HUS HEMOABUXHBIX JeTajleid mnap TpPEeHUS.
ITonBuzKHbBIE KOJbLIEBbIE KOHTPOOpPA3Libl U3 cTaiu 15
MOKPBITUI HE UMETTH.
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JIuHeiHbIi HsHoc
M3HOC 110 U3MEHEHUIO

(NJT), MM | Maccel oOpasiia

(UM), xr

40 4 20 4

20 - 10 4 [~ 1 =

1 2 3 4 5 6 Homep
obpasua

W3Hoc no
M3MEHEHUIO
Macchl
obpasua
(UM), kr

20

1 2 3 4 5 6 Homep
obpasua

Koadduuument
Tpenust M

0,8

0,6

0,4

1 2 3 4 5 6 Homep
obpasia

Puc. 3. Pe3ynbraThl UCTIBITAHUI ITpK (GPETTUHTE: @) U3HOC 00pa31oB (KOHTYpHAs JIMHUSL — MAaCCOBBIM, IIITPU-
XOBasl — JIMHEIHbIN); 6) U3HOC KOHTPOOPA3LIOB; 8) 3HAUCHMST YCTAHOBUBIIMXCS KOA(MMUILIMEHTOB TPEHUS
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WcnipTaHus Ha M3HAIIMBAHUE B YCJIOBUSX (peT-
TMHTa TPOBOAMIMCH Ha CTAHIAPTHBIX 00pa3lax mo
metoauke [10] B aByXx pexkuMax. IlepBast cepust 00-
pa3oB ¥ KOHTPOOPA31OB U3 CTalu 15 UCIIBITHIBA-
JIach B YCJIOBUSIX BO3BPaTHO-BPAILIATEIbHOIO CKOJIb-
KeHUs1 ¢ amrutygor 100 MKM mpu daBieHUU
25 MIlangacrote 900 mkiroB/MuH. Bropast cepus
WUCIIBITAHUI MPOBOAMJIACH Ha oOpasliax U3 YyyryHa
CY25 u KoHTpoOpa3Lax u3 cTaiu 15 mpu aMIIuTy-
ne cMmemeHuit 20 MkM, yactote 250 UMKI0B/MUH 1
napieHuun 85 MIla. Ywucio LUKIOB HarpyxXeHus
JUTST KaxKI0M mapsl 00pasioB 0buto 5X 103, 11t Kax-
JIOTO BapUaHTa TTOKPBITUI NCITBITHIBAJIOCH HE MEHEE
4 oOpa3uoB. OueHKa M3HOCA MOCJe UCIBITAHUN
MPOBOAMIACH IO U3MEHEHUIO MAacChl 00Pa3loB C
TOYHOCTBIO 10 0,1 ML, a TMHEWHOro U3HOCa — IO
npoduiorpaMmmMe 10poKeK TPeHUsI.

KoadduumeHT TpeHUs ornpeneisics 1o Tapu-
POBOYHBIM TpaUKaM COTJIACHO MOKA3aHUSIM TeH-
30pe3ucTopa. Pe3yasraTbl UCTIBITAHUI MpU (peT-
TUHT€ OMMCAHHbIX BBIIIE 00pPa3LoB MPUBEACHbBI HA
puc. 3 B CpaBHEHUHU C TaHHBIMU JJIsI 00pa3loB 0e3
nokpbiTuii. Ha puc. 3, a — usHoc o6pasuos (MJ1 —
JIMHENHBIN n3HOoC, MKM; UM — u3HOC 1Mo M3MeHe-
HUIO Macchl oOpasiia, Mr), Ha puc. 3, 6 — U3HOC
KOHTpOOPAa31oB U Ha pucC. 3, 6 — 3HAYEHUs YCTAHO-
BUBIIUXCS KO3 ULIMEHTOB TpeHMs W. [Tpu aTux
KCCIeI0OBaHUIX 00pa31bl ¢ HoMepaMmu [—3 ObUIN U3
cranu (/ — obpazelr 6e3 MOKPBITUST; 2 — 0Opasell C
(ppUKLIMOHHO-MEXaHUYECKUM JaTyHUPOBAaHUEM
TOJIIMHON 3—5 MKM; 3 — o0paselr ¢ ITOJMMEepPHOK
(TopyrIaepoIHOIT KOMITO3UIMEH TOIIIMHOM 5 MKM).
Homepa ¢ 4110 6 COOTBETCTBYIOT YyTYHHBIM 00pa3-
aM (4 — 6e3 MOKpPHITUs, 5 — ¢ PPUKIIMOHHO-MeXa-
HUYECKUM JIaTYHUPOBaHUEM; 6 — C MOJMMEpPHOI
¢ropyrieponHON KOMITO3ULIUEA).

Kaxk BugHO u3 puc. 3, Ijis BCeX UCCIEAyeMBbIX
BapMaHTOB MOKPBHITUI B HECKOJIbKO pa3 CHUXKAETCs
MaccoBbiii (MM) u nuHeitnbiii (MJI) nznoc oopas-
LIOB B YCJIOBUSIX (DPETTUHTA, TIPUA STOM TTOJTydeHHbIE
B UCMBITAHUSIX 3HAYEHUST KOA(PDULIMEHTOB TPEeHMSI
B YCJIOBUSIX (PPETTUHTA HE KOPPEIUPYIOT C JaHHBIMU
00 n3Hoce 00pa3ioB. B paccMaTpuBaeMbIX CIydasix
KO3 (PUIIMEHT TPEeHUS AaXe BbIIlIe, YEM Y UCXOMI-
Horo 6a3oBoro oopasia. IIpuuynHOi 3TOro MOXET
OBITh KaK creuurdurKa padoThl Y3JI0B TPEHUS MpU
BBICOKHMX HOpMaJIbHBIX HArpy3Kax B YCJIOBUSIX (ppeT-
THHTA M0 CPAaBHEHUIO C OOBIYHBIM TPEHUEM CKOJIb-
JKEHUS, TaK U XapaKTep MUKPOCTPYKTYPHBIX U3Me-
HEHMI B TMOBEPXHOCTHBIX CJIOSIX JeTajei
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comnpsikeHunit. KpoMe Toro, mpu MoIeabHBIX HMC-
MBITAHUSIX OTHOCUTEJIBLHO HeOOJIbIIasl MIolalb
KoHTakTa 00pasuos (0,5 cM?) IIpu coXxpaHEHUU pe-
aJIbHBIX HArpy30K U aMIUIMTY[A CMEILeHUsI, XapakK-
TEPHBIX TSI YCIOBUM SKCIUTyaTallK, TIPUBOIAUT K
boJiee KECTKUM yCIOBUSM (PPEeTTUHTA, UEM B peasib-
HBIX COTIPSTKEHMSIX, UTO TAKKE MOXKET CKa3aThCs Ha
yBeIMYEHUN KOd(hGUILIMEHTA TPEHUSI B HECKOJIBKO
pa3 1o cpaBHEHUIO ¢ KO3(PPUIIMEHTOM TpeHUS B
YCJIOBUSIX CKOJIBXEHMSI.

MeTtannorpaduyeckuii aHaIu3
NOBEPXHOCTH H3HOCA

J1J1st BBISIBIEHUSI MEXaHMU3MOB, CIIOCOOCTBYIO-
IIMX CHUZKEHWIO (PPETTUHT-U3HOCA ITPU MCIIOJIb30-
BaHUM YCIIEIIHO TPOSIBUBILIMX ce0S1 MOKPHITUMA,
MIPOBEICHO MCCJIeJOBaHME ITOBEPXHOCTE TPEeHUS
METOJIOM PACTPOBOW 3JEKTPOHHOU MUKPOCKOIIUHN
[11, 12].

Ha moBepxHOCTSIX TpeHUsT 0a30BBIX CTaJIbHBIX
00pa310B HAOIIOMAIOTCS TUITMYHBIE 11T (DPETTUHT -
M3HOCA y4acTKU pesibeda B BUae KaBepH, 3aII0THEH-
HBIX OKMCJIEHHBIMU YacTUllaMu n3Hoca. O0 okuc-
JIEHUU CBUAETEBbCTBYET Crieunduueckuii apdexr
HaKOIUIEHMS 3apsiia Ha TIJI0XO0 ITPOBOISIIEH ITOBEPX-
HOCTU OKMCJIEHHBIX YaCTHUII, UTO yXYAIIaeT KOH-
TPACTHOCTh M300pakeHMsI U CO3AET BIICUATICHNIE
«CBEYEHMUSI» T10J] IECTBUEM BJIEKTPOHHOTIO ITyJKa.
ITocKoJBKY Ha OCTaJIbHOU MOBEPXHOCTU TPEHUSI
Takoro 3¢ ¢ekra He HabJII0IaeTCsI, MOXKHO I10J1araTh,
YTO OKMCJICHME YAaCTUIl M3HOCA MPOUCXOIUT yKe
rocJie ux o0pa3oBaHUs B pe3ysibraTe B3aUMOJCH-
CTBUSI KUCJIOPOJA C aKTUBMPOBAHHOM B Ipoliecce
TPEHMsI ITOBEPXHOCTHIO MEJIKMX YACTHII, T. €. K CAMO-
MYy MEXaHU3MYy (PpPETTUHI-U3HOCA MPOLIECC KOPPO-
3UU, BEPOSITHO, HE UMEET ITPSIMOTO OTHOLLIECHUST, TEM
0oJjiee YTO y4aCTKU C OKMCJIICHHBIMM YacTULIaMU
(puc. 4, a) 3aHUMAIOT CPAaBHUTEIHLHO HEOOJIbIIIYIO
IUIOLIAAb O011Iel MOBepXHOCTH TpeHUs. Ha mopoxk-
Ke (ppeTTUHT-u3HOCca cTaiu 15 JOBOJILHO YacTo
BCTPEYAIOTCS M yYaCTKU, MOKPHIThIE YaCTULIAMU
pa3MepoM B HECKOJIbKO MUKPOMETPOB 6e3 CIIeI0B
okuciaeHus (puc. 4, 6), Ha KOTOPBIX XOPOIIIO BUIHBI
TPELIMHBI XPYIKOro paspyiueHusi. [1o-Buaumomy,
STU YACTULIBI IBJISTFOTCSI KAPOMIHBIMU WA IPYTUMU
XapaKTEPHBIMU JJISI CTajIell BKIIIOYECHUSIMU, Pe3yiIb-
TAaTOM pa3pylleHUs B IPOLIECCE TPEHUS MEPIUTHBIX
MPOCJIOEK M T. 1.

Hanecenue monumMepHoii (TOpPYIrIepOgHOM
KOMITO3HIIH B BUJIE PACTBOPA C TTOCIEAYIOLLEH CYIII-
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Puc. 4. IToBepxHOCTb U3HOCA ITPU (QPPETTUHTE CTAIH:
a — KaBepHbI ¢ yacTuiamMu u3Hoca (X 160); 6 — yacTuiibl Ha moBepxHoCcTH TpeHust (X2000)

Puc. 5. [ToBepxHOCTb U3HOCA TP (PPETTUHTE CTAIU C (DTOPYIIIEPOIHBIM ITOKPHITAEM:
a — y4acToK MmoBepxHocTH TpeHust (X200); 6 — nucrepcHbIe YaCTUIIbI Ha MOBepXHOCTU TpeHust (X2000)

KOI1 co3maeT Ha MOBEPXHOCTU TOHKYIO IMTOJTMMEPHYIO
TUIEHKY, KOTOpas 3allyIlaeT TOBEPXHOCTU TPEHUS
OT OKHCJIEHMS M 00pa3oBaHus KaBepH (puc. 5, a), a
Takke HECKOJIbKO MOBBIIIAET IUCIIEPCHOCTD YaCTHII,
BUIMMBIX Ha TOBEPXHOCTU, M UCKITIOYAET MEXaHU3M
MX XPYIIKOTO pa3pyllieHust (CM. puc. 5, a B cpaBHe-
HUU C puc. 5, 0).

B aTOM cityyae MUKpOUYaCTUIIbI B MOJUMEPHOK
IUIeHKe, 00pa3oBaHHON MOIMGUKATOPOM, MOTIYT,
BEPOSITHO, UTPATh POJIb IUCIIEPCHOTO HATIOJTHUTEISI
B MOJUMEpPHOI MaTpuiie, GOpMUPYS TIIEHKY IO-
KPBITASI KOMITO3UTHOTO Thma. [lomrMepHbIe KOM-
MMO3ULIMOHHBIE MaTepUasIbl XOPOIIIO 3apEKOMEHI0-
BaJim cebs B KauyecTBe MPOTHMBOU3HOCHBIX U
aHTUGPUKIMOHHBIX ITOKphITUL. Hanbomnee ahdex-
TUBHBI B CHIDKEHUY M3HOCA KaK pa3 KOMITO3UTHBIE
MOKPBITUS C MSITKOI MaTpuIleit U 6oJiee TBEpIAbIMU

YaCcTULIAMU HATIOJIHUTENS, YTO U peaiu3yeTcs B pac-
CMaTpMBaeMOM HaMM ciTyJae.

HeckonbKo nHave BHITISIST TOBEPXHOCTH Tpe-
HUsI GPUKIIMOHHO-JIATYHUPOBAHHBIX 00Pa310B.

JlaryHupoBaHue NPUBOAUT K MOSIBJICHUIO HA
MOBEPXHOCTHU CTAJIBHOTO 00pa3lia OUeHb TIagKUX
JIATYHHBIX CJIOE€B, UMEIOIINX MECTAMHU TLJIOXYIO all-
Te3MOHHYIO CBSI3b C TTIOBEPXHOCTHIO, TIe Ha0Iroma-
eTCsl UX OTCJIaMBaHUE Ha NOPOXKE TPEHUS MpU
dpetTuHre (puc. 6, @), HO Yallle ¢ TAKOM XOpOLIei
aaresueil, yTo gaxe (popMrUpoBaHUE CETKU TPEIIUH
He TIPUBOAUT K OTCJIAMBAHUIO U BHIKPAIIMBAHUIO
JIATYHHOTO MOKpPBITUS (puc. 6, 6), ¢ 4eM, Io-
BUIMMOMY, U CBsI3aHa ero apdekTuBHOCTD. [Tome-
peYHBIIi N3710M 00pa3iia Ipy HU3KOTEMIIEPaTypHOM
YIApHOM pa3pyLIeHUN B XXUIKOM a30Te MO3BOJISIET
BBISIBUTb CTPYKTYpY MaTepuaa B IPUIIOBEPXHOCT-
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Puc. 6. [ToBepXHOCTh U3HOCA TTPU (PPETTUHTE CTATN C PPUKIIMOHHO-MEXaHUUECKUM JIATYHUPOBAHUEM: a — CJIOM
JIATYHHOTO MOKPBITUS HA MOBEPXHOCTU TpeHUs (X 150); 6 — ceTKa TpelllMH B JaTYHHOM IMOKPBITUM TOocje (hpeTTHHTa
(%x300); 6 — mornepevyHbIit U3I0M 00pa3lia C MOKPHITUEM B KUAKOM a30Te — PhIXJIOE MOPUCTOE JJATYHHOE MTOKPhITHE
Ha KpYIMHO3epHUCTOI cTaibHOi ocHOBe (X400); ¢ — dhparMeHT HU3KOTEMIIEPaTyPHOTIO U3JI0Ma JIATYHHOTO ITOKPBITHSI
C MEJIKOAUCIIEPCHOM CTpyKTYypoii (X7000)

HBIX CJIOSIX Y TIOBEPXHOCTU TpeHMs. OObIUYHBIE Me-
TOJBl M3rOTOBJIEHUS IUIM(OB 32 CUET KpaeBoOTO
3¢ deKTa U CUIbHBIX MEXaHNYECKUX BO3ACHCTBUI
B Ipoliecce MpoOONoAroTOBKU Takue cjiou aedop-
MUPYIOT, B TO BpeM$ KakK XpyIKas TpeliuHa Mpu
HU3KOTEMIEPATYPHOM YIApHOM pa3pylIieHUUN
BCKPBIBAET CTPYKTYPY y MOBEPXHOCTU TPEHUS, KaK
MpaBWIO He McKaxas ee. Ha puc. 6, ¢ Ha n3mome
BUJIHBI 3€pHA CTAJIbHON OCHOBBI, HAa KOTOPBIX JIEXKUT
TMJIACTUYHBINA CJIOU JIATYyHU TOJLIMHONA HECKOJBKO
MUKPOMETPOB C BBICOKMM cojiepxkaHueM mop. [1pu
OOJIBILIMX YBEJIWUYEHUSX BUAHO, YTO CTPYKTypa Ta-
KOTO CJI0SI COCTOUT U3 OTIEJbHBIX C(hepruuecKkux
YacTUL pa3MepaMM OKoJIO | MKM 1 MeHbliie (puc.
6, 2). ITpu 3TOM MeIKOAMCIIEPCHASI CTPYKTYpa CIIOsI,
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cchopMupoBaHHas B npoliecce PPUKIIMOHHOTO Ha-
HECEHMSI TTOKPBITHUS ITPU BBICOKHMX HATIPSTKEHUSAX U
CKOPOCTSIX CKOJBXEHMSI, 00ecIednBaeT MEXaHU3M
nedopMUpoBaHUS IO IeCTBUEM CIBUTOBBIX Ha-
MIPSTKEHWI U (GPETTUHTE IyTeM B3aMMHOTO TTOBO-
pOTa ¥ IPOCKATb3bIBAHUST MEJTKHX 3JIEMEHTOB CTPYK-
Typbl. DTO, BEPOSITHO, TTO3BOJISIET OCYIIECTBIISIThH
WHTEHCUBHOE Ie(hOpMUPOBAHNE TOHKMX IIPUTIOBEPX-
HOCTHBIX CJIOEB MaTepuaa 1o 6e3n1caI0KalnoHHO-
My MeXaHHU3MY, He IIPUBOASIIEMY K Pa3pyIICHUIO 1
W3HaIIMBaHMIO. Peanmzanms Takoro MexaHu3ma
TPEHUS IaXkKe Ha OTAEIbHBIX YIaCTKaX MTOBEPXHOCTH
KOHTaKTa MOXET YMEHBIINUTD OOIINI U3HOC.
HabGntonaeMbie B JaTYHHOM CJI0€ MUKPOTpPEIIH -
HbI (CM. puC. 6, 6), KOTOpbIE HE IPUBOIST, KaK 3TO
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BUIIHO, K pa3pylIEHUIO ITyTeM OTCJIauBaHUS WU BbI-
KpallMBaHUsI MOKPHITUSI, BOBMOXHO, SIBJISTFOTCS A0-
MOJTHUTEJIbHBIM KaHAJIOM AUCCUTIALIMY SHEPTUY Tpe-
HUS B IOBEPXHOCTHOM CJIOE HE TOJIBKO B pe3yJibTaTe
3aTparhbl SHEPIUK Ha 00pa30BaHME CBOOOIHOM ITOBEPX-
HOCTH TPELLIUHbBI, HO 1 61arofapsi MOBBILLIEHUIO O/~
BUXXKHOCTU TTOBEPXHOCTHBIX cjioeB. (OOpa3zoBaHue
TaKuX TPELIYH, BEPOSTHO, CBSI3aHO C «pacKayrMBaHU-
eM» Mpy (PPETTUHTE MPUTTOBEPXHOCTHBIX 36PEH CTAIb-
Holi ocHOBbI. Pazamep oGacTeit, orpaHUYeHHBIX Tpe-
IIMHAMKA Ha puc. 6, 6, COU3MEPUM C pasMepoM
BBISIBICHHBIX B M3JIoOMe (pHC. 6, 6) 3epeH CTaIbHOMI
CTPYKTYPBI U COCTABJISIET JECATKM MUKPOMETPOB.

MenkonucnepcHasi CTPYKTypa (OPUKIIMOHHBIX
JIATYHHBIX CJIOEB, BUIMMAsI Ha PHC. 6, 2, MOXET ObITh
pe3yabTaToOM CTPYKTYPHOI caMOOpraHu3aluy Ma-
Tepuaja B mpolecce GpUKIMOHHONH 00pabOTKU
BCJIeJICTBUE (hparMeHTallMU, XapaKTepHOM J1s1 BbI-
COKHX CTelneHei nedopmaluy MaTepuaaoB Ha OC-
HoBe Meau. Hajimuue B KOHTaKTe MpU TpeHUHU ce-
PUYECKMX YaCTHUI] C BICOKON AMCIEPCHOCTHIO B
BUJIC METAJTMYECKUX ITOPOIIKOB, FeOMOAN(UKATO-
POB U T. M., KaK MpaBUj0, CHUXKAET U3HOC. DTO,
BEpOSITHO, CBSI3aHO C IMCCUTIALIME SHEPIUU TPEHUST
MPU B3aMMHOM TE€PEMEILIEHUU YaCTHIL, YTO 3allU-
LLIAET OT CUJIOBBIX BO3JEMCTBUI HYXEJIEXKAIIME CJION
Matepuasa. Ha aToM e mpuHLMIIE OCHOBAHO U
MOJIOXUTETbHOE BIUSIHUE Ha (DPUKIIMOHHbBIE CBOM -
CTBAa KOMINO3UTHBIX MOKPBITUIA C MSITKOM MaTpULIEN
1 0oJiee TBEPAbIMY YaCTULIAMU HATIOJTHUTEIS.

BbiBoabI

1. YcTaHOBJIEHO, UTO BO BCEX MCCIEIOBAaHHBIX
BBICOKOHArpy>KeHHbBIX COMPSLKEHUSIX AeTaieil Ma-
LLIMH C UCMOJIb30BAHUEM JJISI 31U Thl HAHOTIOKPbI-
T Ha OCHOBE MOJIMMEPHOI (pTOPYTIAEPOIHOI KOM-
NO3UIUMU U (PPUKIMOHHO-MEXaHUUYECKOTO
JIATYHUPOBAHUSI UMEET MECTO €IUHBbIA MeXaHU3M
MOBBILIEHUsI U3HOCOCTOMKOCTU TIpU (hpETTUHTE B
30HE KOHTAKTHOTO CJI0S1 MEJIKOJMCIIEPCHBIX YACTUILL
OJiarofapsi UCTIOJIb30BAHU IO TOHKOCIOMHbBIX TOKPbI-
Tuii. IX mpucyTcTBUE MOXET ObITh O0YCIOBJIEHO
JIM0O CTPYKTYpHOI caMoopraHu3almeil Mmatepuana
MOKPBITHS B Mpoliecce PPUKIIMOHHOTO JIATYHUPO-
BaHUs, 1100 (popMUPOBAHUEM KOMITO3ULIMOHHOM
CTPYKTYPBI TTOJJUMEPHOTO MOKPBITUS ¢ METKUMU
YacTUIIAMU U3HOCA TPU UCTTOJIb30BAHUU TTOJTUMED-
Ho#t koMno3uuuu. [1pu 3TOM paccMOTpeHHbIE 3a-
LIUTHBIE HAHOMOKPBITHS MPAKTUYECKU UCKITIOYAIOT
KOPPO3MOHHBI KOMITOHEHT MeXaHU3Ma (PPEeTTUHT-
W3HaALIMBaHUS.

2. AncriepcHasi CTpyKTypa IIOBEPXHOCTHBIX CJI0-
€B MeIIaeT peaanu3aliy OOBIYHOTO JMCIO0KALIMOH -
HOTO MexaHu3Ma J1e(hOopMallMOHHOIO YITPOUHEHMS
IMOBEPXHOCTHBIX CJIOEB MaTepuaJa ¢ IOoCIeayIOIIuM
pa3pylieHUueM, KOTJa MCUEpPIIbIBAETCS IJIaCTUY-
HOCTb B pe3y/bTaTe IepeIBILKeHMST TUCIOKALII B
IUIOCKOCTSIX CKOJIBXXKEHUS U IT0J ACUCTBUEM HUC-
JIOKAIIMOHHBIX CKOIUICHUII HauMHAETCs Mpolecc
3apOXKACHUs TPELIVH, IPUBOISIIINX K M3HOCY. Pa3-
Mep JUCIIePCHBIX YaCTUII (OT JOJIe MUKPOMETpa 10
HECKOJIBKMX MUKPOMETPOB) COM3MEPUM C JUTMHOM
CBOOOJHOIO Mpodera JUCIOKALM, TO3TOMY OHMU,
BBIXO/ISl HA TPAHUIIBI YaCTUII, HE MOT'YT 0Opa30BbI-
BaTb CKOIUIEHUIA.

3. 3apoxxaeHUe HECTIJIOITHOCTe M MeXIy CTPYK-
TYPHBIMU 3JIEMEHTAMU B 3TOM CJIydyae IMPUBOIUT K
MOBBIILLIEHUIO IIOPUCTOCTU MaTepurajia, HO KOMIEH-
CHpPYETCsI TIPOLIECCOM CTPYKTYPHOII aKKOMOIALINU
IIpY MepeMeIlIeHUN MEJIKUX YaCTHll, [I03TOMY Ha
TaKMX ITOpax HET IMMOBBIIEeHHOM KOHLIEHTpAally Ha-
MPSDKEHUI U pa3pylieHus. XapakTepHO, YTO ITaxe
CeTKa TPELIMH Ha NU3HOCOCTOMKIUX ITOBEPXHOCTSIX HE
MIPUBOIUT K U3HAIIMBAHUIO ITyTeM OTCJIOCHUS WU
BBIKpAIIMBAHUS TOBEPXHOCTHOTO CJIOST M1, BOBMOXK -
HO, BHOCUT BKJIaJl B MOBBILIEHUE TUCCUITATUBHBIX
CBOICTB moBepxHoCcTU. He uckiouyeHo, 4To u 00-
pa30oBaHME TAKUX TPEIIUH MOXKET OBITh BEI3BAHO HE
TOJIbKO «pacKayKoil» 3JIeMEHTOB CTPYKTYPbI UCXOI-
HOTro MaTepHuasa Ioj MMOKPbITUEM: B paMKaxX CUHEP-
reTUYECKMX MPEACTaBICHUI 0 caMOOopraHu3aluu
CTPYKTYPHBI B IPOLIECCE TPEHUSI 3TU TPELIMHBI MOX-
HO paccMaTpUBaTh KaK T'PaHUIIBI SYeeK AUCCUIIa-
TUBHOI B CUHEPIeTUYECKOM CMBICJIE CTPYKTYPHI.

4. MccaemoBaHue MOBEPXHOCTEH TpeHUS 00-
pa31oB ¢ TOHKOC/IOMHBIMY HAHOIIOKPBITUSIMU I10-
Ka3aJio, 4YTO MPaKTUUECKHU BO BCEX CIIyJasiX CHIXKE -
HHE M3HOCA B UCHBITAHUSIX B pexkuMme (peTTUHTa
CBSI3aHO C HaJIMYMEM B 30HE KOHTAKTa MEJIKOIUC-
MEPCHBIX YACTULI, YTO MO3BOJISIET OCYIIECTBIISITh
neopMUpOBaHME TTOBEPXHOCTHBIX CJI0EB 10 MeXa-
HU3MY B3aMMHOTO ITOBOPOTa M IPOCKAIb3bIBAHUS
3JIEMEHTOB CTPYKTYPHI MO IeHCTBUEM CIABUTOBBIX
HaIpsKeHUM 6e3 pa3pyleHus, TPHUBOISILIEro K 13-
HaIIMBaHMIO TTOBepXHOCTHU. [IpencraBieHns o BO3-
MOXHOCTU peaiu3aliud TaKoro «0e3bI3HOCHOI0»
MeXaHu3Ma Mpu TPEHUU TI03BOJISIOT Oojiee 0Co-
3HAHHO ITOAXOAUTh K BEIOOPY ONTHUMAJIbHbBIX MaTe-
pUAaJIOB ISl MOKPBITUN ITOBEPXHOCTEH TPYILIUXCS
Jerajeil U B ciayvyae (DpeTTUHTa BHICOKOHATPYXKEeH-
HBIX COIPSDKEHUM TeTajeil MallvH.

Pab6ora BemomnHeHa B cootBetcTBIM € [OCYIapcTBeH-
HbIM 3a1aHreM Ne 9-2642-2014/K ot 10 urosst 2014 T

119



* HayuHo-TexHunyeckme BegomocTyt CaHKT-TeTepbyprckoro rocyiapcTBEHHOMO MOIMTEXHUYECKOTO yHMBepcrTeTa. 3(226)2015

CNMUUCOK JIUTEPATYPbI

1. Tosero H.JI., AnaobeB A.4., Illeseas B.B. ®pert-
TUHT-KOppo3us MeTasioB. Kues: Texnuka, 1974. 272 c.

2. Yorepxay3 P.b. ®pertunHr-kopposus. JI.: Maiuu-
HocTpoeHue,1976. 272 c.

3. I'apkynos JI.H., MensuukoB D.J1., Taspumok B.C.
Tpuborexunka. M.: KHOPYC, 2013. 408 c.

4. JIpoznos 10.H., IOaun E.I'., Beaos A.W. [1pu-
KJagHasi Tpubojorust (TpeHue, U3HOC U cMaszka). M.:
Dxo-TIpecc, 2010. 604 c.

5. Zhang W., Xue Q. Fretting wear characteristics of
Ni/Cu multilayers electrodeposited on beryllium bronze
substrate //Wear. 1998. Vol. 214. P. 23—29.

6. Acnansu U.P., Cemuc 2K.I1., ITycrep JI.III. ®pet-
TUHT-KOPpOo3ust asiekTpoautrudeckux NiP mokpwituii //
Tpenue u uzHoc. 2011. T. 32. Ne 6. C. 556—561.

7. Tun3oypr 5.M. Kpacusrii B.A., Ko3bipes 10.11.,
Bbyaaros B.II. CHukeHue DpeTTUHT-M3HOCA METAJIOB

o nevictBueM ¢ysutepera C60 // Tpenue u uzHoc. 1997.
T. 18, Ne4. C. 523—526.

8. IToranos C.U., ®enopos A.b., Bynaros B.II., Kpac-
weiii B.A., Cenakosa E.B., Kossipes 10.I1. [Ipumenenue
TOHKOCJIOMHBIX ITOJIMMEPHBIX TTOKPBITUI TSI 3AILHUTHI OT
(bpeTTUHTr-KOPPO3UHU KPBILIEK KOPEHHBIX TTOAIIUITHUKOB
JBC // Aurarenectpoenue. 1996. Ne 2. C. 31-33.

9. Bulatov V.P., Krasnyy A., Shneider Y.G. Basics of
machining methods to yield wear- and fretting-resistive
surfaces, having regular roughness pattern // Wear 1997.
Vol. 208. P. 132—137.

10.TOCT 23.211-80. ObecnieueHre MKBHOCOCTOMKOCTH
n3aenii. MeTo CTTBITAHWIA MaTepUaIoB Ha M3HALIIBA-
HUe 1pu dhpeTTrHre U GpeTTuHr-Kopposuu. M., 1980.

11. Bynaros B.II. Kpacubiii B.A., Kupeenko O.D.,
ITonmo .H. UccnenoBanue GpeTTUHI-KOPPO3UH B yC-
JIOBUSIX BBICOKMX KOHTAKTHBIX HArpy30K // TpeHue u u3-
Hoc. 1994. T. 15, Nel. C. 101—108.

REFERENCES

1. Golego N.L., Alyabyev A Ya., Shevelya V.V. Fretting-
korroziya metallov. Kiyev: Tekhnika, 1974. 272 s.

2. Uoterkhauz R.B. Fretting-korroziya. L.:
Mashinostroyeniye, 1976. 272 s. (rus.)

3. Garkunov D.N., Melnikov E.L., Gavrilyuk V.S.
Tribotekhnika. M.: KNORUS, 2013. 408 s. (rus.)

4. Drozdov Yu.N., Yudin Ye.G., Belov A.I. Prikladnaya
tribologiya (treniye, iznos i smazka). M.: Eko-Press, 2010.
604 s. (rus.)

5. Zhang W., Xue Q. Fretting wear characteristics of
Ni/Cu multilayers electrodeposited on beryllium bronze
substrate. Wear. 1998. Vol. 214. P. 23-29.

6. Aslanyan I.R., Selis Zh.P., Shuster L.Sh. Fretting-
korroziya elektroliticheskikh NiP pokrytiy. Treniye i iznos
T. 32, Ne 6. 2011. S. 556—561. (rus.)

7. Ginzburg B.M. Kozyrev Yu.P., Bulatov V.P.
Snizheniye fretting-iznosa metallov pod deystviyem

fullerena C60. Treniyeiiznos. 1997. T. 18, Ne4. S. 523—526.
(rus.)

8. Potapov S.I., Fedorov A.B., Bulatov V.P., Krasnyy
V.A., Sedakova Ye.B., Kozyrev Yu.P. Primeneniye
tonkosloynykh polimernykh pokrytiy dlya zashchity ot
fretting-korrozii kryshek korennykh podshipnikov DVS.
Dvigatelestroyeniye. 1996. Ne 2. S. 31—-33. (rus.)

9. Bulatov V.P., Krasnyy V.A., Shneider Y.G. Basics of
machining methods to yield wear- and fretting-resistive
surfaces, having regular roughness pattern. Wear. 1997.
Vol. 208. P. 132—137.

10. GOST 23.211-80. Obespecheniye iznosostoykosti
izdeliy. Metod ispytaniy materialov na iznashivaniye pri
frettinge i fretting-korrozii. M., 1980 (rus.)

11. Bulatov V.P. Krasnyy V.A., Kireyenko O.F., Popov I.N.
Issledovaniye fretting-korrozii v usloviyakh vysokikh kontaktnykh
nagruzok. Treniye i iznos. 1994. T. 15, Ne1. S. 101—108. (rus.)

CBEAEHUA Ob ABTOPAX/AUTHORS

MAKCAPOB Bsiuec;1aB BUKTOpOBIY — TOKTOP TEXHUUECKKX HayK ITpodeccop HalmoHaIbHOro MUHEPaIbHO-

CBIPHEBOTO YHUBEpcUTETA «[OPHBIii».

199106, Cankr-IletepOypr, BacuibeBckuii ocTpoB, 21 quHuMs 1.2,

E-mail: maks78.54@mail.ru

MAKSAROY Viacheslav V. — National Mineral Resources University.

2, line 21 V.O., St. Petersburg, Russia, 199106.
E-mail: maks78.54@mail.ru

KPACHBI Buktop AnonbhoBHY — KaHIMIAT TEXHIUECKNX HAYK TOLHEHT HallMOHATBHOTO MITHEPATBHO-

CHIpbEBOTO YHUBepcuTeTa «[OpHBIiT».

199106, Cankr-ITletepOypr, BacunbeBcKuii ocTpoB, 21 TuHUS 1.2.

E-mail: vikras1955@yandex.ru

KRASNII Viktor A. — National Mineral Resources University.

2, line 21 V.O., St. Petersburg, Russia, 199106.
E-mail: vikras1955@yandex.ru

120



* MawwnHocTpoeHune

DOI 10.5862/JEST.226.14
YK 623.438.3-23

O.A. Yco4, I.C. benoymo@, P.H. KoposvkoG, A.B. Jlotiko

®YHKLUMUOHANbHbLIE U AUHAMUYECKUE XAPAKTEPUCTUKU
BOEHHOW N'YCEHUYHOMU MALLUMHbBI C DNNEKTPOMEXAHUYECKOM
TPAHCMUCCUEN U TMBPUOHOU CUJTOBOU YCTAHOBKOM

O.U. Usov, G.S. Beloutov, R.N. Korol’kov, A.L. Loyko

DYNAMIC AND FUNCTIONAL SPECIFICATIONS OF A
MILITARY TRACKED VEHICLE
WITH ELECTROMECHANICAL TRANSMISSION AND A HYBRID POWER UNIT

[TpuBeneHbl TeruioBasi XapaKTepUCTUKA MPSIMOJUHEHHOTO NBUXXEHUS W TIpeJesbHbIE TSTOBBIC
XapaKTepHCTUKI paBHOMEPHOTO IIOBOPOTAa BOGHHO I'yceHMYHOM MalHbI (BI'M) ¢ afieKTpoMexaHUYeCKOM
TpaHcmuccueit OMT, KoTopble COMOCTaBUMBI C aHAJIOTUMYHBIMU XapaKTepUCTUKAMU TIEPCIIEKTUBHOM
BI'M ¢ mexannueckoit TpancMuccueii. [1poananusupoBaHbl mokazaTeau padbotel DMT nipu moBopoTe
BI'M Bokpyr nieHTpa Macc. [lpencraBieHbl pe3yabTaThl pacuyera pasroHa u TopMmoxeHusi BIM 6e3
HCTIOJIb30BaHUSI OCTAHOBOYHBIX TOPMO30B. PacueT pa3sroHHOI XapaKTepUCTUKM BBITIOJHEH IS
NIBUKEHUSI HA POBHOM AOPOTE C TBEPABIM IMOKPBHITMEM M HA TPYHTOBOW JOPOTe C TUIMMYHBIMU
HepoBHOCTSIMU. [IpoBeeHHOE CpaBHEHME MOKA3bIBAET, UTO M0 (DYHKIIMOHATBHBIM XapaKTepUCTUKAM
BI'M ¢ DMT ne yctynaer BI'M ¢ M T, a mo amHaMU4eCKUM 3HaYUTEIbHO (CYILIECTBEHHO) TTPEBOCXOIUT.
BOEHHAS TYCEHUWYHAA MAIUWHA; SJTEKTPUYECKAA TPAHCMUCCHUSA; MEXAHUYECKAS

TPAHCMUCCUA; DYHKLINWOHAJIBHAAL XAPAKTEPUCTUKA BI'M; PASTOHHASl XAPAKTEPUCTUKA;
TOPMO3HAA XAPAKTEPUCTUKA; [TIOBOPOT BOKPYI' HLEHTPA MACC.

Military tracked vehicles, electric transmission, mechanical transmission, the functional characterization
of military tracked vehicles, acceleration characteristic, braking characteristic, rotating around the center
of mass. The thermal characteristics of rectilinear motion and limiting traction characteristics even turn
military tracked vehicle with electromechanical transmission are shown that are comparable with similar
characteristics perspective military tracked vehicles with a mechanical transmission. We analyzed the
performance of the electromechanical transmission military tracked vehicles when turning around the
center of mass. The results of the calculation of the acceleration and deceleration military tracked vehicle
with electromechanical transmission without use stopping brakes are demonstrated. Calculation of
acceleration characteristics to move on a flat road paved and dirt road with typical irregularities is made.
The comparison shows that the functional characteristics of military tracked vehicle with electromechanical
transmission hybrid power plant is not inferior to a military tracked vehicle with a mechanical transmission,
and on dynamic characteristics far superior.

MILITARY TRACKED VEHICLES; ELECTRIC TRANSMISSION; MECHANICAL TRANSMISSION; THE

FUNCTIONAL CHARACTERIZATION OF MILITARY TRACKED VEHICLES; ACCELERATION
CHARACTERISTIC; BRAKING CHARACTERISTIC; ROTATING AROUND THE CENTER OF MASS.

PaccmaTtpuBaetcst BapmaHT BOoeHHOM ryceHnd- OMT paspaboTaHa Ha OCHOBe MeTOAMKM [1] Kak
Hoii mamuHb (BI'M) ¢ smekTpoMexaHMYECKOM  anbrepHaTHBa MexaHmdecKoil Tpancmuccuu (MT)
TpaHcMmuccueit (OMT) u rmbpuaHoIi culoBoii yeta-  nepcrnekTuBHO BI'M. Bce ee KOHCTpYKTUBHBIE
HoBkoi (I'CY) Ha maccu nepcnektuBHoii BI'M. xapakrepucTtuku npuBeneHbI B [2]. OCHOBHOI 1ie-

121



* HayuHo-TexHnyeckue BegomocTyt CaHKT-TeTepbyprckoro rocyfapcTBEHHOIO MOIMTEXHUYECKOTO yHUBEepcuTeTa. 3(226)2015

JIbIO TIpu pa3paboTke DMT ObLIO MOBBIIIEHUE Xa-
PaKTEPUCTUK TOABUXKHOCTU U TOTIJIMBHON 3KOHO-
MUYHOCTHU TiepcriekTuBHOoi# BI'M 3a cuert
ncnoab3oBaHust OMT ¢ rubpuaHoOM CHIIOBOM yCTa-
HoBKoI. [Ipu 3ToM oneHka mokasarteseit BI'M ¢
OMT BeneTcst BcpaBHEHMH ¢ mepcreKTuBHO BI'M,
UMEIONIel CeMUKATKOBOE ITIACCH W YBEIMYECHHBIE
JMHAMUYECKUE XOIbl KAaTKOB. B MalnHe cpaBHeHUSsT
HUCTIOJIb3YIOTCS IBUTATEIb ¢ MAKCUMATbHON MOIII-
HocTbio 1109 kBt (1500 Js.c.) u MexaHuyeckas
TPAHCMUCCHS C TUAPOOOBEMHBIM MEXaHU3MOM I10-
BOpOTa, MMeEI0I1Iast BOCEMb Iepeiay MepeaHero xoaa
Y TIOJTHBIN peBepc.

3agava HacTosIIel cTaTbl — JaTh PAaCUETHYIO
OLICHKY (DYHKIIMOHAJIbHBIX M TMHAMUYECKHUX XapaK-

tepuctuk BI'M ¢ ODMT u I'CY B conocraBieHuu ¢
aHAJIOTMYHBIMM XapakTtepuctukamMmu BI'M ¢ MT.

OcHOBHbIE (PYHKITMOHAJIbHbIE XapaKTEPUCTUKHI
BI'M: Tsrosast XxapaKTepuCTHUKa MPSIMOJTMHEHOTO
JIBUXKEHUS Y TIPENIeIbHbBIE TSTOBbIE XapaKTEPUCTUKI
paBHOMepHoOro rnosopota. s ux pacyera st BITM
¢ OMT cozmaHbl criennaabHble MeTonuku [3], Oa-
3UpYIOIIMEecs] Ha MeToJax, U3JIOXKEHHBIX B [4, 5], u
yuutbiBalomue cneuuguky ODMT ¢ I'CY.

Hnsa BI'M ¢ DMT pacueTHasl TSITOBasi XapakTe-
pucTuKa npuBeAeHa B a0, 1 1 Ha puc. 1. I[Tpu pa-
CYETe ITOU XapaKTepUCTUKU MPUHSITO, UTO TSITOBbIE
9JIEKTPOJIBUTaTE/M PadOTAIOT Ha MaKCHUMabHOM
BHEIIIHEl XapaKTepUCTUKE, MOJydyast SHePruio Kak
OT TEIJIOBOTO JBUTATeNsl, TaK U OT HAKOIMUTEen
sHepruu (HD). I[Motepu MoiHocTH B y31ax OMT,

Tabnuna |
Tarosast xapakTepucTika npsvosuneiinoro apuwxenns BI'M ¢ DMT u I'CY
Ilepesuiii duanason

V, KM/4 1,81 3,61 5,42 7,23 10,41 13,60 16,78 19,97 23,15

A 0,771 0,770 0,770 0,769 0,517 0,384 0,301 0,245 0,204

Bmopoii duanazon

V, xm/4q 5,87 11,74 17,61 23,49 33,83 44,18 54,53 64,87 75,22

/ 0,222 0,220 0,218 0,217 0,134 0,089 0,060 0,039 0,022
Ja

1
\
\
0,8 S Yy
\
0.6 \\
\y
\{‘
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O - ——
0 20 40 60 V, km/4

Puc. 1. TaroBble XapaKTepUCTUKHU TTPSIMOJIMHEWHOTO ABMXKeHUs nepcrnektuBHoit BTM ¢ ODMT u MT:
--- — 1-11 nuanazon OMT, — — 2-it nuanazon DMT, — — MT
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BKJTIOYAsT TEHEpaTop, TATOBBIC DJIEKTPOIBUTATEIIH,
npeoOpazoBaTed ToKa (MHBEPTOPHI), a TaKXKe B
xomoBoii yact BI'M yunThIBanuch B 3aBUCUMOCTH
OT UX Harpy3Ku U CKOPOCTHBIX ITAPaMETPOB paOOTHI.
OT60p MOITHOCTH Ha TPUBOJ BCTIOMOTATEIbHBIX
arperaToB MPUHUMAJICS MAaKCUMAJIbHbBIM.

daxTrueckas TaroBas xapaktepuctuka BI'M ¢
MT mnpencraBieHa B TaOu. 2, a ycpeaHEHHas I10
repemadyaM — Ha puc. 1.

7151 HarISIMHOTO COMOCTABJIEHUsI TATOBBIX Xa-
paktepuctuk BI'M s BapuanToB ¢ DMT uc MT
Ha puc. 1 MpuBeaeHbl UX COBMEILEHHbIC XapaKTe-
puctuxku. I[Ipm stom mist BI'M ¢ Mmexanmdeckoit
TpaHCMUCCHEN MpUBEAeHA CIVIaXKEHHAas TAroBast
XapaKTEePUCTHKA B BUIE YCPETHEHHON KPUBOU, TIPO-
BEJIEHHOM Yepe3 CpeHUE 3HAYEHUS YACTbHOM CUJTBI
TSITH B 30HaX TEPEKPHITUA Tiepenad Mo CKOPOCTH
TBVDKEHMSI.

3a cueT BOChbMH Tiepeaad MepeIHero Xoaa 3Ha-
YeHUs yAEIbHOMN CUJIbI TSTU B 30HE MUHUMAJIbHBIX
ckopocteit (MeHee 6 kM/9) y BI'M ¢ MT 6Gosnpire,
yeMm y BI'M ¢ OMT. Br1o, ogHako, He NMPUHLIMITI-
aJIbHO, TaK Kak nonxydeHHble 111 OMT u I'CY T14-
TOBbIE XapaKTEePUCTUKU O0eCIIeYnBaIOT TeXHUYE-
CKHe TpeOOBaHMSI K COBPEMEHHOM OBbICTPOXOTHOIM
BI'M [6]. MakcuManbHO€E 3HAYEHKE YAETBHOMN CUITBI
TSITW Ha TIEPBOM OUAIIa30HE COCTABIISICT j; =0,771.
D10 0becrneunBaeT BO3BMOXKHOCTD IMOIbeMa B TOPY C
yriioM 1o 35 rpagycos. [1pu MakcuMaibHOM CKOPO-
CTU ABMKEHUSI 75 KM/4 pacueTHOE 3HaYCHUE YIe/Ib-
HOM CHJIBI TITU COCTaBJIISICT fﬂ =0,022, gyTo obecrIE-
YMBaeT BO3MOXHOCTb JABUXEHUSI ¢ yKa3aHHOM
CKOPOCTBIO HAa POBHBIX IOPOTaX ¢ TBEPIbIM IOKPHI-
THEM U COOTBETCTBYET TPeOOBaHUAM [6].

Tsarossie BoamoxkHocT BIM ¢ MT B 30He BbI-
COKHUX CKOPOCTEM IBUKEHUST HECKOJIBKO HIXE Tpe-

Tabnuua 2
Tarosas xapakTepuCTHKA npsMo mHeiiHoro apmkenns BI'M ¢ MT

Ilepsas nepedaua

V, xm/4a 4,72 5,08 5,44 5,80 6,17 6,53 6,89 7,26 7,62

/, 0,957 0,970 0,907 0,861 0,819 0,772 0,732 0,689 0,637
Bmopas nepedaua

V, km/4 6,60 7,11 7,61 8,12 8,63 9,14 9,64 10,15 10,66

A 0,680 0,689 0,643 0,611 0,580 0,546 0,518 0,486 0,449
Tpemvsi nepedaua

V, xm/4q 9,11 9,81 10,51 11,21 11,91 12,61 13,31 14,01 14,71

/ 0,488 0,495 0,461 0,437 0,415 0,389 0,368 0,345 0,318

Yemeepmas nepedaua

V, km/q 12,75 13,73 14,71 15,69 16,67 17,65 18,64 19,62 20,60

/, 0,341 0,345 0,321 0,304 0,287 0,269 0,254 0,237 0,217
[lamas nepedaua

V, km/4 17,21 18,54 19,86 21,19 22,51 23,84 25,16 26,48 27,81

A 0,240 0,243 0,225 0,212 0,199 0,186 0,174 0,162 0,147
Illecmas nepedaua

V, xm/q 22,42 24,14 25,87 27,59 29,32 31,04 32,77 34,49 36,22

/ 0,176 0,178 0,164 0,154 0,144 0,133 0,124 0,114 0,102
Cedbmas nepedaua

V, xm/4q 33,26 35,82 38,38 40,94 43,50 46,05 48,61 51,17 53,73

/ 0,104 0,105 0,095 0,088 0,081 0,073 0,066 0,059 0,051
Bocbmas nepedaua

V, km/4 46,57 50,15 53,73 57,31 60,89 64,48 68,06 71,64 75,22

/ 0,060 0,060 0,052 0,046 0,041 0,035 0,029 0,024 0,017
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O0oBaHMIi [6] M OrpaHMYMBAIOTCS MaKCUMaJbHOMI
MOIITHOCTBIO JBUTATEJIS

IIupoxkuii cKOPOCTHON AMAma3oH TSITOBBIX
anekTponpuraresieit DMT no3BolisieT 000UTHUCH BCe-
ro JByMsl 1uamna3oHaMu B KOpOOKe Iuamna3oHOB
(KI). ITpu aTOM 0bGecrneunBaeTcsi EPEKPLITUE TSI -
TOBBIX XapaKTEPUCTUK Ha MEePBOM U BTOPOM Aua-
na3zoHax 0e3 MpoBajia Ha CThIKE Auana3zoHoB. [o-
CTATOYHO O0O0JIbIIIOE 3HAYEHUE MaKCUMaJbHOU
VICJIBHOI CUJIBI TSITW HAa BTOPOM JIMAras’oHe (f, =
= 0,222) 1103BOJISIET IBUTAThCS B CPEIHUX U JIETKUX
JIOPOKHBIX YCJIOBUSIX U B OOJIBILIMHCTBE CJTydaeB 00-
XOJUTBHCS 0€3 EPeKITIOUEHUS TMana30HOB MPU IBU-
JKeHUM, Aaxe mpeonosenas noabsem ao 10°. Tpora-
HUe ¢ MecTa 1 pa3roH BI'M B 3TuXx yCJIOBUSIX MOXHO
OCYILECTBJISITh ITPU BKIIIOYEHHOM BTOPOM JMaIia3o-
He, 1 B IIpollecce pa3roHa He OyIeT MoTeph Ha repe-
KJIIOYEHUE TUaNa30HOB.

IIpenenbHbIe TATOBbIE XapaKTEPUCTUKU PABHO-
mepHoro noBopota BI'M ¢ OMT mnoxka3sbiBaloT, ¢
KaKMMU MMHUMaJIbHBIMU IEMCTBUTEIbHBIMU PAIV -
ycaMu B 3aBUCUMOCTU OT CKOPOCTHU JIBMKEHUSI BO3-
MOXHBbI TOBOPOTHI MalllMHbI HAa TIEPBOM U BTOPOM
nuanazoHax. OrpaHUYeHUs] BO3MOXHBI MO0 T10
3arpy3Ke TSIroBOro 3JIEKTPOABUraTelsl Ha 3a0erato-

R

1meM 0opTy, MO0 MO0 KMHEMaTuKe, Koraa 4acToTa
BpallleHMsI Bajla 3TOrO 3JEKTPOJABUTaTeIsl JOCTUT A~
€T TMPpeJeIbHOr0 3HaYeHus, JM00 1o MpeaeabHOI
MOIIIHOCTH TeTJIOBOro npuraresisi. Ha jerkux rpyH-
Tax OrpaHUYEHUsI BO3MOXKHbI 110 3aHOCY MaIlIMHBbI.

[Tpu pacuete paBHOMepHOTO TToBOopoTa BI'M ¢
OMT npuHumaock, uro HO nipu moBopote He Uc-
MOJIb3YIOTCS, T.€. olleHKa paboThl DMT B KpuBOJIU-
HEMHOM ABUXEHUU MPOBOAUTCS HE3aBUCHUMO OT
crerneHu 3apsina HO

PacueTHble KpUBbBIE NIPENEIBHBIX TSTOBBIX Xa-
PaKTEepUCTUK paBHOMEpHOTo noBopota BIM ¢ DMT
u ¢ MT npuBeneHsl Ha puc. 2. Pacuer BhimoiHeH
JUISI CPeIHECTaTUCTUYECKOTO IPyHTA € MapaMeTpamMu
£,=0,03up  =0,65.

s 6osee neTaJbHOTO aHAJIM3a MPUYMH Orpa-
HU4YeHUsI paguycoB moBopotay BIM c OMT uI'CY
B Tabj1. 3 mpuBeleHa paciliMpeHHas nHhopMalus
M0 PACCMOTPEHHBIM peXMMaM PaBHOMEPHOTO IO~
BopoTa. B Tabuiie o60o3HaueHbI: V' — cKOpOCTh ABU-
xeHus BI'M; R}1 — MUHUMAaJILHO BO3MOXKHBIN e~
CTBUTEJIbHBIA paguyc moBopora, R, — paamyc
MOBOPOTa, MPU KOTOPOM Ha paccMaTpUBAEMOM
IPYHTE HAYMHAETCA 3aHOC; N, — MOLIHOCTb TATOBO-
IO 2JIEKTPOJIBUTATENIS Ha 3aberatoliemM 00pTy; 1, —

M

100

80

60

40

20

/

30 40 V, km/9

Puc. 2. IIpenenbHbie TATOBBIE XapaKTEPUCTUKKM paBHOMepHOro nosopora BI'M Ha rpyHTe ¢ napameTrpamu
f,=0,03mp,  =0,65
1 — OMT, 1-it qmanazoH; 2 — OMT, 2-i1 nuamnaszon; 3 — MT, 4 — KpuBast OrpaHUYEHUI 11O 3aHOCY
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yacToTa BpallleHUs BaJla 3JIeKTPOABUTATEIs 3a0era-
routero 6opra; N, — MOIIHOCTb TATOBOTO
SIIEKTPOABUTATENS HA OTCTAIOIEM OOPTY; 1, — Ya-
CTOTa BpAILEHUS Bajia 3JIEKTPOABUTATENSI OTCTAIO-
1iero 6opra.

Kak cnenyet u3 Tab11. 3, Ha BTOpOM AMana3oHe
B CKOPOCTHOM Jrara3oHe 23—45 KM/4 orpaHUYeHUE
paauycoB MOBOPOTA 0OYCIOBIEHO TOJIBKO YCIOBU-
SIMU 3aHOCA MAaIlIMHBI, a TIpU 00JIee HU3KUX CKOPO-
CTSIX paauyc MOBOPOTAa OrPaHUYMBAETCSI MOIIHO-
CTBIO TSTOBOTO AJIEKTPOABUTATEIISI Ha 3a0eraroriemM
oopty. Ha nepBoM AuamnasoHe orpaHUYeHUE MPOUC-
XOIUT MPU TOCTIKEHUN YaCTOTOM BpallleHUs Bajia
9JIEKTPOABUTraTe sl 3a6€eraliiero 6opTa MaKCuMaib-
Horo 3HaueHus 10000 06/MUH U TTIOBOPOT C MEHb-
LIUM PanlycoM BO3MOXEH TOJBKO CO CHUXXEHUEM
cKkopocTu aBrkeHuss BI'M.

CpaBHeHME TIPeIeSIbHBIX TSTOBBIX XapaKTepu-
CTHMK paBHOMEPHOTO TOBOPOTA MTOKA3bIBALT, YTO Y
3JIEKTPOMEXaHUUECKON TPaHCMUCCUU Ha BTOPOM
Iara3oHe JOIMYyCTUMbIE PaanyChl ITOBOPOTA MpaK-
TUYECKU COBMAAAIOT C MpeAebHbIMU paguycaMu
ITOBOPOTA MPU MEXaHMUECKOI TPaHCMUCCUM.

BaxkHbIM (byHKIIMOHAJILHBIM TpeOOBaHUEM K
coBpeMeHHOI BI'M sBisieTcs BO3MOXKHOCTb ITOBO-

poTa Ha MecTe BOKPYT LieHTpa Macc. [IpuHsTas cxe-
Ma 3JIEKTpPOMEXaHUUYECKOW TPAHCMUCCUHU IS TIep-
cnekTuBHO BI'M obecnieurBaeT IIOBOPOT HAa MECTe
KakK Ha MepBOM Juaria3oHe, Tak U Ha BTopoM. [Ipu
3TOM T10 YCJIOBMSIM 3arPy3KH TATOBBIX 2JIEKTPOIBH -
rarejieii v TerjaoBOro JBUraTesis BO3MOXKEH MOBOPOT
Ha MecTe MPaKTUYeCKU Ha JIIoOOM IpyHTE, B TOM
YHuclie U Ha TSKeJIoM (C MaKCUMaIbHBIM Ko3hdu-
LIEHTOM CONPOTHUBIICHHUS TToBOpOTY = 1,00 Ha
IIEPBOM JAMana3oHe 1 | = 0,80 Ha BTOpOM JIMa-
Ma3oHe).

Pacuer nmo metonuke [3] mokasblBaeT, 4YTO Mpu
BKJIIOUYCHHOM TIEPBOM JAHMana3oHe MaKCUMaJlbHO
BO3MOXHasl TeOpETUYECKasl YrjioBasi CKOPOCTb ITO-
Bopota cocTasisiet 0,842 pan/c 1 orpaHUYMBACTCS
MaKCHUMaJIbHBIMU 4YacTOTaMU BpallleHUsI BajoB
snektpoasurarenein 10000 o6/mMuH. PacuerHas
MOIIHOCTh Ha KaXIOM 3JIEKTpOABUTATe e ITPY 3TOM
paBHa 354 kBT. B cOOTBETCTBUM C COBPEMEHHBIM
TpeboBaHUEM MaKCUMaJIbHasl TeOpeTUYecKasl yrio-
Bas CKOPOCTh PaBHOMEPHOTO MOBOPOTa HOJIKHA
obITh He MeHee 1,0 pan/c (57,3 rpan/c). B paccma-
TpuBaeMoit OMT 310 obecrieunBaeTcs MpU MOBO-
pOTe Ha MecTe MPpU BKIIOYEHHOM BTOPOM JAuarnaso-
HE ¥ 9aCTOTe BpallleHHSI BAJIOB 2JIEKTPOABUTATECH

€ max

Tabnuua 3
ITapameTpbl pez:KUMOB PABHOMEPHOTO TIOBOPOTA HA MUHHMAJIHHO BO3MOKHBIX
JleiicTBUTEbHBIX paauycax nosopota BI'M ¢ I'MT
Ilepesuiii duanazon

V, xM/4 1,81 3,61 5,42 7,23 10,41 13,60 16,78 19,97
R, ™M 3,40 4,50 6,20 7,70 12,80 19,90 33,30 39,30
R, M 1,44 1,52 1,71 1,91 2,60 3,46 4,60 6,39

N,, xBr 396 367 351 342 310 281 257 216
n,, 00/MUH 10000 10000 10000 10000 10000 10000 10000 10000

N,, xBr 15 8 2 -1 -2 5 21 53
n,, 00/MUH -9211 —7346 —5514 —4247 —1102 1484 4083 7110

Bmopoii ouanaszon

V, ’m/a 5,87 11,74 17,61 23,49 33,83 | 44,18
R, M 5,10 8,10 11,60 8,86 22,30 | 48,67
R,m 1,78 2,88 5,09 8,86 22,30 | 48,67
N,, kBt 500 500 500 500 327 344
n,, 06/MuH 4516 4948 5565 9400 7331 7472
N,, kBt 6 -7 ~10 —123 62 180
n,, 06/ MuH —2955 ~1925 —947 —3186 1542 4193
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a) Yactorst BpATTERIET
BEAYLIMX KOTEC,
06/ Mk

6)
Yacromst |
spatteris/
Beaymux |
xonee, |
o6/mui |

5

Vron
nosopora |
MatmmHb, |

rpan

vror ™ ! 2 3 4 5 3
noBopoa ;
Matmi,

rpat

Puc. 3. Pesynbratel MogempoBaHUs IIOBOPOTA Ha MECTE BOKPYT LieHTpa Macc nepcrnekTuBHoir BI'M ¢ DMT (a)
u ¢ MT (6) Ha rpynTe ¢ napamerpamu f, = 0,06 up, = 0,80

3658 06/mMuH. PacyeTHasT MOIITHOCTH TIPW 3TOM Ha
KaXKIIOM DJIEKTPOIBHUIAaTesIe cocTaBsieT 326 KBT mpu
MOBOPOTE Ha TpyHTe ¢ mapamerpamu f, = 0,04 u
... = 0,80.

IToBOPOT cOCTOUT M3 BXO/A B TOBOPOT, ABMKE-
HUS B IOBOPOTE U BbIXOa 13 roBopora. [Ipeacras-
JISIET UHTEpEC TMHAMUYHOCTD Tpoliecca MoBopoTa
BI'M ¢ paccmatpuBaeMbIMU TpaHCMUCCUSIMU. Oco-
ObIll MHTEepeC MPeaCTaBIISIET TOBOPOT HA MECTE BO-
KpYT LIEHTpa Macc, Kak HauboJiee Tsokesbiil. Ha puc. 3
COBMEIIEHbI Pe3yJIbTaThl MOIECJIUPOBAHUS TTOBOPO-
Ta Ha MecTe BOKpyT lieHTpa Macc BI'M ¢ OMT (puc.
3,a)uc MT (puc. 3, 0).

TIpuBeneHHbIe TpadUKU MIPEICTABISIOT COOOM
pacrieuaTku ¢ 3kpaHa MoHUTOpa. Kax bt pucyHOK
cocTouT U3 IByX IpacdukoB. Ha BepxHeM rpacduke
MPUBOOSTCS KPUBBIE N3MEHEHMS BO BDEMEHU YaCTOT
BpallleHUs BEAYLIMX KoJiec 3a0eraroiiero u orcra-
ronero 6oproB. Ha HkHeM — KpuBast U3MEHEHUST
yIjia MoBOPOTa MalllMHbl. MoJeaupoBaHue Pexku-
MOB IIOBOPOTA BEITIOJIHEHO 110 TIporpamme [7].

126

B snekTpomexaHnuecKol TPaHCMUCCUM TTIOBO-
POT OCYIIIECTBIISIETCS 32 CYET PAOOTHI TATOBBIX AJIEK-
TpoIBUTaTeseii B TPOTUBOIOJIOXHBIX HATIpaBJIEeHU -
gax (OIWMH W3 dJIeKTpojaBuUrarejeil padboTaeT B
pekrMe TTOJTHOTO peBepca Mo OTHOILIEHUIO K IPYTo-
my). B BI'M ¢ MmexaHu4eckoli TpaHCMUCCHE TOBO-
POT Ha MecTe OCYILECTBJISIETCSI MPU BKJIIOUeHHOM
HelTpalu B KOpoOKe nmepeMeHbl nepegad. B BI'M
HCIIOJIb3YeTCSI KOMOMHMPOBAHHBIN TuddepeHIn-
aJbHBIM MEeXaHM3M MOBOPOTAa, B KOTOPOM Mapai-
JIEIbHO BETBU € TWUIPOOOBEMHON TMepenavyeit Mak-
cuManbHoit MomrHocThio 500 kBT umeercs
MeXaHU4YecKasl BETBb Mepeauu MOIIIHOCTH K MeXa-
HU3MY IMOBOPOTA MPU BKIIOYESHUHN YIIPaBIsSIEMbIX
(PUKIIMOHHBIX Y3JI0B. 3a CUET 3TOro MOBOPOT BO3-
MOXEH MPaKTUYECKU Ha JTI0OOM peaibHOM I'pyHTe,
B TOM YMCJIe U HA paCUETHOM TpYHTe.

Bpewms moBopoTa BEIOpaHO TAKMM 00pa3oM, UTO-
ObI MOJIYUUTh CyMMapHbIii yroJi mosopota 180 rpa-
JIycOB (ITOJIHBIM pa3BOPOT MAIIIMHbLI Ha MeCTe). 3a-
TpaThl BpEMEHU Ha pa3BOPOT MallIMHbI B BapuaHTax
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OMT u MT ouenn 6iu3ku. OKoJio 6 cek. 3aTpadyn-
BaeTcst Ha moBopoT BI'M Ha 180 rpaaycoB, BKitovast
CTaJuU BXOJa B IOBOPOT, YCTAHOBUBILIETOCS MOBO-
poTa U BeIxoja U3 moBopota. Kak BuaHo u3 puc. 3,
MPOIOIKUTEIbHOCTh (MHTEHCUBHOCTD) BX0O/1a B I10-
BOPOT U BBIXOJA U3 HETO, XapaKTepu3ylollas IuHa-
MUKY ABWXXEHUS IIpU pa3BopoTte, y odeux BI'M
MpaKTUYECKU OJMHAKOBa

B 1ieiom MOXHO cuMTaTh, YTO HU OIMH U3 pac-
CMOTPEHHBIX BAPUAHTOB TPAHCMUCCUU HE UMEET Mpe-
WMYILIECTB 10 PEXXUMY ITOBOPOTA (B TOM YMCJIE U pa3-
BOPOTa HAa MECTE) 10 CPABHEHMIO C IPYTM BapUaHTOM.

PasroHHble 1 TOPMO3HbIE XapaKTePUCTUKU
BI'M BXOIST B YMCJIO BaXKHEUIITNX XapaKTEPUCTHUK,
OIpeneISIoNUX UHTEerpajbHble XapaKTepUCTUKHU
MOJABUXHOCTU. PacueT pasroHHbIX XapaKTepUCTUK
BBITMIOJIHEH 110 MeTonuKe [8] u mporpamme [9] mis
JIBYX TUIIOB JIOPOT: /IJIsl pPOBHOI JOPOTHY C TBEPAbIM
MOKPBITUEM U pacyeTHBIM KO3(PUILIMEHTOM COIpPO-
THUBJICHUS IPAMOJIMHEHOMY ABUKeHUIO f, =0,02 1
JUISI TAMTMYHOM TPYHTOBOM TOPOTM CO CpeHEN Be-
JIMYMHOM HepOBHOCTEN 126 MM 1 KOO(PHUIIMEHTOM
COTIPOTUBJIEHUS MPSMOTMHENHOMY IBUXEHHUIO f, =
=0,07 [10].

Pacuer BoimoHeH aJist riepcriekTuBHoii BI'M ¢
OMT uI'CY uc MT. B npoiiecce pazroHa Ha 00enx

BI'M paccMatpuBaioch MaKCMMaIbHO BO3MOXHOE
KCITOJIb30BAaHUE MOIIIHOCTH TETLIOBBIX IBUTATEICH.
IIpu atom mist BI'M ¢ ODMT u3-3a ocobeHHOCTH
BHEIIHE! XapaKTepUCTUKU TSTOBBIX 2JIEKTPOIBUTA-
TeJel yIpaBieHUE MOTOPHO-TPAHCMUCCUOHHOM
YCTaHOBKOI OBLITIO TIPEICTABICHO IBYMsI 3TallaMMU.

Ha sTane pasroHa ripu yactoTe BpallleHUs BAJIOB
3JIEKTpOJIBUTaTeIeil MeHee HOMUHAJIbHOI cucTeMa
aBTOMaTHyecKoro ynpansjieHus OMT peanusyet pa-
00Ty 3JIEKTpOABUTATEIEN C MAKCUMATbHBIM KPYTSI-
LIMM MOMEHTOM, a JUII o0ecreyeHus] MUHUMallb-
HOTo pacxoja TOIUIMBa — paboTy TEIIoBOro
JIBUTaTeJIsl Ha TIepEMEHHOM PeXUMe C BO3pacTalo-
el MOIIHOCTbIO, COOTBETCTBYIOLIEH MOLIHOCTU
3JEKTpOABUTATENEH, pealn3yeMOil Ha TEKYIIEM
pexume.

Ha BTopom 3tarme, T.e. mpu paboTe TITOBBIX
3JIEKTPOJIBUTATENIell ¢ YaCTOTOI BpallleHUs BajioB
0oJice HOMUHAJIBHOM, CUCTeMa YIIpaBleHUsl obec-
MeYrBaeT MOCTOSIHHYIO pabOTy TEIJIOBOTO ABUTaTe-
JISl U TITOBBIX DJIEKTPOJBUTATENIEN HA pEXKUME MaK-
CUMAaJIbHOM MOIIHOCTH, a TakKXe MOAKIIYaeT
HaKOMUTEIU DHEPTUU K TOTMOJTHUTEIbHOMY MUTA-
HUIO 3JIEKTPOJIBUTATENIEN.

Ha BceM nepuoge pazrona BI'M ¢ OMT yuutsbi-
BaeTCsl CPEAHECTAaTUCTUYECKOE 3HAaUeHUe oTOopa
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MOIITHOCTHY Ha TIPUBOJ BCTIOMOTATEIbHBIX arperaTos,
paBHoe 0,48 OT MaKCUMaabHOTO.

PasronHbIe xapaKTepuCTUKHU Ha POBHOI Topore
C TBEPAbIM TTOKPBITUEM JJIsI IBYX BAPUAHTOB MallIU-
HbI IpUBeIeHbI Ha puc. 4. PacyeT BBINOJHEH 110
ckopoctu 60 Km/4.

Kak cinenyeTt u3 npuBeaeHHBIX TpaUKOB, MU~
HuMaJibHOe BpeMsl pasroHa y BI'M ¢ DMT pasHo
18,6 ¢, ay BI'M ¢ MT Bpems pa3roHa coCTaBJIsIeT
30,5 c. CToJib cyllleCTBEHHbIE MPEeUMYILEeCTBa B UH-
TeHCUBHOCTU paszroHay BIM ¢ ODMT o0bsicHsII0TCH,
C OJIHOI CTOPOHBI, OTCYTCTBUEM MOTEPb CKOPOCTU
Ha TIepeKJIIOUeHMS Tiepeaad, a ¢ Ipyroil CTOPOHBI,
HanbOosiee 3P GEeKTUBHBIM MCITOJIb30BaHUEM TSITO-
BbIX BO3MOXXHOCTEH MAIIIMHBI 32 CYET MMOCTOSTHHOM
pealn3aluny MaKCUMaJbHOW MOIIHOCTHU TSTOBBIX
3JIEKTPOJBUTATEEH TTPU MCTIOJIB30BAHUM B TIPO-
1iecce pa3roHa HaKOIUTEIe SHepTuu.

[TockombKy Ha TPYHTOBOI 1OpOre C HEPOBHO-
CTAMU U KO3 GUILIMEHTOM COMTPOTUBJICHUSI MPSIMO-
JiMHeHOMY nBrXeHu1o f, = 0,07 TsIroBbie BO3MOX-
HOCTH MaIlIMH Ha BBICOKMX CKOPOCTSIX OTPaHUUYEHBbI,
pacyeT Ipolecca pa3roHa BblIojiHeH B TeueHue 30 .
Ha puc. 5 npeacrtaBieHbl COOTBETCTBYIOIIME pa3-
TOHHBIE XapaKTePUCTUKMU.

Ha rpyHTOBOIi JOpOTE ¢ HEPOBHOCTSIMU MPO-
¢uist nopoxxkHoro nosoTHa MamnHa ¢ OMT Takke
MMeeT MPeuMYyIIeCTBa [0 pa3roHy Mo CPABHEHMIO C
MexaHn4eckoil TpaHcmuccueid. 3a 30 ceKyHI oHa
pasroHsietcst 1o ckopoctu 51,9 KMm/4, a mepcrek-
tuBHasg BI'M ¢ MmexaHU4ecKoi TpaHCMUCCUEH — 10
ckopocTu 46,1 km/4.

151 pOBHOI TOPOTH C TBEPABIM MOKPHITUEM B
JIOTIOJTHEHWE K Pa3TOHHBIM XapaKTepUCTUKAaM Bbl-
MTOJTHEH pacyeT TOPMO3HBIX XapaKTepUCTUK C Ha-

yaibHOM ckopoctr 60 KM/4 10 ckopoctr 20 KM/4
0e3 MCIOoJIb30BaHMsI OCTAHOBOUYHBIX TOPMO30B. Pac-
CMAaTpUBAJIOCH IBMKEHUE IO POBHOM I0pore ¢ TBEep-
JIbIM MOKPBITUEM U PaCUETHBIM KO3(h(PUIIMeHTOM
COTIPOTUBJIEHUS TIPSIMOJUHEWNHOMY IBUXKEHMUIO
/.= 0,02. [l OLileHKX TOPMO3HBIX XapaKTEPUCTUK
BI'M BbIIIONIHEHBI pacyeThl, KOTOPbIE BKIIIOYAIOT
MaKCUMaJIbHBIN PEeXUM 3JEKTPOAMHAMUYECKOTO
topMmoxeHuss BI'M ¢ OMT Ha BTopoM auara3oHe u
pexxuM TopMoxeHus npurateneM BI'M ¢ MT.

ITpu Topmozkenuu BI'M ¢ MT o mepe cHuzke-
HUsI CKOPOCTHU JIBUKEHUSI TIPOBOASITCS TIepeKIoye-
HUs iepeaayd B COOTBETCTBUH CO IITATHBIM &JITOPUT-
MOM yTpaBJeHUs.

Pesynbrathl pacueTa mpuBeaeHbI Ha pUC. 6.

Kax ciemyeT n3 puc. 6, 1 1o TOpMO3HBIM XapaK-
tepuctukam BI'M ¢ DMT umeeT rnpeumMyIiecTBo o
cpaBHeHUIO ¢ BIM ¢ MT, 4To BaXXHO mpu KOM-
TUIEKCHOM OLIEHKE MOJIBUXXHOCTH.

BoiBoapl

PazpaboTaHHbBIe METOAMKM U TPOTrPpaMMBI MTO3-
BOJISTIOT IIPOBOJIMTH pacyeT OCHOBHBIX (QYHKIIMO-
HaJbHBIX XapakTepucTuk ¢ ODMT u I'CY. B ocHOBY
YKa3aHHBIX METOAMK IOJIOKEHBI METOIBI, MCTIOb-
3yeMble IUIs1 pacueTa aHaJOTMYHBIX XapaKTepUCTUK
BI'M ¢ MexaHMYeCKMMU U TUAPOMEXaHUUeCKUMU
TPaHCMUCCUSIMU, UYTO IMO3BOJISIET IPOBOAUTH CPaB-
HUTEeNIbHBIN aHanmu3 DMT u MT

BI'M c snekTpomMexaHUUeCcKO TpaHCMUCCHUEH
U TMOPUIHOM CUJIOBOI YCTAaHOBKOM MO (DYHKIIMO-
HaJIbHBIM XapakTepucTukaM He yctynaeT BI'M ¢
MeXaHUYeCKOI TPaHCMUCCHEH, a IO pa3TOHHBIM 1
TOPMO3HBIM XapaKTepUCTUKAM 3HAYUTEIbHO TIpe-
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[1.A. FaBpuno6

MH)XEHEPHASl METOAUKA OLLEHKU CEMCMOCTOMUKOCTHU
KOHCTPYKLUHUU KO3J/10BbIX KPAHOB
C YYETOM MECTHbIX MOBPEXXAEHUW

P.A. Gavrilov

ENGINEERING METHOD OF FORECASTING SEISMIC RESISTANCE
OF GANTRY CRANES INCLUDING POSSIBLE LOCAL DAMAGE

B pa60Te pacCcMaTpuBacTCA METOOAMKA ITPOTHO3MPOBAHUA CEMCMMYECKOTO OTKJIMKA METAJTNUYECKUX
KOHCprKL[I/IIZ KO3JIOBbBIX KPaHOB, ITO3BOJIAIOIIasA Ha paHHefI CTaIuM IIPOCKTUPOBAHUS OLICHUTL BO3-
MO2KHBIC TTOBPCXKICHUA. W3znoxeHnHas MeTonnMKa OCHOBBIBACTCS Ha MOACINMPOBAHNN KOHCTPYKIIMH
KO3JIOBOI'O KpaHa HEJIMHEWHOU IMHAMUYECKON CUCTEMOM. CpaBHI/IBaIOTCH peE3yabTaThl CEMCMMUYECKO-
IO aHaJIn3a 110 Hpez[ﬂaraeMoﬁ METOAUKE U IMOJYUYECHHBIC paCYCTOM 110 METOAY KOHCUYHBIX 3JICMCHTOB.

CEMCMOCTOMKOCTb; KPAH KO3JIOBOU; HEJIMHENHAS TUHAMUKA; UHXEHEPHASL METOJIMKA;
MECTHBIE [TOBPEXKJIEHUA.

In this paper the method of forecasting the seismic response of metal structures of gantry and portal
cranes is proposed. This simplified method allows to evaluate possible damage of steel structure of the
portal. The foregoing procedure is based on the modeling of the structure of the gantry crane using
nonlinear dynamic system with element of plasticity. The physically nonlinear element of dynamic system
simulates the possible damage of steel structure. The comparison of the results of the seismic analysis
using the proposed method and finite element method shows that results match to each other with
accuracy higher than 13%. Proposed method may be used for gantry and portal cranes at the early stages
of design process.

SEISMIC RESISTANCE; NONLINEAR DYNAMICS; SIMPLYFIED METHOD; PORTAL CRANE; GANTRY

CRANE; LOCAL DAMAGE.

Beenenue

IIpennaraemast paboTa opueHTUpPOBaHA Ha ITPO-
THO3 CEICMOCTOMKOCTU METAJNIOKOHCTPYKIIMI KO3-
JIOBBIX KPaHOB OOIIIEITPOMBIIILJIEHHOIO Ha3HAYEHM S,
HE OTHOCSIIIUXCST K 000PYAOBAHNIO OOBEKTOB MO-
BhbIlIeHHOM ontacHocTy (ADC, 'BCu ap.), Ha aTarie
MpOoeKTUpoBaHU. [JIsT rpy30N0abeMHBIX MAIIMH
JIAaHHOTO KJacca JOMYCTUMbI MECTHBIE MTOBPEXKIE-
HUS, He TIPUBOISIIINE K ITOTepe HECYIIeil Crioco0-
HOCTU METAJUIMYECKOU KOHCTPYKIIMEN B LIEJIOM.
3aTpyaHEHMS BBI3BIBAET TO, YTO CEMCMMYECKUIA
aHaJIu3 B COOTBETCTBUU C CYIIIECTBYIOIIMMU METO-
IUKAMHU 3a4acTyl0 MCHOJIb3YeT CIOXHBIE MOIEIU

132

JTUHAMMYECKUX CUCTEM C OOJIBIIMM YUCIIOM CTeTe-
Hel CBOOO/IbI, COCTABJICHME KOTOPHIX Ha IIepBOHA-
YaJIbHBIX ATarax HEBO3MOXKHO B CHJTY TOTO, UTO PSIf
ImapamMeTpoB KOHCTPYKLIMM Heu3BecTeH. B [1, 2]
JIOCTaTOYHO MOJIHO OlucaHa MpobjieMa HeaocTa-
TOYHOU CEUCMOCTOMKOCTM CMOHTUPOBAHHOU Me-
TaJUTMIECKOM KOHCTPYKLIMY KpaHa. CieayeT oTMe-
TUTb, YTO XPYIIKME pa3pyllIeHUs] HE OTHOCITCS K
MECTHBIM IToBpexkaeHusIM. OHM 00pa3yroTcs Mpu
COYETAaHMM HECKOJIbKMX 3KCILIyaTallMOHHBIX (haK-
TOPOB [3], BOBHMKHOBEHNE KOTOPHIX OMHOBPEMEH-
HO C 3eMJIETPSICEHUEM MOXHO CUMUTATh COOBITUEM
MaJIOBEPOSITHBIM.



MawwnHocTpoeHune

B HacTosiiee BpeMst MeToMKa pacuera ceiicMo-
CTOMKOCTH IPy30MOAbEMHOTO 000PYIOBAHNS peria-
MeHTHUpyeTcss Hopmamu [4, 5]. B o6oux mokymeHTax
JIOITYCKAETCs MPOBOIUTH PACYET METOJIOM MPSIMOTO
YUCJAEHHOTO UHTETpUpOBaHus nuddepeHImaTbHbIX
YpaBHEHMI JBVKEHMS, HE Mpuberas K JTMHeapusa-
LIMW MOZIEJT JJIsl pacyeTa Mo JMHEHHO-CIeKTpaJIbHOM
teopuu ceicmocroiikoctu (JICT), ormrcanHoii B [6].

B xayecTBe 00beKTa UCC/IEIOBaHUSI paccMaTpy-
BaeTCs METAITMYECKask KOHCTPYKIIMS KO3JIOBOTO Kpa-
Ha, COCTOSIIIIAs U3 TIPOJIETHOTO CTPOEHUSI, XKECTKOM 1
LIapHUPHOI o1nop. MI3BECTHO, YTO OMACHBIM Y3JIOM B
KOHCTPYKIIMU KO3JTOBBIX KPAHOB SIBJISIETCSI MECTO CO-
YJIEHEHMSI XKECTKOW OMOPBI C TTPOJIETHBIM CTPOEHUEM.
ITpu HopMasIbHOM pexkume paboThl TaHHbIH Y3€e1 cla-
00 Harpy>xeH, OJIHaKO NMPY BO3HUKHOBEHUU CECMU-
YECKMX Harpy3oK, epreHIuKyJIsIpHbIX IO HarpaBJie-
HUIO K OCM KPaHOBBIX MYTE€W, MOTYT BO3HUKATh
CYILIECTBEHHbIE BHYTPEHHWE YCUIIUSI U HATPSIKEHMSL.

B nocnenHue ronsl Bce 60J1blee BHUMaHUE Yiie-
JIsieTcs (DM3MIECKON U TeOMETPUISCKON HEeTMHE-

Y
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HOCTSIM, KOTOpPbI€ CBOMCTBEHHBI KOHCTPYKIIUSIM
rpy30MoabeMHOI TexHUKU. [IpruMepaMu Takux He-
JIMHEMHOCTEN SBJISIFOTCSI OMHOCTOPOHHUI KOHTAKT
KoJieca ¢ peJIbCOM, IIPOCKAIb3bIBAHME KOJIECa BAOJIb
peiibca, HeMMHeHas1 nuarpamMMma 1e(hopMUpPOBaHNSI
IPY30BbIX CTAILHBIX KaHATOB [7] 1 ap. MeToasl Mo-
JIeJTMPOBAHMSI IOJOOHBIX HEIMHETHBIX CBSI3€1 1 Me-
TOMBI pelieHus cucteM AuddepeHIIMaTbHbIX ypaB-
HEHMI OBVDKEHHUSI PAaCCMOTPEHBI, B YACTHOCTU, B
[8—10]. B Hacroseii paboTe paccMaTpuBaeTcs pu-
314YeCKas HeJIMHEMHOCTh MaTeprajia MeTAIAYECKOMN
KOHCTPYKLIMU, KOTOpass MOAECIUPYET YKa3aHHBIE
BBIIIIE MECTHBIE TIJIacTUYeCKMe AedopMaliiu.

Ilenbio paboOTHI SBISIETCS METOAMKA OLIEHKM
CEMCMOCTOMKOCTU METAIMYECKUX KOHCTPYKLIMMA
KO3JIOBBIX KPAHOB C Y4€TOM BO3MOXKHBIX MECTHBIX
TMOBPEXIAECHUM.

Onucanue pacyeTHOH MOIETH

PaccmotpuM 3amady B IJIOCKOM ITOCTAHOBKE.
YacTOTHBII aHAIM3 KOHCTPYKLIMI KO3JIOBBIX KDAHOB

3

>

Puc. 1. Bunbl cratmaeckoro Harpy>XeHusd rnoprajia 1 COOTBETCTBYIOIIMEC UM SITIOPbI M3TA0AIOIINX MOMEHTOB
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MOKAa3bIBACT, YTO HAMOOJBIINI SHEPreTUIeCKUi
BKJIaJl B KoJjiebaTebHBIN Mpoliecc paMbl MopTaia
KO3JIOBOTO KpaHa BHOCSAT Hu3IIME (OpMbI COO-
CTBEHHbIX KOJieOaHUIi B IBYX B3aMMHO TEPIEeHIU-
KYJSIpHBIX HampaBjieHUsiX. [Ipeanoyioxxum, 4To
Takue (opMbI OJM3KHU K YIIPYTUM JIMHUSIM ITPU CTa-
TUYECKOM Harpy:KeHuu KOHCTpyKuuu [11] ropu-
30HTAJIbHOW CUJIOM B ILIApHUPE, B MIEPBOM CJiyyae,
M BEPTUKAJIBHOM CUJION B LIEHTPE MpoJieTa, BO BTO-
poMm ciyuae. Ellie B kKauecTBe OAHOTO MPEANoaoxKe-
HUS TIPUMEM, YTO yIIpyro-Ijiactuueckas nepopma-
LU TPOUCXOAUT 0Oe3 JAOCTUXKEHUS YCIOBUI
XPYIKOTo pa3pyiiieHus. CxeMbl HArpy>XeHUsl, yIpyTvx
JIMHUI U 3ITI0p MOMEHTOB M300pakeHbl Ha puc. 1.

B kauecTBe pacueTHOM AMHAMUYECKON MOAEIN
MPEAIOXKEHO UCTTOIb30BATh MOJIEb, TPENCTABICH-
HyI0 Ha puc. 2. Ha cxemax (puc. 1, 2) m , m, — npu-
BEeJIEHHbIE MAcChl METAJUTMYECKON KOHCTPYKLIMU
KO3JIOBOTO KpaHa, IIPY 9TOM Macca m, COBEpIIAeT
KoJe0aHMsI TOJIbKO B TOPU3OHTAJILHOM HarpabJie-
HUM, a Macca m, — B TOPU3OHTAIbHOM U BEPTUKAIIb-
HOM HamnpaBJIeHMUSIX.

M3BecTHO, YTO TOPU3OHTAJIbHAS MHEPLIMOHHAS
Harpyska F, IpuJIoKeHHast K IIPOJIETHOMY CTPOEHHIO
MopTaJia, BbI3bIBAET TAKXKE BEPTUKAJIBHOE IMepeMe-
1LIeHUe TOYKU B LIEHTpe MpoJjieTa KpaHa (cM. puc. 1)
[12]. AHaJIOrMYHO BepTUKAJIbHbIE HAIPy3KU BbI3bI-
BalOT TOpU3OHTaNIbHBIE TlepeMelieHus. Eciau mpe-
HeOpeub NPOAOJIbHBIMU YIIPYTUMU Ae(opMaLiisIMU
OITOpP Y MPOJIETHOTO CTPOSHUSI B CUITy UX MaJIOCTH,
TO CJIOXXHOE JIBUXKEHUE COBEPILIAET TOJbKO MpUBE-
JIEHHAsi Macca m,,. YIoJl oL XapaKTePU3YeT OTHOLIEHHE
OPTOTOHAJIbHBIX [IEPEMEILEHUI MacChl m,,. B taHHOM

cIy4ae yroJl O MOXET OBbITh OIpeaesieH 1o (hopMyIie
Ay

= (0

Ay

T A @ a
v, A

o =arctan

vy, 4w
L

"

x1

Puc. 2. Cxema pacueTHOM IMHAMUYIECKOU MOJEIN
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rue A§ — TOPU30HTAJIbHOE TIepeMellleHUe LIeHTpa
npoJeTa KpaHa OT NPUI0XKEHHOU TOPU30HTAIbHOMU
cuibl F; A§ — BEepTUKaJIbHOE IIepeMelleHUue TOI
JKe TOYKHU OT TO# Xe CUJIbl (CM. puc. 1).
ZKeCTKOCTH TPYXKKH ¢_1 ¢, MOTYT OBITH OIIpeie-
JIEHBI KaK XXeCTKOCTh ITOPTaJjia B IBYX B3aMHO IIep-
NEHANKYJSPHBIX HAMpaBIeHUsAX. 2KecTKOCTh ¢},
SIBJISIETCSI BEJIMUMHOM, XapaKTEepU3YIOLIEH 3aKpUTH -
YecKoe MOBeJeHE CUCTEMbI, KOTrJla HOMUHAJIbHbIE
HampsDKEeHUST B OITAaCHOM CEYEHUM IIPEBBIIIAIOT
npees TEKYyJeCTH MaTepuaia: 6, > G (CM. HIXKE).
DJeMeHT TPeHUsI MOJAEIUPYEeT TOPU30HTAIbHYIO
IUIOIIAIKY TeKy4eCTU MaTepuraa. JlaHHbII 271eMeHT
XapaKTepU3YeTCs BETUYMHOM CUIIBI F, , paBHOM Ta-
KOMY TOPU3OHTAIbBHOMY YCUJIHIO F), IPY KOTOPOM
HOMMHAaJIbHBIE HAMPSDKEHUs] B OTTACHOM CEUCHMU
paBHBI Tipesienty Tekydectu: o, (F ) >c . Jdemndu-
pymolre CBOiCTBa MaTepualia mopTajia MOTYT ObITh
OIpe/ie/ieHbl 9KCIEPUMEHTAJIbHO, 110 aHAJIOTUM C
YK€ CYILEeCTBYIOIIMMU KpaHaMU, a TAaKXKe U3 CIpa-
BOYHOM M HOPMATHUBHON TUTEpaTypshl [5].
Ceiicmmaeckuie KojieOaHMsI HeJTMHEHOM TMHAMM-~
YeCKOM CUCTEMbI MOT'YT ObITh OITMCAHBI CUCTEMOM ypaB-
HeHuit B ¢hopMe ypaBHeHus Jlarpanxa II-ro pona ¢
JIOTNOJTHUTEJIbHBIM BEKTOPOM HEJTMHEMHBIX YCUIUIA [9]:

MV o }+ KV o} +[C]{r )+
+{RW ).V (1)} ={P},

rae [M], [ K], [C] — MaTpuiibl Macc, teMItpUpOBaHMS
U kecTKocTH; { (1)} — BeKTOp IepeMelieHuni (1 ero
MPOU3BOAHbIX I10 BpeMeHM); { P} — BEKTOP BHEILIHUX

Harpy3ox; { RV @),V (t))} — BEKTOp HEJMHEHHBIX
cuI0BbIX (pakTOpoB (ycuiius B AemIipepax, CHUJIbI
TPEHMUSI 3aTOPMOKEHHBIX KOJIEC O PEJIbChI U JIP.)
Cucrema ypaBHEHUI, OMMCHIBAIOIIAS paccMa-
TPUBAEMYIO CXEMY, MOXKET OBbITh 3arrcaHa B BUe

X(t)=A.);

Y(6)=A,();

F(Oymy, +c, () =Y (@0)+, (3O)-Y () +

+X2(t)m, sin(a) = 0;

¢, (x10) = X (1)) +1, (X10) - X (1)) = F(0);

X2t)m, + F(t)+y(t)m, -cos(a) = 0;
(x2(r) - x1(7))

JE@20-210)) +e

+el (x2(1) - x1(@)).

3)

F()=F,,




MawwnHocTpoeHune

3nech X(f), Y(f) — nmepeMelleHUsT ceiicCMUYECKOM
Macehl; L, 1, — K03 GUIIMEHTHl 3KBUBAJIEHTHOTO
BS13KOT'O TPEHUS, TPUBEAECHHbIE K COOTBETCTBYIOLIEN
yacToTe COOCTBEHHBIX KojebaHuii cucteMbl. [To-
clieqHee ypaBHeHUE cucTeMblI (3) comep KuT BhIpa-
JKeHHUe, anmpoKkcuMmupylollee (GpyHKIUIO 3HaKa

. X
fix) =sign(x) kaKk f(x)=————, 1€ € BeCbMa Majio
Vx?+e

no cpaBHeHUro ¢ x. [1pu Takoit popMe 3anumcu pyHK-

1ust f(x) SABJISIETCSI HEMPEPBIBHOM M UHTETPUPYEMOM

[13]. ITpoune mapamMeTphbl CUCTEMbI PACCMOTPEHBI
HITXKE.

Benmuunnbl xecTkocTeii ¢ u ¢, MOryT OBITh OIIpe-

JeJIeHbI Yepe3 uHTerpai Mopa:
-1

H’L(, HI,
0= | 1+
3EJ, | Il
-1
4)
oo L rH 3L
Y| 48EJ, 16EJ HI ’
¢ I6H |14

9KB

rae H — BbICOTa XKEeCTKOM OIophl; L — MpoJieT Kpa-
Ha; EF — monynb FOHra marepuana; Jz — MOMEHT
MHEPLIUK OCHOBHOTO CEYEHUS MOCTa; J — 9KBH-
BaJIEeHTHBIA MOMEHT WMHEPILIUU XKECTKOW OIophl,
PaBHBII MOMEHTY MHEPLIMK OIMOPbI MOCTOSIHHOTO
CEUYEHMSI TOH K€ KECTKOCTHU, UTO U 'y peajbHOM Oro-
pbI IepeMeHHoro cedyeHus. OnpeneneHre 3KBUBa-
JICHTHOTO MOMEHTa WHEPLUU CEYEeHUS XKEeCTKOM
omnopsl J_  TIPUBEIIEHO HUXE.

KoadhbuiimeHTbl 3KBUBAJIEGHTHOTO BSI3KOTO TPe-
HUSE [ ¥ |, BBIYUCIISIIOTCSE 11O dopmyie [14]

D
fx’y 21_[: cx,y > (5)

rne D — oTHOCUTENbHOE NeMIlpUupoBaHKUE, TPUHU-
MaeMoe B COOTBETCTBUM € I1. 5.11 Hopm [5]; f, .
YacTOTbl COOCTBEHHBIX KOJieOaHUN CHUCTEMBI 1O
COOTBETCTBYIOIIMM (hopMaM. Tak Kak B paccMaTpu-
BaeMOl CUCTeMe YUUTBhIBAETCs 3aKPUTUUECKOE TT10-
BelleHMEe KOHCTPYKLMU, a TTIOPTaJl KO3JI0BOTO KpaHa
SIBJISIETCSI CBAPHBIM, OTHOCUTEIbHOE JeMI(upoBa-
HUE clieayeT MPUHUMATh paBHbIM D = 4 %.

[MpuseneHHbIe MAcChl m 1 m  OTPEIEIIM B CO-
OTBETCTBMU C NMPUOJUKEHHBIMU MeToauKamMu [11]:

m, = (M +0,33M);
m,=0,5M,

rae M, — macca IpoJIETHOTO CTPOEHMs MopTaia
(croma MoxeT ObITh BKJIIOUE€HA Macca I'py30BOi Te-

Hyy =

JIEXXKM KpaHa); M, — Macca XeCTKOM OIopbl [opTa-
Ja.

Takum oOpa3oM, IojlydeHa MeTOIMKa ITPOTHO-
3UPOBAHU CEUCMOCTONKOCTU METALTUYECKOM KOH-
CTPYKIIMM KO3JIOBBIX KPaHOB, MO3BOJISIONIAS Olle-
HUTh BO3MOXHBIE TOBPEXICHUS Ha CTaauu
MPOEKTUPOBAHUS.

Pacuer nopraJja Ko3Ji0BOro kpatHa

B kadecTBe mpuMepa pacCMOTPUM KpaH KO3J10-
Boii anekTpudeckniit KK-KHur 36-25/5/7-12,5-A6,
V1 npousBoactBa KTb «TexHopoc» (puc. 3).

XapakKTepucTUKU MeTalInyecKoll KOHCTPYK-
LIMU KpaHa YCTAHOBJIEHBI 110 TTPOEKTHBIM JTaHHBIM:

Macca TOJIOBMHBI MPOJIETHOTO CTPOEHMUSI TOop-
Tana an= 35810 kT;

Macca kXecTkoi onopel M| = 7970 KT,

MOMEHT UHEPIIMH OCHOBHOTO CEYEHMS ITPOJIET-
Horo ctpoenust J = 0,054 m*;

Moayab FOHra mcrnosb30BaHHOIO MaTepuana
E=210TITla;

nposaet KpaHa L = 25 M;

JUTMHA XeCTKOI ortopbl H = 14,64 M.

ZKecTtkas ornopa KpaHa UMeeT IepeMeHHOe ce-
YyeHue; B MecTe MPUCOEAMHEHMS ee K MPOJETHOM
baJsike 9TO ceYeHUe COOTBETCTBYET OCHOBHOMY Ce-
YEHUIO MPOJETHOTO CTPOESHMSI.

LlvprHa ceyeHrs ONTOPbl UBMEHSATCS OT TOUKHU
repecevyeHrsi 0ceil MocTa M OIMOpbI JO OCHOBAHMS
CJIEIYIOLIUM 00pa3oM:

1258 mpu x <590 mm;
b(x)=1:0,049(x —590) +1258 ipr 590 < x < 11617 mm; (6)
1800 mpm 11617mMm <x < H.

AHaAJIOrMYHO 3a1aHO U3MEHEHUE BBICOTHI CeUYe-
HMU OITOPHI:

Puc. 3. Kpan xoznosoit KK-KHut 36-25/5/7-12,5-A6
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h(x)=
2183 mpu x <590 M
=1-0,129(x —590) + 2183 mpm 590 < x <11617 Mm; (7)
758 mpu 11617 MM <x< H.

ToIMHBI TTOSICOB ¥ CTEHOK OJUHAKOBEI U PaB-
HBI d = 8§ MM.
MOMEHT MHEPLMY CEYECHUS OITOPHI:

Jo = é(b(x)h(xf — (b(x)—2d) (h(x)-2d Y’ ) (8)

JJ1s1 HaX0XXIeHUSI )KECTKOCTH OIOPhI OIIPEACIUM
ypaBHEHME SMI0PbI U3TM0AOIINX MOMEHTOB OT €11 -
HUYHOM CUJIbI, A€W CTBYIOLIEN B TOUKE C KOOPJAMHA-
Toi x = () B HaIpaBJIeHUH, TIEPIEHINKYJISIPHOM OCH
OIIOPHI:

M(x) = 1x.

Toraa )kecTKOCTb OMOpPHI ONpeAeIsieTcs Mo (op-

MyJie
1

on =7 =4,229-10° H/m,
jo 0(x)dx

&)

c

rae O(x) — ypaBHEeHME YIJIOB IIOBOPOTAa CEYCHUS
(ompeneneHHoe MeToaoM Mopa).

OnpeaearMm 3KBUBaJEHTHBIN MOCTOSTHHBIN MO-
MEHT MHEPLIMU CEYEHMUSI OTIOPhI U3 YCIOBUS pABEH-
CTBA XXECTKOCTEM:

3
Jon _ ConH
3KB 3E

Kecrkoctu ¢ n ¢, TIOpTajia KpaHa OMpeaeTuM

o dopmynam (4):
¢, = 2,545:-10° H/m; ¢, = 4,521-10" H/m.

CoOCTBEHHBIE YaCTOTHI KOJIEOAHWI1 TTOpTAaia Mo
JIBYM (hopMaM OMPeEISTIOTCS 10 U3BECTHBIM (DOop-
MyJIaMm:

=0,021 m*. (10)

fi=— [ = 12051y,
2n\ m,
=— [—=7,997TwL.
% 2w\ m, "

[TonyyeHHbIE 3HAUEHUST COOCTBEHHBIX YaCTOT
KoJiebaHUIl TopTaja CpaBHUM C TOJYYEHHBIMU
MKD nipu pacuete ceiicCMOCTOMKOCTU UCCETyeMO-
roxpana [15]: f"° =1,3T; £ =8,1T,

[TorpentHOCTh BBIUMCIIEHUSI COOCTBEHHBIX Ya-
cTOT KoJiebaHuii okasanach Majna: 0,38 u 1,63 % misa
MEePBBIX IBYX YaCTOT COOTBETCTBEHHO. MOXHO c/ie-
JIaTb TIPOMEKYTOUHBI BBIBOJ O IOMTYCTUMOCTH UC-
MOJIb30BaHUsI MPUHSITHIX YITPOIIEHUIA.
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Yrona a onpeneaum 1o ¢popmyJe (1), UCTionb3yst
aHAJIMTUYECKNE BBIPAXKEHMUSI JIJISI pacueTa rnepeme-
LIEHUI KOHCTPYKLIMK [ 16]. BeruncieHHoe 3HaYeH1e
yIj1a MOBOPOTA IIABHBIX OCEI TaAHHOTO TIopTaia —
a = 7,318°. Ta xxe BenuunHa, ITOJydeHHas OCPe/I -
ctBoM MKD, — ogMK® =7 881°. Ommbka coctaBmiIa
7%.

KoadduiireHTbl 5KBUBaIEHTHOTO BI3KOI'O Tpe-
HUsI onpeaessroTcs o gopmyse (5):

W, = 4% c, =62,6kH;
fi2n
4%
= =179kH.
Ky fy2ncy "

CuHTe3 akceeporpaMMBbl IS pacueTa ceiicMo-
CTOMKOCTH SIBJISIETCS OTAEJIbHOW MHXEHEPHOW M
HcciienoBaTebcKoi 3amadeit. ITonpoOHO MeTombl
CHHTE3a UCXOIHBIX BO3IEICTBUI pACCMOTPEHBI, Ha-
npumep, B [17, 18]. B Hacrosiieit padbote aist Ha-
IJISIIHOCTY MpUOETHeM K yIIPOILIEHHOM MpoLeaype
CUHTE3a aKceeporpaMMbl U ITPeICTaBUM (DYHKIIUIO
A () B BUJIE TMHEWHON KOMOMHALIMY CUHYCOUIATTb-
HBIX BUOpaLIWiA:

A ()= B, sin(nf;r), (11)
1
e B, — Koo GUIHMEHT IMHAMUYHOCTH, OTIPEIEIsI-
€Mblii B COOTBETCTBUU C [4] st (-1 yacToThl /. Yac-
TOTBI f, BBIOpaHBI TAKUM 0Opa3oM, YTOObI BbI3BaTh
SIBJIEHUE Pe30HaHca, T. €. IBE YACTOThl BO3MYIIIAI0-
LIETO BO3AEUCTBUSI COOTBETCTBYIOT BHIUYMCAEHHBIM
COOCTBEHHBIM YacTOTaM KOHCTpyKuuu. Euie ase
4aCTOThI BBIOpaHBI MPOU3BOJIbHBIM 00pa3oM:
=1 f ny; =1 (1+\/§)§ Ja :f?y-
CoOTBETCTBYIOIIIME JAaHHBIM YacToTaM Ko3g-
(GULMEHTH JMHAMUYHOCTH [4]:
B, =L8; B,=25 B3=25 B;=2,5.
CeilicMuueckoe BO3IeiicTBUME Ha KpaH 3aJaHo
ClIeYIOIINM 00pa30M: KWHEMATUYECKOe BO3MYIIIe-
HUe ocHOBaHMS INTCS 10 CeKyHI, MOCJIe Yero rpe-
Kpaiaercs. Takoe BXOJHOe BO3AeCTBUE TAaeT BO3-
MOXHOCTb OLIEHUTh 3aTyXaHue KojeOaHUl u
OCTaTOYHbIE fehopMaliii KOHCTPYKIIUH.
JwnarpamMmma «Harpyska—mnepeMelieHne» KOH-
COJIbHOU 6ajIki KOpoOUYaToOro ceueHust Mpu pa3Bu-
TUM HOMUWHAJbHBIX HAMPSDKEHUI BBILIE Mpeaena
TEKy4eCTU MOXET ObITh alllTPOKCUMUPOBaHa OWIU -
HeliHo. B naHHOIi paboTe J0MYCTUMBIM MPUHSIT Ta-
KOW ypOBeHb Harpy3Ku, KOT/1a HAMPSIXKEeH s, paBHbIE
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MpeaesTy TeKy4ecTr MaTepuraia, OXBaThIBAIOT Iosica
0aJIKu, HO He pacIpOCTPaHWJIMCH HAa CTEHKU. B Ta-
KOM ciiydae 1e()OpMUPOBAHHYIO OAIKy MOXKHO CUM-
TaTh MOJyIeXKAIIe il pPEMOHTY, XOTsI HECYIIasi CTOCO0-
HOCTb KOHCTPYKIIMU B 1IeJIOM He Oblja MoTepsiHa.
[IpenBapuTeabHbIE pacyeThl MOKa3aiu, YTO MPU
peayibHOM TMpefesie TeKyJeCTH MaTepraia MeTalln-

YeCKON KOHCTPYKLIMU (0892F X =325 MHa),nnacm—
yeckue AedopMalvu HeBeJUKHU. 7151 HArIsiAHOCTH
MMpUMeM TIpenesl TeKy4eCcTH MaTepuajia IopTajia
paBHBIM G, = 100 MIla. OnpenenuM BeIUUUHY
TOPU3OHTAILHON MHEPIIMOHHOM CHJTBL F, , TOPOXK-
Jalolleil HOMUHATbHbIC HAMPSIKEHUST B OMACHOM
CEYCHUH TTOpTajia, PaBHBIE MIPEAeTy TeKyUeCTH:

— 0-0’2 —
L= =232kH, (12)
1?2 1 2
2P 43—
WOH SOH

rne M rlop — MU3rubaroIIuii MOMEHT B OTTACHOM ce-
YeHUHW OT e€AWHWYHOM TOPU3OHTATBbHON CHIIBI;
W — MOMEHT CONPOTUBJIEHNS OTTACHOTO CEYEHMSI;
S, — CyMMapHas IIoiajib CTCHOK B OITACHOM Ce-
YEHUH.

Benmunna ¢ xapakTepusyeT yroy HaKJIOHa Kpy-
BO# «Harpy3ka—aedopMalysi» Ha ydyacTKe, Koraa
Harpyska IpeBBIIACT KPUTHYECKOE ycunue F, .
JaHHas KeCTKOCTb YUMTHIBAET KaK YIIPOUHECHUE
Marepuaia, Tak 1 HeJIMHeiTHOe M3MEeHEHHe TToIaT-
JIMBOCTU KOHCTPYKIIMU BILIOTh A0 O0Opa3oBaHUs
TJIACTUIECKOTO IITapHUPa B OITacHOM ceueHnn. Kak
OTMEUEHO BbIIlIE, B HACTOSIILIEH paboTe paccMaTpu-
BaeTCs 3aKPUTUIECKOE TIOBEIEHHE TTOpTajia KO3J10-
BOTO KpaHa BILJIOTb 10 OXBaTa TEKY4YECTbIO MOSICOB
OTIaCHOTO CeYeHUs KeCcTKoi Horu. J1ts orpemene-
HUSI BEJIMYMHBI TapaMeTpa c;, , CJIeAYeT BBIYMCIUTD
ycunue F_ , TIp¥ KOTOPOM HOMUHAJIbHbIE HAIpsi-
JKeHUsI, paBHBIC TIpeAeTy TeKy4eCcTH MaTepuaa,
OXBaThIBAIOT I10sICA KOPOOUYATOTO CEUEHUsI, U COOT-
BETCTBYIOLIEE 3TOMY YCUJIMIO Tepemelnenue A’
Takoii pacyeT MOXeT ObITh IPOU3BENEH C TOMOIIIbIO
MKD nmub0 aHaIMTUYECKN U HE IPEACTaBIISIETCS
0COOEHHO CJIOXHBIM. MckoMasi BeIMUMHA MOXKET
OBITH OIIpeaesieHa 1o (popmyiie

’
’_ Frm — FHJI
X T A >
ArUI _Arm
rac Arm — HNEPEMECIICHNE, COOTBCTCTBYIOIICEC HaA-
rpyske F_.

Brrunciennoe 3Hauenue — ¢ = 0,lc, .

IToncraBuB onpenesieHHbIE TApaMeTpbl JMHA-
MUYECKOI MOAEIN B cUCTeMy ypaBHeHU (3), pe-
1M JaHHYIO CUCTeMY MPU CAETYIOIINX HauaTIbHbIX
YCIIOBUSAX:

X(0)=0; X(0)=0; Y(0)=0; Y(0)=0;
x1(0)=0; x1(0) = 0; x2(0)=0; x2(0)=0;
y(0)=0; y(0)=0; F(0)=F,.

s perieHus: cucteMbl ypaBHeHU (3) B 1aH-
HOM1 paboTe ucnoJjb3yeTcs pemarenab Radau, ocHo-
BaHHBIN HA OTHOMMEHHOM UYMCJIEHHOM aJrOpUTMeE.
Petienue mpou3BoaMIOCH C UCTIOAb30BAHMEM MPO-
rpamMmbl Mathcad 14.

Pe3ynbraTnl

PesynbraThl pacyeTa CpaBHUM C aHAJIM30M, UC-
noJb3ytomuM MKD ¢ uaeHTUYHBIMY TTapaMeTpamMmu
pacueTHOM Moaean. OOIINI1 BUI KOHEYHO-2JIEMEHT-
Hoit mogenun (KD-Mmoaenn) npeacraBieH Ha puc. 4.
K9-Monmenb cocTOUT M3 ABYMEPHBIX 3JI€MEHTOB
tuna Plate ¢ 3a1aHHBIMU TOJIILIMHAMM, COOTBETCTBY-
IOIIMMHA MPOEKTHBIM, 3JI€MEHTa CEUCMUYECKUIA
Macchl (TTopoOHee MPo METO CEMCMUUECKO Mac-
cbl —cM. [14], [19]) 1 aBCOMOTHO KECTKUX 2JIEMEH -
ToB Tuna Rigid, cBsI3bIBaOIIMX OMOPHI MTOpTaia ¢
MAacCOM, a TaKxKe MOACIUPYIOLIUX LIApPHUP OJHOM
U3 orop. MaTepuaj KOHEUHbIX 3JIEMEHTOB 3aJaH
CleYIOIIMMU MapaMeTpaMu:

monyib FOura — £ =210 I'Tla;

monyib capura — G = 80,7 I'lla;

koapdunument I[lyaccona — v=10,3;

00BeMHas TIOCTHOCTE — P = 7850 kr/Mm3;

Puc. 4. O6mumii Bug KB-monenn
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a) Ilepeme-
ILIEHUS, -
MM
2007
100}
— 1001
— 200"
6) Ilepeme-
LLIEHUS,

Puc. 5. Ipadpuku nepemelieHnii TOYKM B LIEHTPE MpoJjieTa ImopTana: a) 1o ocu X; 6) mo ocu Y
(I — Nastran, 2 — AHaIuUTHKAa)

KpUTEpUil TeKydyecTH — 1o Teopuu DoH-
Museca;

npenes rekydectv — ¢, ,=100 MIla;

MOAYJb MJIaCTUYHOCTHU — H=1005 MTIla;

BxomHoe ceiicMuyeckoe BO3aeiiCTBUE 3aJaHO
a"ajgoruyHo (11).

Ha puc. 5 npeacraBiieHbl CpaBHUTEIbHBIC I'pa-
(buku TIepemMeIeHri IPUBEACHHOM MaCcChl aHAJIH -
TUYECKOU Mojenu 1 y3iaa KD-monenu, Haxosie-
rocs B LIEHTPE MPOJIETHOTO CTPOSHUS TTOpTaja.

IlepemelieHrsT IPUBEAEHHBIX MacC OTHOCH-
TEJIbHO OCHOBAHMSI:

X, (1) =(x2(6) = X (1)) + (y(1) - Y (£)) cos(av);
Ven () =(x2()— X (1)) sin(o) + (y(1) - Y (2)).

Pacxoxnenune rpacukoB mo ocu Y (puc. 5, 6)
MOXHO OOBSICHUTH 00Jiee CJI0KHOI B3aMMOCBSI3bIO
rnepeMelIeHI ITo ABYM B3aUMHO MEPITeHANKYIISIP-
HBIM KOOpAMHATaM, YeM 3TO ObLJIO TIPESATIONOXKEHO
B popmyite (1). OmHaKo xapakTep KojebaHUii IIpu-
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BEIEHHOM MAacCChl 110 BEPTUKAIBHOW OCU HE3HAUYU -
TEJIbHO OTIMYAETCS OT IKCTIEPUMEHTATBLHOTO (TI0JTY-
yeHHoro 1mo MK03), 4To mo3BojsgeT TOBOPUTH O
JIOTTYCTUMO TMOTPEITHOCTA BBIUMCICHUI I UH-
KEHEepHOU MeTOAMKM, MpeaHa3HAaYeHHO IS cTa-
MU TIPOEKTUPOBAHUSI.

JI1s1 OLIeHKM TIJIacTUYeCKuX nedopMalinii BBe-
JIleM MOHSTUE TJIACTUYECKOTO peructpaTopa. B naH-
HOM MCCJIeIOBAHUHU 3TOT HapaMeTp sIBJISICTCSI HEKOI
KYMYJISITUBHOI BEJIMUMHOM, TTOKA3bIBAIOILIEH BETU -
YMHY IJIACTUYECKOTO NepeMemeHus x (f) =
= x2(#)—x1(f) n oTpaxarolleil Ha BpeMEeHHOI 1IKa-
JIe y4aCTKU IUIaCTUYECKOTO 1e(DOpMUPOBAHUSL:

€ (t ) =

_{em(z—Az)+|xm(r)

€., (f —Af)B OCTaJBHBIX CIIy 4 asX.

, €CIIN |xm(;)_xm(t—At)|25; (14)

31eck mapaMeTphl Af 1 O 3aBUCST OT I1ara MH-
TeTpUpoOBaHUsl cUcTeMbl (3) U MeToJa pelleHus.
B nanHom ciyyae Af =0,001 ¢, mopor 4yBCTBUTEb-
Hoctu — O = 0,01 %.
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ITnactu- HnTenH-
YEeCKUU T T CUB-
perucrpa- HOCTb
TOD, V.€. 1 TJIaCTU-
yecKom
nedop-
Maluu,
'--------------------I %
2 -1
10,5
|
0 5 10 Bpems, ¢

Puc. 6. CpaBHeHMe IIacCTUUECKUX AehOpMaIii OITaCHOTO CeYeHHUs ImopTajia
1 — nacTUYecKuil perucTparop, y.e.; 2 — UHTEHCUBHOCTb IJIacTuYecKoit aedopmanuu, %

Jist cpaBHEHUS TUIACTUYECKUX AehopMalunii
ncroiib3yeM BekTop «7088..Plate Top Plastic Strain»
BBIXOIHBIX JaHHBIX perartenss NX Nastran SOL129 —
Nonlinear Transient Analysis. CpaBHUTe/IbHBINI I'pa-
(bMK yKazaHHBIX BEJIMYMH Ha BPEMEHHOI IIKalle
n300paxkeH Ha puc. 6. [To mTaHHOMY rpadUKy MOX-
HO CPaBHUTbH XPOHOJIOTHIO TJIACTUYECKUX Aedop-
MaIii KOHCTPYKIIMM U MX WHTEHCUBHOCTh. Pac-
XOXIEHHUE OLIEHOK MHTEHCUBHOCTHU IIACTUYECKOM
nehopMaly AaHATUTHYECKOTO PEIIICHNS U PEIIICHST
MKD cocrasuno 12,8 %.

BbiBoabI

B cTaTthe u3I0XEHAa METOIMKA pacyeTa MeTall-
JIMYECKOM KOHCTPYKIIMY KO3JIOBOTO KpaHa Ha celic-
MOCTOMKOCTb. [IpuBeIeHbI YIIPOIIEHHBIE METOIbI
MOIETMPOBaHMS ITopTaia KpaHa. [IpecraBieH Me-
TOJ MOJAEJIMPOBAHUS TUIACTUYECKUX IehopMallnii
OIacHOro ceueHust KOHCTpyKuuu. [IpengoxeHHas

METOJIUKA UMEET AOIYCTUMYIO MOTPELIHOCTh TPU
BBIUMCJIEHUM KaK JIMHEHHBIX, TaK U HEJIMHEHHBIX
nepemeneHunii. CpaBHeHUE pe3yIbTaTOB pacueToB
10 MpeajaraeMoil MeToAMKe ¢ YMCEHHBIM 3KCTIe-
PUMEHTOM MOKAa3aJio:

pacxoxaeHue OLEHKM COOCTBEHHBIX YacCTOT
KOHCTpYKLMU — 1,63%:;

pacxoXkIeHue OLIeHKH MJIaCTUYECKOi fepopma-
LMY KOHCTpYKLMK — 12,8%.

TakuM 006pa3oM, MpeaIoXKEeHHBIN MEeTOM Ipsi-
MOI'0 TMHAMUYECKOTO aHAIM3a CEMCMOCTOMKOCTHA
rmopTajla KO3J0BOrO KpaHa ¢ y4eTOM BO3MOXKHBIX
MECTHBIX ITOBPEKAEHUI KOHCTPYKLIMU MOKET OBITh
MPUMEHEH Ha CTaauM MPOEKTUPOBAHMSI, YTO MO3-
BOJIUT U306€3KaTh TOMOJHUTEIbHBIX TPOSKTUPOBOY-
HBIX UTEpaLIMii U, KaK CJeACTBUE, CHU3UTD 3aTpaThl
Ha MPOMU3BOJCTBO KpaHa B 1ejioM. O6J1aCThIO MpU-
MEHEHMST METOJAUKU SIBJISIIOTCSI KO3JIOBbIE KpPaHBI
OOIICTTPOMBIIIIJICHHOTO Ha3HAYEHUS.

139



* HayuHo-TexHnyeckue BegomocTyt CaHKT-TeTepbyprckoro rocyfapcTBEHHOIO MOIMTEXHUYECKOTO yHUBEepcuTeTa. 3(226)2015

CNMUUCOK JIUTEPATYPbI

1. Soderberg E. Seismic guidelines for container
cranes. TCLEE Conference. Oakland, CA. 2009. P. 1-27.

2. Soderberg E., Jordan M. Seismic response of jumbo
container cranes and design recommendations to limit
damage and prevent collapse // Transactions, SMiRT 19.
San Diego, CA. 2007. P. 1—-10.

3. Ilnornukos JI.T'., Cokosnos C.A., boposkos A.H.,
MuxaiiioB A.A. MeTonuKa OLIEHKM IMPOYHOCTU MeTaj-
JINYECKUX KOHCTPYKIUI MOABEMHO-TPAHCIIOPTHBIX Ma-
uH //HayuHo-texHunueckue Bepomoctu CIT6ITTY. 2015.
No 1 (214). C. 186—193.

4. CHulI I1-7-81*. CTpouTe bCTBO B CEICMMUECKUX
paiioHax. Mocksa. 2011.

5. TOCT 30546.1-98. O61me TpebOBaHUS K Malllv-
HaM, NpudopaM U IPYIMM TEXHUYECKUM MU3LEIUAM U
METO/IbI PACYETa UX CJIOKHBIX KOHCTPYKIIMI B YACTU CeiC-
MocTtoiikocTu. MuHck: M3narenbcTBO cTannapToB, 1998.

6. bupopaep A.H. Pacuet KOHCTpyKIIMit Ha ceiicMO-
croiikocth. CI16: Hayka, 1998.

7. MamunoBckmii B.A. CranbHble kKaHaThl. Yacts [:
HexoTopbie BOIpochl TEXHOJIOTMH, pacyeTa U MPOeKTHU-
poBanusi. Onecca: AcritporipuHT, 2001. 188 c.

8. CunenpmmkoB A.B. OGecrieueHre ceiicMUIecKoi
6e30TIaCHOCTH TPY30TTObEMHBIX KPAaHOB Ha OCHOBE CH-
cteMHoro noaxona // IombeMHO-TPaHCIIOPTHOE JIENO.
2015. Ne 1. C. 2—6.

9. CuneabuukoB A.B. OCHOBBI TEOpHHU CEMCMOCTOM -
KOCTH IMOABbEMHBIX coopyKeHuii // M3Bectus TyabcKoro
TOCyIapCTBEHHOTO YHUBepCcUTeTa. TeXHUUeCcKue HayKH.
2009. Ne2, T. 1 C. 133—141.

10. I'aBpuaos I1.A. Yuet husnyeckoii u reomeTprye-
CKOW HEJIMHEWHOCTEW MpU pacyere CEMCMOCTOMKOCTH
KPaHOBBIX METATMYECKMX KOHCTPYKIWIA // HaydHo-Tex-

Huueckue Bepomoctu CIIOITTY. 2015. Nel(214).
C. 216-225.

11. Bupopaep A. H., Poaennep A.1O. DxcTpeManbHble
BosneiicTBus Ha coopyxkeHusi. CI16.: M3a-Bo [Monurex-
Huyeckoro yHusepcurera, 2009. 594 c.

12. Cokoaos C.A. MeTajuinueckue KOHCTPYKLIMU
rnoabeMHO-TpaHcopTHbIX MalnH. CI16.: [TonuTtexHuka,
2005. 423 c.

13. Py6an B.T'., MaTtsa A.M. PeleHue 3agay nuHa-
MUKH XKeJIe3HOAOPOKHBIX 9KUIaxei B makete Mathcad.
VYuebHoe nocodbue. PoctoB-Ha-Jlony: M3n-sBo Pocrt. roc.
yH-Ta myTei coooienusi, 2009. 99 c.

14. IlInmkosuy JI.T'. Pacuet koHcTpykuuit B MSC/
NASTRAN for Windows. M: IMK TIlpecc, 2001. 448 c.

15. TaBpunos I1.A. AHanu3 celicMOCTORKOCTU KO3-
JIOBOTO KpaHa // MexxyHapoIHblii cot03 yueHbIX «Hayka.
Texnonoruu. [Npoussoacto». 2014. Ne 3 (3). C. 37—40.

16. CokousioB C.A. CTpouTenbHast MEXaHMKA 1 METall-
Jmnueckue KoHcTpyKimu MamuH. CI16.: [TonurexHuka,
2011.

17. Dypuosuesa C.A. MeTon cuHTe3a CEiCMUUYECKUX
KoJie0aHUi, COOTBETCTBYIOIIMX 3aJaHHOMY CeMEMCTBY
criektpoB otBeTa // BectHuk C.-Iletep6. yH-Ta. Cep. 10:
IIpuknannas mateMatuka. MHdopmartuka. Ilporeccol
ynpasieHus. 2013. No 2. C. 112—120.

18. Zentner I. A procedure for simulating synthetic
accelerograms compatible with correlated and conditional
probabilistic response spectra // Soil Dynamics and
Earthquake Engineering. 2014. Vol. 63. P. 226—233.

19. Yong-Woo K., Myung J.J. A study on large mass
method on dynamic problem of multiple degree-of-
freedom system excited by groung acceleration time history
// Journal of Mechanical Science and Technology. 2014.
P. 25—41.

REFERENCES

1. Soderberg E. Seismic guidelines for container
cranes. TCLEE Conference. Oakland, CA. 2009. P. 1-27.

2. Soderberg E., Jordan M. Seismic response of jumbo
container cranes and design recommendations to limit
damage and prevent collapse. Transactions, SMiRT 19.
San Diego, CA. 2007. P. 1-10.

3. Plotnikov D.G., Sokolov S.A., Borovkov A.1., Mikhaylov
A.A. Metodika otsenki prochnosti metallicheskikh konstruktsiy
podyemno-transportnykh mashin [Strenght estimation method
for metal structures of hoisting equipment]. St. Petersburg State
Politechnical University Journal. St. Petersburg: SPbGPU Publ.,
2015. Ne 1(214). S. 186—193. (rus.)

4. SNiP II-7-81%*. Stroitelstvo v seysmicheskikh
rayonakh [Building Codes Of Russia. Seismic building
design code]. Moscow, 2011. (rus.)

140

5. GOST 30546.1-98. Obshchiye trebovaniya k
mashinam, priboram i drugim tekhnicheskim izdeliyam i
metody rascheta ikh slozhnykh konstruktsiy v chasti
seysmostoykosti. [State standart specification. General
requirements for machines, instruments and the other
industrial products and calculation methods for their
complex structures as to seismic stability.] Minsk:
Izdatelstvo standartov, 1998. (rus.)

6. Birbrayer A.N. Raschet konstruktsiy na
seysmostoykost. [Seismic analysis of structures] SPb:
Nauka, 1998. (rus.)

7. Malinovskiy V.A. Stalnyye kanaty. Chast I:
Nekotoryye voprosy tekhnologii, rascheta i
proyektirovaniya. [Steel wire ropes.Volume 1.Some



MawwnHocTpoeHune

questions of technologu, calculation and design]. Odessa:
Asptroprint, 2001. 188 s. (rus.)

8. Sinelshchikov A.V. Obespecheniye seysmicheskoy
bezopasnosti gruzopodyemnykh kranov na osnove
sistemnogo podkhoda. [ Ensuring seismic safety of cranes
through a systematic approach.|. Podyemno-transportnoye
delo. 2015. Ne 1. S. 2—6. (rus.)

9. Sinelshchikov A.V. Osnovy teorii seysmostoykosti
podyemnykh sooruzheniy [Bases of the theory of the
seismic stability of lift construction]. Izvestiya Tulskogo
gosudarstvennogo universiteta. Tekhnicheskiye nauki. 2009.
No2. T. 1. S. 133—141. (rus.)

10. Gavrilov P.A. Uchet fizicheskoy i geometricheskoy
nelineynostey pri raschete seysmostoykosti kranovykh
metalicheskikh konstruktsiy [Seismic analysis of cranes
regarding geomewtric and physical nonlinearities.]. St.
Petersburg State Politechnical University Journal. St. Petersburg:
SPbGPU Publ. 2015. Ne 1 (214). P. 216—225. (rus.)

11. Birbrayer A.N., Rolender A.Yu. Ekstremalnyye
vozdeystviya na sooruzheniya. [Extreme actions on
structures.] SPb: Izdatelstvo Politekhnicheskogo
universiteta, 2009. 594 p. (rus.)

12. Sokolov S.A. Metallicheskiye konstruktsii
podyemno-transportnykh mashin. [Metal structures of
hoisting machines.] St. Petersburg: Politekhnika, 2005.
423 p. (rus.)

13. Ruban V.G., Matva A.M. Resheniye zadach
dinamiki zheleznodorozhnykh ekipazhey v pakete
Mathcad: Uchebnoye posobiye. [Dynamic analysis of
railway vehicles using Mathcad. Schoolbook.| Rostov-na-

Donu: Izd-vo Rost. gos. un-t putey soobshcheniya., 2009.
99 p. (rus.)

14. Shimkovich D.G. Raschet konstruktsiy v MSC/
NASTRAN for Windows. [Analysis of structures with
MSC/NASTRAN for Windows] Moscow: DMK Press,
2001. 448 p. (rus.)

15. Gavrilov P.A. Analiz seysmostoykosti kozlovogo
krana [Seismic analysis of gantry crane.|. Mezhdunarodnyy
soyuz uchenykh “Nauka. Tekhnologii. Proizvodstvo”.2014.
Ne 3 (3). P. 37—40. (rus.)

16. Sokolov S.A. Stroitelnaya mekhanika i
metallicheskiye konstruktsii mashin. [ Building mechanics
and metal structures of machines.] St. Petersburg:
Politekhnika, 2011. (rus.)

17. Durnovtseva S.A. Metod sinteza seysmicheskikh
kolebaniy, sootvetstvuyushchikh zadannomu semeystvu
spektrov otveta. [A method of synthesis of seismic
vibrations, corresponding to response spectrum]|. Vestn.
S.-Peterb. un-ta. Ser. 10. Prikladnaya matematika.
Informatika. Protsessy upravieniya.2013. Ne 2. S. 112—120.
(rus.)

18. Zentner 1. A procedure for simulating synthetic
accelerograms compatible with correlated and conditional
probabilistic response spectra. Soil Dynamics and
Earthquake Engineering. 2014. Vol. 63. P. 226—233.

19. Yong-Woo K., Myung J.J. A study on large mass
method on dynamic problem of multiple degree-of-
freedom system excited by groung acceleration time history.
Journal of Mechanical Science and Technology. 2014.
P. 25—41.

CBEAEHUA Ob ABTOPAX/AUTHORS

TABPHMJIOB ITerp Anekcanaposuy — acripanT CaHKT-ITeTepOyprcKoro moMTeXHMIeCKOro YHUBEPCUTETA

ITerpa Benukoro.

195251, Poccus, r. Cankr-IletepOypr, [Tonurexuuueckas yi., 29.

E-mail: issahel@mail.ru

GAVRILOYV Piotr A. — Peter the Great St. Petersburg Polytechnic University.
29 Politechnicheskaya St., St. Petersburg, 195251, Russia.

E-mail: issahel@mail.ru

141



* HayuHo-TexHnyeckue BegomocTyt CaHKT-TeTepbyprckoro rocyfapcTBEHHOIO MOIMTEXHUYECKOTO yHUBEepcuTeTa. 3(226)2015

DOI 10.5862/JEST.226.16
YIK 621.791

K.4. babkuH, E.B. 3emnsakoB, IA. TypuuuH, A.B. Ky3Heu o8

UCMNOJIb3OBAHUE TEXHUYECKOIO 3PEHUA
B CUCTEME ABTOMATHUYECKOIO YINPABJIEHUA
ONA NASEPHOWU CBAPKU CO CKAHUPOBAHUEM

K.D. Babkin, E.V. Zemliakov, G.A. Turichin, A.V. Kuznezov

AUTOMATIC CONTROL SYSTEM WITH MACHINE VISION
FOR LASER SCAN WELDING

CraThsl TIOCBsIIEHA OMUCAHUIO TMPOTPAMMHO-AIIapaTHOro KOMILIeKca, 00eCIeYnBaloIero
MTO3UIIMOHUPOBaHWE paboYero MHCTPYMEHTa (CKaHATOP) OTHOCUTETBLHO U3IEIUS U YITPaBJICHUE ITepe-
MellleHUeM JIa3ePHOTO JIyJa 10 CBApUBAEMOMY CTHIKY. JIaHHBIN KOMITJIEKC BXOAWT B COCTaB CUCTEMBI
ABTOMATHUYECKOTO YITPABIEHUST TEXHOJIOTMUYECKOM YCTAHOBKHY JIJIsS1 Ta3¢PHOM CBApKU CO CKAHUPOBaHM -
€M B 3alllMTHOI atMocdepe. B paboTe KoMILIeKca UCTIONB3YIOTCS METOIbl TEXHUIECKOTO 3pEHMUS,
OCHOBaAHHbIE Ha aHaJM3e N300paXkeHUsT ¢ KOaKCHaJIbHOM KaMephl, BCTPOCHHO! B TEXHOJOTUYECKYIO
royioBKy. [IpencraBieHbl pe3y/IbTaThl alipodalny pa3padoTaHHOTO KOMILUIEKCA ITPY CBapKe TUTAHOBOTO
TEII00OMEHHMKA, OTTpeie/IeHa TOYHOCTD M HaIeXKHOCTh pa3paboTaHHBIX AITOPUTMOB PaCIO3HABAHMSI
CTBIKOB.

JIABEPHAS CBAPKA CO CKAHMPOBAHUEM; HABEJEHUWE HA CTbIK; TEXHUYECKOE 3PEHUE; CUCTEMA
ABTOMATHUYECKOI'O YITPABJIEHHWA; CBAPKA TUTAHOBbBIX CITJIABOB.

This paper presents a software-hardware system for seam tracking during scanning laser welding, which
is necessary to increase productivity and decrease defects, caused by manual homing. A vision sensor
system has been designed for laser scanning head, which can acquire clear image of work region in a
protective atmosphere. By analyzing the features of captured images a set of algorithms has been proposed
to detect the edges of welding joint and extract the characteristic parameters for welding trajectory
generation. System testing was conducted during the welding of titanium heat exchanger. The accuracy
and reliability of developed method was measured and described.

LASER SCAN WELDING; SEAM TRACKING; MACHINE VISION; AUTOMATIC CONTROL SYSTEM; WELDING
OF TITANIUM ALLOYS.

B mpoMmbIlIeHHO pa3BUTBIX CTpaHax JiazepHasi
CBapKa aKTUBHO MCIOJIb3YEeTCS BO MHOTHX OTpac-
Jsix [1, 2]. TTosiBneHue Ha phIHKE HOBBIX TUTIOB Jia-
3epOB (BOJIOKOHHBIE, TMCKOBBIEC), a TAKXKE MOCTO-
SIHHOE DPa3BUTHE TEXHOJIOTUYECKUX TOJOBOK
paciupsiioT BO3MOXHOCTH JlazepHoi cBapku. On-
HUM U3 €€ COBPEMEHHBIX CIIOCOOOB SIBJISIETCS Jia-
3epHasl cBapkKa co cKaHupoBaHueMm [3]. JaHHBII
CIoCco0 CBApKU OTJIMYAETCSI UCMOIb30BAHUEM CIIe-
LMaJIbHON CBAapOYHON TOJIOBKM C MHTETPUPOBAH-
HBIMU TIOABMXKHBIMU 3epKajlaMUu, KOTOPbIe MOTYT
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OTKJIOHSITh JIA3€PHBI JIyd B IBYX HaIllpaBJIeHUSIX U
TaK1UM 00pa3oM IepemeliaTh (poKajlbHOE IISITHO Ha
MOBEPXHOCTU U3JEIUS IO 3aJJaHHOU TPaeKTOPUHU.
ITonoOHbIe crcTeMbl 00J1aAal0T CYIIECTBEHHO JIyd-
UMY JMHAMUYECKUMU XapaKTepUCTUKAMU, YEM Y
TPaIMIIMOHHBIX TUHEHHBIX Y POOOTU3MPOBAHHBIX
MaHUIYJITOpOB. Majast UHepLUs MOJABUXKHBIX Ya-
cTeit (3epKajia, 3aKpeTuIeHHbIE Ha TaTbBAHOMETPH -
YeCKMX MPUBOJAX) MO3BOJSIET JOCTUTaTh PabOUMNX
cKopocTeit 10 5 M/c u yckopenunii 1o 30 m/c?, 4to
JleJlaeT MoJO0HbIe CUCTeMbl HE3aMEHUMBIMU MPU



JTa3epHOI CBapKe MaJIbIX KOHTYpOB M KOHTYpPOB
coxHoM hopMbl. OIHAKO U Tl JaHHOTO crocoda
CBapKU TIPUCYIITN HETOCTAaTKH, XapaKTepPHBIC I
TEXHOJIOTUI JJa3epHOIl CBAapKU B I1IEJIOM, — YYB-
CTBUTETHHOCTH K 3a30paM M HEOOXOIMMOCTh TOU-
HOTO MO3UIIMOHUPOBAHUS JIA3€PHOIO Jyya OTHO-
CUTEIbHO CThIKA. JIis1 obecrnedyeHuss TpeOyeMoit
TOYHOCTU MO3ULIMOHUPOBAHUS CTAHAAPTHBIX TEX-
HOJIOTUYECKUX TOJTOBOK OTHOCUTEIHFHO CTHIKA TIPU
JJa3epHOI1 CBapKe MCIOJIb3YIOTCSl CUCTeMbl HaBee-
HUS Ha 6a3e JaTYMKOB Pa3IMIHOTO TUTIA (TAaKTHIIb-
Hble, TPUAHTYJISILIMOHHBIE, WHAYKTUBHbBIE, EM-
KocTHele M Op. [4—7]). Ilpm nasepHOii cBapke
MPSIMOJIMHEHHBIX WJIM HECIOXHBIX KPUBOJIMHEH-
HBIX CTBIKOB 3TH CHUCTEMBI JOKa3aJIl CBOIO HAIeXK-
HOCTb. OHAKO OHM MPAKTUYECKU HE TPUMEHUMBbI
TIpH JIa3ePHOI CBapKe CIIOXHBIX KOHTYPOB WJIN U3-
Jenuit, comepxkaiix 601bI10e KOJTUYECTBO MaJIbIX
CBaprBaeMbIX KOHTYPOB.

ITocTanoBka 3agaun

151 TIOBBILIIEHWST YPOBHS aBTOMAaTU3aIlMUd W
MPOU3BOIUTEIbHOCTH Tpoliecca Ja3epHOil CBapKU
CO CKaHHMPOBaHUEM HEOOXOAUMO pa3paboTaTh CU-
CTEeMYy TeXHUUYECKOTO 3peHUs IJIs paclio3HaBaHMSI
CTBIKOB M HaBeJCHUS Ha HUX, a TAKXKE TTPOTrpaMM-
Hoe o0OecreueHure, Mo3BoJIsIOlIee Ha OCHOBE aHa-
JI3a M300pakeHWsT TeHepHUPOBaTh YIIPABIISIONINE
nporpaMMbl. DTH 3aJaud OCOOCHHO aKTyaJlbHbI
Mmpu  pa3paboTKe TEXHOJOTUIECKUX IIPOIIECCOB
CBapKU U3AEJINI, COIepKalluX COTHU CBAPHBIX CO-
eNMHEeHWH (HarmpuMep, cBapkKa COCTUHEHUN «Tpy-
0a—TpyOHas JOCKa» MPW M3TOTOBJICHUM TEIJI000-
MEHHOI1 anrmapaTyphbl). Takast paboTta IpoBoanIach
B MHCTUTYTE a3epHBIX U CBAPOYHBIX TEXHOJOTUIA
CIIOITY no 3aka3y 'K «Pocarom» (roc. KOHTpakT
NoeH.46.43.96.14.1071). Jlnst 1a3epHO CBapKu TU-
TaHOBOTO TEIJI00OMEHHMKA OblIa pa3paboTaHa ja-
OopaTopHasl yCTaHOBKa, (DYHKIIMOHAJbHAsI cXeMa
KOTOpOI1 IIpeacTaBieHa Ha puc. 1.

M3znyyeHre BOJJOKOHHOTO UTTepOUEeBOro jase-
pa JIC-5 no BoJIOKOHHOMY Ka0eJIi0 TPaHCIIOPTUPY-
etcsa B ckaHaTop ScanlLab inteliWELD 30 FC V,
3aKpeIUIEHHBIN Ha po0OTe-MaHUITYIATOPE, KOTO-
phIii obecrieurnBaeT HEOOXOAUMYIO OPUEHTALINIO U
nepeMelleHre OTHOCHUTEJIBHO 00pabaThiBaeéMOro
uzaenus. CMecuTes b Ta30B obecreynBaeT rnogady
paboyux M 3alIMTHBIX ra3oB. CucrteMa aBTOMaTu-
yeckoro ynpasiaeHust (CAY) npeactasisier coboit
pacIipene/ieHHYIO0 BEIUMCIUTEILHYIO CUCTEMY, BbI-
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Puc. 1. ®yHK1IMOHAIbHAS CXeMa YCTAHOBKU JIa3epHOM
CBapKU CO CKaHMPOBaHUEM

Puc. 2. Dcku3 TMTAaHOBOTO TEIUIOOOMEHHUKA

TTOJTHSIONTYI0 (DYHKIIMK YIIPaBICHUS BCEMU KOM-
MMOHEHTaM1 KOMILIEKCa U UX COIIaCOBAaHHOI'O B3a-
MMOJEHCTBUS, BHIOOP, YCTAHOBKY, KOHTPOJb U
MojJjiep>XaHue HEOOXOAMMbBIX TEXHOJOTUYECKUX
ImapaMeTpoB Tipoiiecca B 1ejaoM. Komrieke KoM-
MIPECCOPHOTO O0OPYIOBAHUS TTOJACT OUUIICHHBII
CKaThIM BO3MYX B 3alIUTHYIO IITOPKY.
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DCKU3 TUTAHOBOTO TEIUIOOOMEHHMKA, TEXHO-
JIOTUSI Ja3epHOI CBapKM KOTOPOro pa3pabaThbiBa-
nack B MJIMCT, mpeacrasieH Ha puc. 2.

TpyboHast mocka guameTpoM 306 MM M TOJIIIIM-
HO# 12 MM M3rOTaBJIMBAIaCh U3 TUTAHOBOTO CITJIa-
Ba Mapku I1T-3B. B TpyOHOIi 1OoCKe ObLJIO BBIITOJ-
HeHo 111 orBepcTuii AuamMeTpoM 6 MM s
YCTAaHOBKM My4YKa TPYOOK M3 TUTAHOBOIO CILIaBa
I[IT-7M pguameTtpom 5,8 MM U IIUHONH 620 MM.
MexxoceBoe pacCTOSTHUE MEXAY OTBEPCTUSIMU CO-
craBiseT 21 M.

Jlns1 MoBBIILIEHUsI TTPOU3BOAUTEIBHOCTU CBa-
POYHOTO mpoliecca U 00ecreueHUsT BO3MOXKHOCTHU
€ro IPOoBEIEHUSI B TTOJIyaBTOMAaTUUECKOM M aBTOMa-
TaecKoM pexkume CAY K TeXHOIOTMIECKOMY KOM-
TUIEKCY MPEIbSBISIOTCS ClIEAyIoLIMe TPeOOBAHUS:

TOYHOCTh HaBeAeHNS Ha CTHIK — 10,05 MMm;

BEPOSITHOCTh KOPPEKTHOIO paclo3HaBaHUsI
cThIKa — He MeHee 90 %;

aBTOMAaTHUYECKUI PEXUM CBapKU TPYyOHOI 10-
CKU C 3apaHee U3BECTHBIM PACIIOIOKEHUEM TPYOOK;

oO111ee BpeMsl CBapKM TpYOHOI HOCKM (KOIU-
yecTBO TPyOOK — 100 mT) — He Oosee 30 MuH;

KOHTPOJIb KaueCcTBa CBapKU;

BO3MOXHOCTh KOPPEKTUPOBKU TPAEKTOPUU
CBapKu OMepaTOPOM.

IIpu paszpaboTke 4YeIOBEKO-MAIIIMHHOIO WH-
Tepdelica TOMKHBI YUUTHIBATHCSI TPeOOBaHUS 3p-
TOHOMMKU U 6e3omacHocTh. [Ipu 3ToM UeoBeKo-
MAIIMHHBIK ~ MHTepdeiic JOMKeH IO3BOJISATh
oIepaTopy cienyrliee:

yCTaHaBIMBaTh TEXHOJOTMYECKUE TapaMeTpbl
CBapOYHOTO TPOIIECca;

reHepUpoOBaTh, 3arpyXaTb M PeAaKTUPOBATh
YIIPaBIISIIOIINE ITPOTPAMMBI;

U3MEHSITh KOH(Urypaluio ILIBOB U TOPSIOK
BBITIOJIHEHUSI CBApKU;

U3MEHSITh TapaMeTpbl pacro3HAaBaHUSI CThl-
KOB;

KOHTPOJIMPOBATh MPOLIECC CBAPKU M TEKYIIIUE
3HAUCHUS PEKUMHBIX ITAPaMETPOB CBAPKU,

OCYILECTBIISITh 9KCTPEHHYIO OCTAHOBKY IpO-
Liecca CBapKu.

Monaepunzanus CAY

IMporpaMma ympaBieHUsT IJisI LIEHTPAJIbHOTO
komibioTepa CAY, nipeacrasisioniasi coooii MHO-
TFOMOTOYHOE TIPUIIOKEHUE C Tepemadeil TaHHBIX
MEXIy IMOTOKAaMM M MCITOJIb30BaHUEM OdYepenci,
ObLIa MMOATOTOBJIEHA C MOMOIIBIO MTPOTPAMMHOIO
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komiiekca LabVIEW 2012. B Heit ipemycmoTpe-
HBI CJIEAYIOLINE TOTOKMU:

1) morok 006paboTKu coObITHII (0OpaboTKa
JIEUCTBUI MTOIB30BATEIISI U CUCTEMHBIX COOBITUIA);

2) MOTOK YIIpaBJICHUS MAaHUITYJISITOPOM (JIH-
HeilHOoe mepeMellleHue WHCTPYMEHTa, KOHTPOJb
COCTOSTHMSI, 9KCTPEHHAsI OCTAHOBKA);

3) MOTOK ympaBjieHHUs JiazepoM (ycTaHOBKa
TEXHOJIOTUIECKMX TTapaMeTPOB, BKIIIOUCHUE/BBI-
KJIIOYeHUE U3YYeHHUs U MUJIOTHOTIO Jlazepa, KOH-
TPOJIb COCTOSTHUSI, 9KCTPEHHAsT OCTAaHOBKA);

4) MOTOK YIPaBJICHUSI CKAHUPYIOIIEH TOJIOBKOM
(TrepemMeTtieHIe TI0 TPAeKTOPHI, KOHTPOJIb COCTOSTHHS);

5) OTOK 00pabOTKM BUIEO (3aXBaT Kazapa, Ipeod-
pa30BaHUs C UCTIONB30BAHNEM AJITOPUTMOB KOMITHIO-
TEPHOTO 3pEHMSI, BBIUUCICHUE TPACKTOPUM CBAPKN);

6) TIOTOK YIIpaBJICHMUS TEXHOJIOTUISCKUM TIPO-
1leccoM (BBIMOJTHEHUE IMKJIOTpaMMBbl IMpoliecca,
CHHXPOHU3AIINS OCTAIBHBIX TIOTOKOB).

st ynipaBiaeHus TUHEHHBIMU KOOPJAMHATAMU
HCIIOJIB3YIOTCS IpoMblnuieHHBIe mHBEI CANopen
u SDK, npenocTaBieHHbIe TPOU3BOAUTEIEM KOH-
tposuiepoB asurareneit (ISEL Germany AG).

YipaBieHre BOJOKOHHBIM JIa3e6pOM OCYIIECT-
BisgeTcss 1o cet Ethernet ¢ mcmonbp3oBaHHEM
SDK, npenocraBieHHbIM pousBoautenem (HITO
«AP3D-ITomoc»).

YipaBieHue CKaHUPYIOIIEel roJIOBKOH Mpouc-
XOIUT TTOCPENCTBOM TUTATHI YIIPABIEHUST CKAaHATO-
pom RTC4 u SDK, npemnocraBieHHBIM MTPOU3BO-
muteneM (ScanlLab AG).

@uibTpalivsl U aHaIU3 U300pakeHUsl peasin-
30BaHEbI C UCITOTb30BAHNEM CTAHIAPTHBIX OMOIMO-
Tek Monyast NI Vision — paciuvpeHust 1ist cpeabl
LabVIEW 2012.

[Nonb3oBatenbckuii UHTEpGENRC BBIIOTHEH C
y4eTOM TpeOOBaHMIT SPTOHOMUKHU 1 0€30TaCHOCTH
U peaqus3yeT Bce HEOOXOAMMbIE IS omeparopa
(byHKIIMM: YCTAHOBKY TEXHOJOTWYECKUX ITapame-
TPOB; 3arpy3Ky M pelakTUPOBAHUE YIIPABJSIONINX
IporpaMM; M3MeHeHNe KOH(PUTYpaluy TPYOHBIX
JIOCOK, Mopsiika 00xoaa TpyooK, mapaMmeTpoB pac-
IMO3HABaHUsI CTHIKOB; KOHTPOJIb TTpoIiecca CBapKH,
MHAMKAIMS OIIMOO0K; CpencTBa 9KCTPEHHOM ocTa-
HOBKM Iipouiecca (puc. 3).

Ipyboe no3unuoHnpoBaHue
TEXHOJIOTHYECKOT0 HHCTPYMEHTA

[Tepen cBapkoil OrepaTop YCTAHOBKM 3adaeT
pacroiokeHre CBAPUBAEMBIX CTBIKOB B BUJIE Ta0-
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Puc. 3. MaTepdeiic mporpaMMbl yIipaBJieHUs

JIMLIBI KOOPAWMHAT OTHOCUTEJIBHO HYJSI CUCTEMBbI
KoopauHat getanu. [Ipu 3amycke aBTOMaTUYe-
CKOTO pexXrMa CBapKu IIporpaMMHOE obecrieue-
Hust CAY npou3BOAUT NepeMellieHe TeXHOJO0I M -
YEeCKOro HMHCTPYMEHTa MEXAy 3aJaHHBIMU
KOOpAMHATaMU MO OIpeaeJIeHHOMY aJroOpUuTMy
(«B pa3dexKy», «I10 CIUPATIU», «3UT3aTOM» U T.1.).
[Tocne nmepemMellieHUs B OUEPEAHYIO TOUKY MPOUC-
XOAUT TOYHOE HaBeAEHWE Ha CThIK, M CBapka, a
3aTeM TEXHOJIOTUYECKasi TOJIOBKA aBTOMaTUYECKU
nepeMelalTcs B CIEIYIONIyI0 TOUYKY. TOYHOCTh
nepemenieHust cocrasisger +0,05 mm. Ilpu co-
OJI0IEHUM TIPEeAe/IbHBIX TOYHOCTE WM3rOTOBIIE-
HUSI U TIO3ULIMOHUPOBAHUS MOJIEILHBIX 00pa31ioB
rapaHTUpyeTCs MoIagaHWe 30HBI CBAPKM B 30HY
ra3oBOU 3alLUTHI.

ToyHOe HABeIeHHE HA CBAPUBAEMBIii CTHIK

71 TOYHOTO HaBeIEeHUS Ha CTBIK MCITOIB3Y-
JOTCSI METOIBI TEXHUYECKOTO 3peHust. OHU TTO3BO-
JISTIOT PacTo3HATh CTHIK M HABECTU Ha HETO TEXHO-
JIOTMYECKUI WHCTPYMEHT C BBICOKON TOYHOCTBIO
[5—7]. ITpu ncnonb30BaHUM CKAaHUPYIOLIEH J1a3ep-
HOI TOJIOBKY MPOUCXOAUT KOPPEKIIUS HE MOJIOXKE-
HUST MHCTPYMEHTA, a TpaeKTopuM cBapku. Cxema
roJIOBKM M300paXeHa Ha puc. 4.

[MpwHUIMTT paGOTHI: JTa3epHBIN JIyd M3 ONITUYE-
CKOT0 KOHHEKTOpa / MPOXOIUT Yepe3 KOJTUMUPY-
IOIMit OJIOK JTWMH3 2, OTpaxkaeTcs OT TTOABUKHBIX
3epkain 3, 4 u (pokycupyercst JUH30M IUIOCKOIO
TTOJIST 5 Ha TIOBEPXHOCTH CBAPMBAEMOTO U3MIENHs 6.
B apmanTep 7 ycraHoBieHa 1MdpoBasi KaMepa Bbl-
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Puc. 4. Cxema TeXHOJIOTMYECKO1 TOJIOBKHI
Intelliweld 30 FC

Puc. 5. OnpeneneHre BHYTpeHHEM rpaHULIbI
U KOOPAMHAT LIEHTpa TPyOKH

cokoro paspemieHust (20002000 nukceneii), orn-
TUYECKas OCb KOTOPOH KoaKCHallbHa JIa3epHOMY
nyay. [Tone 3peHust kKamepsl coctasisieT 20X20 MM.
IToce rpy6oro nmo3uMOHMPOBAHMS TOJIOBKU CBa-
PUBAEMBI CTHIK TTOTIAIAET B ITOJIC 3pEHUST KaMEPHI.
OrnpeneneHne TMOJOXEHUST CThIKA TPOU3BOIUTCS
110 BHYTpEHHEMY OTBEpCTHIO TpyOKH. OCHOBHOI
KPUTEpUil TOYHOCTU paCIiO3HaBaHUSI — HaIU4ue
KOHTPACTHOTO M300paskeHusI. [IJIs1 3TOTO Ha TeXHO-
JIOTMYECKON TOJIOBKE YCTAHOBJICHBI JIAMIIbl MO~
CBETKM, KOTOpPbIE CBETST 1Mo MajbiM (~20°) yriiom
K TIOBEPXHOCTHU NIETalM, 32 CUET Yero BO BHYTPb
TPYOKM TIOTafaeT Majioe KOJIMYECTBO CBeTa, U ee
BHYTPEHHEE CeUeHME BBITISANUT 3HAUUTETHbHO TEM-
Hee SIPKO OCBEIIeHHBIX TTOBEPXHOCTU TPYOHOI T0-
cku U Topiua Tpyoku. IToce 3axBarta Kajapa ¢ BUI€O-
KaMepBIIIPOUCXOAUTET000paboTKa —OMHapu3aLusl,
JETEeKTUPOBAaHME TPaHMII C TIOMOIIIBbIO MeTona KaH-
HM ¥ TIOUCK BHYTPEHHEN TpaHUIIBI TPYOKH C TIOMO-
11bI0 TIpeoOpa3zoBaHusl Xada sl OKPY>KHOCTU [8,
9]. BbruucasitoTcss KoopJAMHATHl LIEHTpa TPYOKU B
CHCTeMe KOOPIMHAT CKaHHATOpa U TeHepUpyeTcs
TpaeKTOpUs CBApKM, COTJIACHO BBEICHHBIM Tapa-
MeTpaM (CKOPOCTb CBAPKH, MOIIIHOCTh, HauaabHast
U KOHEYHas pamria u T.1.) (puc. 5) 3aTeM Mpou3Bo-
IUTCsI cBapka. PaboTa Bo3MOKHA Kak B IOJIyaBTO-
MaTU4YECKOM, TaK ¥ B aBTOMAaTUYECKOM PEXKMMax.
B mepBoM ciyyae mociie Kaxmoro HaBeneHus Tpe-
OyeTcsl TTOATBEPXKICHNUE OIepaTopa, KOTOPBI BU-
3yaJIbHO, MO M300PaKEeHUIO C KOaKCUaJIbHOM Ka-
Mepbl KOHTPOJIMPYET TOYHOCTH HaBemeHUs. Bo
BTOPOM CJlyyae CBapKa IPOMCXOAMT aBTOMaTHye-
CKH, OIHAKO, €CJIM TT0 KaKOi-I1nb0o MpUINHE CU-
cTeMa He CMOrJla pacmo3HaTh CTHIK, CBapKa He
ITPOMCXOINT U CTHIK TTOMeYaeTcsl KaK MPOTyIIeH-
HBIHA.

AHaIN3 TOYHOCTH PACIIO3HABAHUSI CTHIKA TTOKa-
3aJ1, YTO TIPU WCIIOJB30BAHUU KaMepbl BBICOKOTO
paspelieHusT ONTUYECKOS pa3pellieHre CUCTeMBbI
cocrasisieT 0,01 MM Ha TUKCeTb. AJITOPUTMBI 00pa-
0OTKM M300pakeHWsT HAXOAAT TpeOyeMylo OKPYXK-
HocTb npumepHo 110 2000 Touek (6 mm-1t/0,01), To
€CTh TOYHOCTh PACITO3HABAHUSI CTHIKA OTIPEIeIIsIeT-
Cs He XapaKTepUCTUKAMM ONTUYECKOM CUCTEMBI, a
reoMeTprell Toplia TPYOKHM; OILIEHOYHO TOYHOCTH
HaBegeHus cocrapiigeT 0,03 MM.

Bbbutn TakKe TIpOBEIEHBI TECTHI Ha OIIpeese-
HUE BEpPOSITHOCTU pacrlo3HaBaHMS CTbiKa. JLiist
3TOT0 ObLIA ycTaHOBJIeHAa TpyOHas gocka ¢ 100
TpyOKaMu M 3allyllieHa IMporpaMMa pacro3HaBa-
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HUS. DKCIepUMEHT moBTopsuics 10 pas, Kaxkablid
pa3 MCTOYHUKY MOJACBETKHU YCTaHABIMBAIUCH B HO-
Boe mojioxkeHue. M3 1000 akToB pacrio3HaBaHMS
938 ObLIM MpoBeAeHHI YcIelHo. HeBo3MOXKHOCTD
pacrio3HaBaHUsI OCTaBIIUXCS 62 OOBSICHSETCS He-
COBEPIICHHON TeoMEeTpUeEl Topla TPyOOK M, Kak
CJIeICTBUE, CUJIBHBIX OJIUKOB OT MTOJICBETKU.

AHaJIU3 TIPOU3BOAUTEBHOCTU OCHOBBIBAJICS
Ha CpaBHEHMU C PYYHBIM HaBeACHUEM IO M300pa-
JKEHUIO ¢ KOAKCUAJIbHOI KaMephbl, MTOBEPX KOTOPO-
ro ObUT HaHECEH IIPUIICJIbHBII PUCYHOK Ha TPyO-
Hoii gocke nuamerpoM 300 mMm ¢ 100 TpyOKamu.

Pe3yabraThl MOTyYMINCH CASTYIONINE:

a) py4yHOI pexXum:

xoJiocThie niepeMettieHus: — 100 nepemenieHui
Ha cpeaHee paccTosiHue 20 MM CO CKOPOCTBIO
25 mMm/c (Bcero 100 ¢);

TouHoe HaBeaeHue — 100 Tpyook 1o 60 ¢ (Bcero
6000 ¢);

cBapka — 100 Tpy6ok 1o 3 ¢ (Bcero 300 ¢);

KOHTpOJIb pe3yibrara — 10 MUuH:

nuroro — 116,7 MuH;

0) aBTOMaTUYECKUIA PEXKUM:

xoJiocThle iepemMelttieHus — 100 mepeMeleHui
Ha cpeaHee paccrosHue 20 MM CO CKOpPOCTbIO
25 mm/c (Bcero 100 c);

TouHoe HaBeaeHue — 100 Tpyook mo 0,5 ¢ = 300 ¢;

pyYyHOE TOYHOE HaBeleHHe Hepacro3HAHHBIX
CTBIKOB — 6 Tpy6oK 110 60 ¢ (Bcero 360 c);

cBapka — 100 Tpy6ok o 3 ¢ = 300 c;

KOHTpOJIb pe3ynbrata — 10 MuH;

uToro — 27,7 MUH.

Takum oO6pa3oM, UCIIOJb30BaHME aBTOMATUYE-
CKOTO pexXuMa MO3BOJISIET MpaKTUYecKu B 4 paza
TOBBICUTH TTPOU3BOIUTEIBHOCTh CBAPKHU, CHU3UTD
HarpysKy Ha 3peHue oreparopa U, Kak CJIeacTBuIe,
YMEHBIIUTh KOJIMYECTBO Opaka, CBSI3aHHOTO C He-
TOYHBIM HaBeAECHUEM Ha CThIK.

HUOKP «Pa3paboTka 1 BHeIpeHUEe TeXHOJ0-
TUYECKHUX MPOLIECCOB JIA3EPHOM CBAPKY MPUMEHU-
TEJIbHO K MOJICPHM3AlIMU JECUCTBYIOIINX U CO3/a-
HUIO HOBBIX PEAKTOPOB PA3IMYHOTO Ha3HAYEHUSI»
roc. KoHTpakT Ne H.46.43.95.14.1071
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A.U. Pydckoti

BACUJIUU CEPTEEBUY CMUPHOB
(K 100-JIETUIO CO AHA POXAEHUA)

A.l. Rudskoy

VASILY S. SMIRNOV (ON THE 100TH ANNIVERSARY OF HIS BIRTH)

CTaTbsl TTOCBSAIIEHA BBITAIOIIEMYCS YIYEHOMY, OPraHM3aTOpy HAyKW W BBICIIEH IIKOJIBI, YJIEHY-
koppecnonaeHty AH CCCP Bacunuio Cepreesuuy CMupHOBY. PacckazaHo 0 rogax cTaHOBJICHUS
B.C. CMupHOBa KaK y4eHOTO W PYKOBOAMTEJIS, TIPOCIIEXKEH ero TPYIOBOM ITyTh, TPOAHATIU3UPOBAHBI
OCHOBHBIC HayuHbIe JOCTUXKEHUSI B 00JIacTU 00pabOTKM MeTa/uloB aaBiieHueM. Ocoboe BHUMaHUE
yneneHo nepuony padotsl B.C. CmupHoBa B JIeHUHTPaJICKOM MOJTUTEXHUUYECKOM MHCTUTYTE.

BBIJAIOIIMECS YUYEHDBIE; METAJJIYPITUSA; OBPABOTKA METAJIJIOB JABJIEHMEM; BbICLUEE

MPO®ECCUOHATIbHOE OBPA3OBAHUE; TEHUHTPAIICKUM TOJIUTEXHUYECKUI UHCTUTYT; CAHKT-
METEPBYPICKWI MOJUTEXHUYECKWUM YHUBEPCUTET METPA BEJIUKOIO.

Atrticle is devoted to the outstanding scientist, the organizer of science and the higher school, the
corresponding member of Academy of Sciences of the USSR Vasily Sergeyevich Smirnov. It is told about
years of formation of V. S. Smirnov as scientist and the head, his labor way is tracked, the main scientific
achievements in the field of plastic deformation of metals are analyzed. The special attention is paid to
the period of work of V.S. Smirnov at the Leningrad Polytechnic Institute.

OUTSTANDING SCIENTIST, METALLURGY; PLASTIC DEFORMATION OF METALS; HIGHER PROFESSIONAL
EDUCATION; LENINGRAD POLYTECHNIC INSTITUTE; PETER THE GREAT SAINT-PETERSBURG

POLYTECHNIC UNIVERSITY.

B sinBape 2015 rona ucnonHuioch 100 et co
nHs poxneHust Bacunus CepreeBuya CMUpPHOBa,
BBIJAIOIIETOCS YYEHOTO U Teaarora, odjagaBIliero
OJIECTSIIMM OPTaHU3aTOPCKUM TaJTaHTOM M CBSI3aB-
IIIeT0 MHOTHE TOMIBI CBOEH SKM3HY ¢ JIEHMHTpaacKuM
MOJIUTEXHUYECKUM UHCTUTYTOM.

Bacunuit CepreeBuy CMUPHOB poaucs 2 siH-
Baps 1915 roga B [letporpane.

Bces tpynosast xxuznab B.C. CMupHOBa Oblj1a CBSI-
3aHa C TEXHOJIOTUSIMU 00pabOTKU MeTaJL10B. B Bo3-
pacre 15 et oH padoran ciaecapeMm Ha CapaToBCKOM
Jleco3aBojie, a B 1937 rogy 3allluTUI AUTUIOMHYIO
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paboTy Ha MeTalyprudeckoM ¢hakyabTeTe Ypasib-
cKoro nojurexHudeckoro nuHcruryra (YII1M) u no-
JIy4YUJI JATLIOM C OTJIMYMEM 110 crielaibHOCTH «O0-
paboTka mMeTajlioB JaBieHueMm». B mae 1941 roma
B.C. CMMpHOB 3a1IUTUII KaHAUAATCKYIO JrccepTa-
uuto. HaydyHbIM pyKOBOJAUTENEM €ro padoThl, O-
CBSILLIEHHOM KCCleloBaHUIO e opMaliuy MeTajia
B Mpoliecce MPOKaTKu, ObLI M3BECTHBIN YUEHBIH,
OCHOBaTeJIb YpaJbCKOW HayuHO-IeJaroruueckom
LLIKOJIBI IO 00pabOTKe METAJJIOB JIaBJICHUEM, IIPO-
deccop A.@. TonosuH. [loce 3amuThl qUCCepTa-
uuu Bacunuii CepreeBuu Obl1 HanpaBieH Ha Yy-
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COBCKMI MeTtainypruueckuii 3aBon (Ilepmckas
obactb), Tae, padoTasi B IpOKaTHOM liexe, obec-
MeYnBaJl TPOU3BOACTBO PECCOPHOI TTOJOCH IS
taHkoB. Paborasg Ha 3aBoze, B.C. CMupHOB Buel,
4yTO 0€3 MIyOOKHMX UCCAeA0BAaHUI B 001aCTU TEXHO-
JIOTUY METAJIJIOB HEBO3MOXHO COBEPIIIECHCTBOBaHUE
CHCTEM BOOPYXEHUS, TaK HEOOXOAUMBIX (DPOHTY.
OTUM 00CTOSTEILCTBOM OOBSCHSIETCSI €0 TPYHO-
YCTPOMCTBO CTApIIMM HAayYHBIM COTPYIHUKOM Ka-
denpsr «O6padboTKa MeTauI0B JaBieHueM» Y11 B
Hauvasie 1942 rona. B mae 1945 roga B.C. CmupHOB
CTAHOBUTCS JIOLIEHTOM 3Toil Kadeaprl. B TeueHue
BCEX BOCHHBIX JIET OH coBMelan padory B YIIN ¢
paboToil Ha MPeANPUITUSIX OOOPOHHOI MTPOMBIIII-
JeHHoctu. B nepuon 1942—1945 ronos oH Bo3ria-
BUJI OpraHU3allMOHHYI0 paboTy 110 0OOPOHHOI Te-
matuke YIIW (Oymyunm HavyaabHUKOM HAy4HOTO
otaena). Bkinag B.C. CmupHosa B [1o6eny ObLI OT-
MEYeH MeJajiblo «3a 100JeCcTHhIN Tpyn B Benukoii
OreuecTBeHHOM BoliHe 1941—1945 rr.».

B niepBrbie nociaeBoeHHbIe Tonbl Bacuauii Cepre-
€BUY CO3/1aJ1 MPU3HAHHYIO BO BCEM MUPE TEOPUIO T10-
MNEPEYHOM ¥ MOIEPEYHO-BUHTOBOM MPOKATKU, MO3-
BOJISIIOIIYIO PaccuMTaTb OCHOBHBIE IapaMeTphl
TEXHOJIOTMYECKUX IpolieccoB. Pe3yabraThl padoT B
3TOI1 0bJlacTU ObUIM MpeAcTaBieHbl B MOHOIpaduu
«[TonepeuyHast MpoKaTKa», BBILIEAIIEN B CBET B
1948 romy. DTOT TpyH MOCTYKIJI OCHOBOM JIJISI IOKTOP-
CKOM IMCCePTALIMU, YCIIEIITHO 3aLUILIEHHOM B OKTSIOpe
1948 roma B MOCKOBCKOM MHCTUTYTE CTAJIM U CITJIaBOB.

B 1949 rony B.C. CmupHoBa npuryiacuiu B Jle-
HUHTPaACKU noautexHuyeckuit unctutyt (JITTN),
rie OH npopadoTta A0 NMOCAeNHUX THEN KU3Hu. B
1950 rony emy ObLIO ITPUCBOEHO YU€HOE 3BaHUE MPO-
(eccopa. OH ObLT yTBEPKIEH B JOJDKHOCTH 3aBEIy-
roero Kadenpoii «ITimactuueckas oopadoTka Me-
TaJUTOB» M CTaJl JOCTOMHBIM TPOMOJIKATEIeM Jesia
OCHOBATeJIsl 3TON Kadeapbl — BbIIAIOLIETOCs y4e-
Horo-Mmetautypra B.E. Ipym-Ipxumaiino.

Bacunuem CepreeBuuyeM 3a o4eHb KOPOTKUI
CPOK ObllIa cO3aHa OfHA M3 CAMBIX M3BECTHBIX B
CCCP nabopaTtopuii B 00J1aCTH IIJIACTUYECKOI 00-
pabOTKM METaJJIOB, OCHAIlleHHAasl COBPEMEHHBIM
000pynoBaHKEM, 00beAMHUBILIASI TTPEKPACHBIX CTIe-
nuanuctoB. HayyHblil cemyuHap 1abopaTopum mpu-
BJIEKAJT YYEHBIX CO BCEll CTpaHbl U CTaJl LIIKOJIOM 151
MOJIOJBIX YUEHBIX, ACTTUPAHTOB U CTYACHTOB. YCH-
mmsmvu B.C. CmupHoBa Ha Kadeape akTUBHO BHe-
IPSUTACH TTePeI0BBIe 00pa30BaTeIbHbBIEC IIPOTPAMMBI.
JInaHo oH GitecTsie yutan Kype « Teopust oopadot-
KJ METaJIJIOB JaBJICHUEM>».

B.C. CmupHOB B cBoeM KabuHeTe Ha Kadeape
«I[Inactuueckast 06pabOTKa METAJLIOB»
JleHMHTpaaCKOro MOJUTEXHUYECKOTO UHCTUTYTA

B.C. CMUpHOB TOATOTOBUJ TIJIESY YUYEHBIX,
JIOCTOMHO MPEACTABISIONINX ITKOJTY ITOJTUTEXHUKOB
BO BceM Mmupe, Takux, Kak K.H. borosiBieHckuii,
A.K. Ipuropses, H.H. I1aBnos, B.1. Bnanumupos,
B.I. KamopoBu4 1 MHOTUX Apyrue, Bcero 6osee 60
KaHauaaTtoB U 10 JOKTOpPOB HayK.

OOsafas IMPOKUM HAyYHBIM KPYTro30poM,
B.C. CMUpHOB cBO€BpEeMEHHO OLIEHUJI IEPCIIeKTU-
BbI pa3BUTUSI HOBOTO HAITpaBJieHUs — MOPOLIKOBOM
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B.C. CMupHOB BpyYaeT IUIIJIOMbI MHXKEHEpa
3apy0eKHBIM BBIMTYCKHUKAM JIEHMHTpancKoro
MOJUTEXHUYECKOTO MHCTUTYTA

MeTaJUTypIriM, CTIOCOOCTBOBAJ CTAHOBJICHUIO U pa3-
BUTHIO COOCTBEHHOU HayYHOI IIKOJIbI B 3TON 00-
JlacTu, cTaBiieit ogHoil u3 Beayiux B CCCP.

B ator ke nepuon B.C. CMupHOB pa3paborai
TEXHOJIOTUIO TTPOV3BOACTBA OXTAKIAEMbIX BO3IYXOM
JIONATOK TypOUH aBUaIBUTATENeH, 1eTaTbHO U3YUIT
BOIIPOCHI 00PAa0OTKH U IMPOKATKU B BAKYYME 0C000
YUCTBIX METAJLJIOB, CIJIABOB U MOJIYIIPOBOIHUKOB.

Hayunsie pesyasrathl Bacunus CepreeBuya
OBLIM MpeJCTaBIEHbI B €0 MHOTOUMCIEHHBIX KHU-
rax u OJIeCTSIIMX CTaThsIX, TOJYYMBIINX BHICOKYIO
OLIEHKY KOJIJIET.

CrpoutencTso 9-10 kopiyca

3acnyru B.C. CmupHOBa ObLTH BbICOKO OLIEHEHbI
Hay4YHbIM COOOIIECTBOM U MPAaBUTEILCTBOM CTPAHbI: B
1960 romy oH 6BUT M30paH WIEHOM-KOPPECTIOHIEHTOM
AH CCCP; B 1965-M emy OBUTO ITPUCBOEHO 3BaHKE
«3acy>KeHHBII JeITe/Tb HayKU U TEXHUKW» ; B 3TOM 3K
roxay oH ctaji [TouyeTHbM wiieHoM AH YexocioBakuu.

0Oco00 HEOOXOOUMO OTMETUTH BBLIAAIOIIMECH
opraHusatopckue cnocodbHoctu Bacunus Cepree-
BUYa, KOTOPbIE BBICOKO LEHUJIUCH KOJIEKTUBOM
JleHMHTpaaCKOro MOJUTEeXHUYECKOro MHCTUTYTA. B
1954 romy oH ObUT Ha3HAYEH 3aMECTUTEIIEM JUPEK-
topa JITIU o nayuHoii padote, B peBpaie 1956-ro
yrBepxaeH pektopoM [lonutexHuuyeckoro. Pabora
B BTOI JOXKHOCTHU CTaJla IJIaBHBIM JIEJIOM €T0 3KU3-
HU. DTOM paboTe OH oTaan 17 jaeT, IpoaAeMOHCTPU -
pOBaB OPraHM3aTOPCKUIA TAJIaHT, MYAPOCTD B pellie-
HUU CIIOXHBIX aIMUHUCTPATUBHBIX IIPOOIEM,
YyeTKOe BMAEHME KOHIEIIMU pa3BUTHUS BYy3a.
B.C. CMmupHOB ciiemoBai KOHLUETILIN, BBIIBUHYTOM
MEePBLIM AUPEKTOPOM UHCTUTYTA KHsI3eM A.T. Tara-
PUHBIM — NaBaTh IIMPOKOE U (DYHIaMEHTaJIbHOE
00pa3oBaHue 10 0a30BbIM TEXHUYECKUM TUCIIUTLI -
HaM, a IoJlydaeMble 3HAHUS JTOJKHBI HEoCpe -
CTBEHHO MTPUMEHSITHCS IJIs1 PEIICHUST KPYITHEMIITNIX
SKOHOMUUYECKHX BOITPOCOB.

B ngmunecsaThix — Havase IeCTUAECSIThIX TOI0B Oyp-
HOE pa3BUTHE HAyKU, TEXHUKW 1 SKOHOMMKH JTUKTOBA-
JIV OCTPYIO HEOOXOAMMOCTD B CO3IaHMM HOBBIX HAIPaB-
JieHui1 B ipousBoacTBe. Bacrmii CepreeBrd BO3IIABUI

Croprisiii xopryc

Y4eOHBlii Kopryc, CTyIeHYECKOE OOIICKUTHE, XKUIOM TOM JIJISI COTPYAHUKOB 1 CITTOPTUBHBII
KoMIUTeKC JICHUHTPAZCKOTO MOJTUTEeXHUIECKOTO MHCTUTYTA, MTOCTpOoeHHbIe B 1960-x romax
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XPOHVKa cobbIThi

paboTy 110 Mpeodpa30BAHIIO HAyYHOM 1 YIeOHOM Mesi-
TEJIbHOCTH BY3a, JOOMBASICh TOT0, YTOOBI HAOOP CIIeLI-
ATLHOCTEI M yPOBEHb CITCIIMAICTOB, BBHIITYCKAeMbIX 13
cteH JITTH, cooTBeTCTBOBAJ IOTPEOHOCTSIM CTPAHBbI.

b peopranmzoBaHbl Kadeapsl 1 (haKyIbTeTh
(B TOM UmCIIe ¥ METALTYPrU4YeCKUii, Tpeodpa3oBaH-
HBI B (PU3UKO-METAJIyPTUYECKUIT). YCUIUSIMU
Bacunus CepreeBuua, narpuora, riyooKo MOHM-
MaBIIIeTO MHTEPECHI TOCYIAapCTBa, CO3MaBaINCh HO-
Bble KadpeIphbl, BBOAWINCH HOBbIE CIIELIMAJIBHOCTH,
OTIePaTUBHO KOPPEKTUPOBAIUCH YUeOHBIC TUTAHBI 1
nporpammsbl. JITTHM ctan BeImycKaTh CIELATNCTOB
TUTSI aTOMHOM TIPOMBITIUIEHHOCTH, SIACPHOM HEpre-
TUKM, PAKETHO-KOCMUYECKON MUHAYCTPUM, MOJY-
TIPOBOIHUKOBON 3JI€KTPOHUKHU, BBIYUCIUTEIHHOMN
TEXHUKU. B MHCTUTYTE OBLT OpraHU30BaH Psifi MPo-
OJIEMHBIX M OTpacCIeBBIX JJAOOPAaTOPHIi IO HOBBIM
HaydHBIM HampasiaeHusiM. B 1961 roay opraHuso-
BaHO OMNBITHO-KOHCTpyKTOpckoe Ormopo (OKDb
JITIN), chirpaBiiiee OOJbIIIYIO POJIb B PAa3BUTHUU KOC-
MUWYECKUX IIPOTpaMM CTpaHBI. 3a 3HAYUTETbHBII
Hay4yHbIIl BKJIaA B YCIIELIHOE OCBOEHUE KOCMOCa B
nexadpe aroro roma [1pesnnuym AH CCCP narpa-
AT THCTUTYT MeJaJIblO B UeCTh 3aIlycKa MepBoro B
MHPe UCKYCCTBEHHOTO CITyTHIKA 3eMJIH.

Bacunuit CepreeBud BHeC HEOLIGHUMBII BKJIa/ B
pa3BUTHE TTPOTPAMM TTOATOTOBKM MHXKEHEPHBIX Ka-
JIPOB IUTST 3apyOesKHBIX cTpaH. B 1965 rony BJITTU 6611
OpTraHM30BaH MOATOTOBUTEITLHBIN (DAKYIIBTET, a 3aTeM
(hakynbTeT MO MOATOTOBKE MHOCTPAHHBIX TPAXKIaH.

B 1968-M mipu mHCTUTYTE OBUTO co3mano Ocoboe
KOHCTPYKTOPCKOE OI0pO TEXHUYECKON KMOEepHETH -
KU, TIpeoOpa3oBaHHoOe 1To3:xe B LlenTpanbsabit HUA
pOOOTOTEXHUKM U TEXHUYECKON KMOEPHETUKU
(HIHUHA PTK). B 1972 rony otkpbIT [IckoBCckuit
¢dwmman JITMTN. 3aciayrn MHCTUTYTa, OTpaxKkalolye
yCHEIHY0 paboTy peKTopa, ObLIM OTMEUYEHbI Bbl-
COKUMMU MPaBUTETLCTBEHHBIMU HarpagamMu: B 1965-
M MHCTHUTYT HarpaxmaeH opaeHoM JlennHa u [Tamsr-
HbM 3HameHeM [Ipesunuyma BepxoBHoro CoBera
PC®CP, Coera Munuctpos PCOCP u BLICIIC.

B uHCcTHUTYTE OBUIM TOCTPOEHBI HOBbIE YUEeOHbIE
KOpIIyca, CTYAEHYECKUE OOLIEXKUTUSL, KUIbIE JoMa
JUTSI COTPYITHUKOB, CIIOPTKOMILIEKC, TiTaBaTeIbHbBII
bacceifH — Bce 3TO IJIOIbI AesATeIbHOCTH Bacumus
CepreeBuya, KOTOpbIE TPYIHO MEPEOLICHUTD.

o xoHna xu3Hu B.C. CMUpHOB MHOTO BpeMe-
HU yIe/sU1 HaydHol pabdote: B 1973 roay n3naHbl ABe
MoHorpadum — «Teopust 00pabOTKM METAILJIOB 1aB-
JIeHrMeM» (OCHOBOIIOJIaralolIuii TPy B 3Toit o0Ja-
ct) u «COOpHUK 3a1a4 10 00pabOTKe METalJIOB
JaBiaeHreM». K coxanaeHu1o, 3TU KHUTH ObLIH OITy0-
JINKOBAHBbI TTOC/Ie CMEPTU aBTOpA.

HesitensHocTh B.C. CMHUpHOBa OTMEUEHa MHOTO-
YHMCIIEHHBIMHA IIPaBUTEIECTBEHHBIMI HarpaiaMu — Op-
neHoM JlenunHna u TpynoBoro KpacHoro 3HaMeHHU,
opaeHamu [JIP, bonrapum u pssaom Mepasneid. OH Bell
00JIbIIIYI0 00ILIECTBeHHYIO padoTy (B 1970 romy Obu1
n36pan aemnyratoM BepxoBHoro Cosera PCOCP).

YMmep Bacunuit CepreeBuu 5 mapta 1973 rona,
TTPOXKWB JIVIITH 58 JIET, OCTABMB OTPOMHOE HaCJIeIHe
B 00J1aCTM HayKM, TEXHUKU U BBHICIIIETO 00pa3oBa-
Hus. Iltybokas 61aronapHoOCTh U 100past HaMsITh O
B.C. CMupHOBe COXpaHUTCS B cepiliax MHOTHX I10-
KOJICHUH TTOJIMTEXHUKOB.

Pemenuem yuenoro coera CIIOITY Ilerpa Be-
ymkoro noptpet B.C. CMupHOBa IToMelleH B rajepee
BEJIMKUX YYEHBIX pa3MellieHHOH B [JTaBHOM 31aHUN.

B ero yecTh ycTaHOBIEHA MEMOpPHUATBHAST JOCKA
Ha (acaje 1-ro mpodeccopckoro Kopyca rno ajape-
cy yia. IMonurexnuueckas, a. 29.

’ B stom 3aannv ¢ 1950 no 1973 ro\a’
XU v paboTal
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Bacunmn Cepreesuy

uneH-koppecnoHzeHT AH CCCP
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pexTop JIMNW ¢ 1956 mo 1973 rof
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BKNAA AKAAEMUKA H.C. KYPHAKOBA B CO3AHUE
MPOMbBILUNEHHOCTU KAJIUMHDbIX YAOBPEHUWU POCCUM
(K 90-IETUIO OTKPbITUAA BEPXHEKAMCKOIO MECTOPOXXAEHUA
KATUUHbIX U MATHUEBDBIX COJIEN)

A.G. Morachevskij

THE CONTRIBUTION OF ACADEMICIAN N.S. KURNAKOV
IN THE CREATION OF THE RUSSIAN POTASH FERTILIZERS INDUSTRY
(DEDICAED TO THE 90TH ANNIVERSARY OF THE OPENING
OF THE VERKHNEKAMSK POTASSIUM AND MAGNESIUM SALT DEPOSIT)

B ouepke kpatko paccmorpeHo ygactue akanemuka H.C. KypHakoBa, mpodeccopa o011eii XUMUM B
IMonutexnuyeckom nHcTUTYTE B 1902—1930 T, B 000CHOBAHUMU I'€0JIOTMUECKUX NCCAETOBAHUI U TTO-
cienaylonieM n3ydeHn BepXHeKaMCKOTO MECTOPOKICHUST KaTMIHBIX 1 MarHUEBBIX COJIE, KOTOPOe

ObL710 OTKPHITO B 1925 rogy.

AKAJIEMUK H.C. KYPHAKOB; BEPXHEKAMCKOE MECTOPOXIEHUE KAJIMMHBIX U MATHUEBBIX
COJIEN; KAJIMMHBIE YIOBPEHUA; KATUMHBI KOMBUHAT; CUJIbBUHUT; KAPHAJIIUT.

In the essay briefly considered part of Academician NS Kurnakova, professor of general chemistry at the
Polytechnic Institute in 1902—1930, in the substantiation of geological surveys and follow-up study
Verkhnekamsk potassium and magnesium salts, which was opened in 1925.

ACADEMICIAN NS KURNAKOV; VERKHNEKAMSK POTASSIUM AND MAGNESIUM SALTS; POTASSIUM
FERTILIZERS; POTASH PLANT SILVINIT, CARNALLITE.

Hay4yHoe TBop4ecTBO M OpraHM3aIllMOHHAas JIes-
TeJIbHOCTh Tpodeccopa odbuieid xumuu CaHKT-
ITetepOyprckoro (IleTporpanackoro, JleHnHrpamcko-
ro) nojurexuuyeckoro uHerutyta (¢ 1902 o 1930
ron), akagemuka Mmmepatopckoii (I1etepOyprckoii)
Axanemuu Hayk (¢ 1913 ) Hukonass CemeHOoBMYa
Kypnakosa (1860—1941), Beimarorerocst Gu3nKo-
XMMHUKA U TEXHOJIOTa, OXBAThIBAJIM YPE3BbIUAITHO
IIAPOKHI KPYT TIPo0IeM, Cpear KOTOPBHIX BaskKHOE
MECTO 3aHMMAJIU UCCJIEIOBAHMS COJIEBBIX CUCTEM U
OCBOEHMUE COJISTHbIX O0raTCTB CTpaHbl [1].

ConsgHoil mpoMbices Ha Pycu ObL1, BEPOSITHO,
OITHUM M3 CAMBIX JIPEBHUX ITPOMBICIIOB, CBI3aHHBIX
C UCIOJIb30BaHMEM MECTOPOXKIEHU MOJIE3HBIX UC-
KomaeMbIX. B ceBepHbIx o0macTsax Poccun u B [1pen-
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ypajibe IoBapeHHasl COJIb J0ObIBAJIACh IYTEM BBI-
BapKU U3 BOJI €CTECTBEHHBIX COJISTHBIX ICTOUHUKOB
u noazeMHbIX paccosioB. K XVII Beky OypeHue Ha
PAaccoIbl JOCTUTIIO OOJIBIIONO pa3Maxa, 03 Hero yxe
He 0OXOJUJIUCH COJIEBAPEHHBIE 3aBOIbI BO MHOTUX
paitonax Espornerickoit Poccun. B ITepmckom Ipu-
kambe (Conukamck, Ycosbe, HycoBckue ropoaku
M JIp.) Ha coJeBapeHHbIX 3aBomax K Havainy XVII
BeKa MMeJICS Psl CKBaXKUH T1yonHoit 1o 100 M, 3a-
KperJIEeHHBbIX JepeBIHHBIMU Tpydamu. InmyOuHa
CKBaXXMH OIIpeesisiach IJTyOMHOM 3ajieraHusl 1ia-
CTOB KAMEHHOM COJIU (XJIOpUI HATPUSI).

HMHTepec K KaTuitHBIM COJISIM BO3HUK B CEPean-
He XIX Beka mocie paboThl HEMELKOTIO YYeHOI'o
IO. JIn6uxa (1803—1873), omHOr0 13 BHIIAIOLINXCS



XPOHVKa cobbIThi

XMMUKOB cBoero BpemeHu. B 1840 romy oH ormmyoim-
KOBaJI TPy «XHUMUSI B IPUJIOXKEHUU K 3eMJISICTUIO
¥ GU3UOIOTUN», B KOTOPOM Ha OCHOBAHUM MHOT'O-
YUCJIEHHBIX OMBITOB MMOKAa3aj, YTO B MepUOJ pocTa
pacTeHUs U3BJICKAIOT U3 IOYBBI MUHEPAJIBHEIC Be-
1LIECTBa, KOTOPhIE [TOTOM He BO3BpallialoTcs. B aToM,
o MHeHuto JInbuxa, 3aKiIrovaeTcs IpuInHa CHU-
JKEHUSI YPOXKaeB.

B Iepmanum moObI9a KaTMIHBIX COJIeH Hayaaach
B 1857 rony K Hayay nmepBoil MUPOBOi1 BOIHBI OT
92 10 99 % phIHKA KaJIUIHBIX COell HAXOIUIIOCH B
pykax @paHKO-repMaHCKOTO CUHAMKATA, UMEBIIe-
ro oxkoJjio 200 maxt 1 70 xumuaeckux adpuk 1o
nepepadoTke noobiBaeMoro cuiibBuHUTA (KCI-NaCl)
[2]. Poccus Bce KanuiiHble yIoOpeHUsI BBO3MIIA U3
Iepmanuu. Ilo cBenmeHusMm JlenmapramMeHTa 3eMiie-
nenus [3] B Poccum 3a mepuonm IpoBOAMMOIL
IT.A. CronbmunbiM (1862—1911) 3eMenbHOI pe-
¢dopMBI mOTpedIeHNE KATUHHBIX YIOOPEHUIT BO3-
pocio (B mepecyeTe Ha YMCTHIN KaJIKii) ¢ 6 ThIC. T B
1908 rony mo 23, 9 teic. T B 1912-M. B cBs13u ¢ Ha-
yaBlIeiicsl BOMHOW BBO3 KaJIMMHBIX YyIOOpEeHUN B
Poccuto morHOCTBIO IIpeKPaTUIICS. DTO OOCTOSITEIb-
CTBO CTUMYJIMPOBAJIO TTIOUCKU KaJUMHBIX COJeii B
crpaHe. B suBape 1915 rona Ha 3acenaHuu (py3nuko-
MaTeMaTUYeCKOro OTAeeHUs AKaaeMUU HayK OAUH
U3 KPYITHEHIINX POCCUMNCKUX YUYEHBIX aKaIeMUK
B.A. BepHaackuii ornacui 3asiBiecHUe, MOAIMCaH-
HOE PSIIOB aKaJIeMUKOB, O LeJIeCO00Pa3HOCTH CO-
3naHuss Komuccnuy mo M3y4yeHUIO €CTECTBEHHBIX
npousBoauTeabHbIX cun B Poccum (KEIIC).
B 3asiBneHuu orMevanach HacTosATeIbHAs HEOOX0-
JUMOCTb BCEMEPHOTO Pa3BUTHSI POU3BOIUTEIbLHBIX
cut Poccum, 0cBoOOXIEHUS €€ OT 9KOHOMUYECKOM
3aBUCHUMOCTH OT IPYTUX CTPaH, pOCTa OTEYECTBEH-
HOM IPOMBILTIEHHOCTH, JaJbHEWIIEro pa3BUTHA
semienenus. [Ipexe Bcero mpr3HaBajaach HEOOXO-
JUMOCTbD TIIATEJIHOTO y4eTa MECTOPOXIACHUIA MO-
JIe3HBIX McKonaeMbix. B ¢eBpane 1915 roga Oo1iee
coOpaHue AKageMUU HayK MIPUHSLIO IOCTaHOBJICHUE
00 obpasoBanuu KEIIC, ee npeacenareneM ObLI
n3opaH B.M. BepHaackuii, 3amecTuTeeM npeace-
nmarenst H.C. Kypuakos. Kpome Toro, H.C. Kypna-
KOB ObLT HazHaueH pykoBoautTeaeM CoJsSTHOTO OT-
nena mpu KEIIC.

Haubonee aprymMmeHTMpOBaHHOE OMUCAHUE
HUCTOPUHU OTKPBITUS BepXHEeKaMCKOro MecTopoXie-
HUSI KAJIMIAHBIX U MATHUEBBIX COJICH COACPXKUTCS B
paborax u3BectHoro reonora A.A. Banosa [4, 5].
Ewe B 1907 rony npu OypeHUM OAHOM U3 CKBaXKUH

B paiioHe I. CotmKamcKa Ha riryorHe 98—99 M 6b1u
MOJIydeHbI 00pa31bl COJIM HEOOBIYHOIO KPacHOTO
uBeta. OOpa3Lbl XpaHUINUCh B KOJUIEKIIUM ITOTOM-
ctBeHHoro coseBapa H.II. Psg3aHueBa u He ObLIu
MOJABEPTHYTHI HAAEXKHOMY HcciieqoBanuoo. B 1916
rojay 3TU 00pa3libl, a Takxke 00pa3lbl U3 APYrux
CKBaXXWH U MPOOKI paccojioB ObLUIN JOCTABJICHbBI B
IleTporpan B xumuyeckue jadboparopuu lopHoro u
[TonMTeXHNYEeCKOTO MHCTUTYTOB. AHAJIU3BI, BbI-
nosHeHHble cotpynHukamu H.C. KypHakoBa, 1o-
Ka3aJI1 BLICOKOE COJeprKaHNe XJI0pHIa KaJlus B 10-
craBieHHBIX IMpodax. O6 s3tom H.C. KypHakoBbIM
ObUIM OITyOJIMKOBAaHBI coobieHus B 1916 u 1917
rogax [6, 7]. B usyyenuu o6pa31ioB aKTUBHO y4acT-
BOBaJIU MpernogaBaTesiv [TonuTeXHUIeCcKOro MHCTH -
tyta I.I. ¥pazosu H.H. Edppemon. CBeneHust o Tom,
yto jetom 1917 r u BecHoit 1918 rona H.C. Kypna-
KOB caM Bble3xall B paitoH Coimkamcka ajist oocie-
IOBaHUS CKBaXXUH, 8] He MpeacTaBIIsIIOTCSI JOCTa-
TOYHO JOCTOBEPHBIMU, B MyOJIMKALIUSAX YYEHOTO O
TaKMX 9KCITEIUIMSIX HE TOBOPUTCSL.

3 auBaps 1920 roma mpu XMMUYECKOM OTACE
Briciiero Cosera Haponnoro Xossiictea (BCHX)
ObL1a yTBEepKIeHa 0co0ast KOMUCCHSI TI0 COJISIM Ka-
JIMsI, B COCTaB KOTOpPOI OBLI BKJIOYEH TaKXkKe
H.C. KypHakoB «...KaK JIy4Il1ii 3HaTOK B BOITpOcax
00 ncToyHmMKax cojeii Kanus B Poccun». Ha xomuc-
CUI0 TIPEX/Ie BCEro BO3jarajuch 3aauu pa3BeaKu
MECTOPOXKACHUI KaJIuiHBIX cojieii. B mporpammy
pabot Ha 1920 roa ObLIO BKIKOYEHO OypeHUe ABYX
CKBaxXUH B paitoHe T. Conmmkamcka. OIHAKO BhI-
MOJIHUTD 3TO HE yIaJI0Ch.

B 1922 rony H.C. KypHakoB 0000111 pe3yJ/ib-
TaThl CBOMX MCCJIEAOBAHW 00pa31oB coJieil 1 pac-
coioB [9]. OH OTMETHII, UTO COEPKAHNE KATUEBBIX
coJieii B paccosax MPUKaMCKMX MPOMbICJIOB HAaXO0-
JUTCS B CBSI3U C TIPUCYTCTBUEM CWJILBUHUTA B OT-
JIOKEHUSIX KAMEHHOM coiu. YKa3al Ha HeoOXoau-
MOCTb CUCTEMATUIECKOI OypOBOIT pa3BeAKM MPEXKIIE
Bcero B paitoHe I. ColMKaMcKa B COYeTaHUM C CO-
OTBETCTBYIOLIMMU XUMUUECKUMHU U T€OJIOTMUECKU -
MM UCCTIeIOBaHUSIMU, MO0 TOJIBKO MPU MPaBUILHOM
IMOCTAHOBKE 3TUX PabOT MOXKET OBITH CAEJIAHO 3a-
KJIIOUEHUE O BOBMOXKHOM MPOMBIILIEHHOM 9KCILTY-
aTaluy MeCTOPOXKICHUS.

Takum obpasom, K Hayainy 20-X rogoB Gjaro-
JIapsl OIBbITY MECTHBIX SHTY3MACTOB, pabOTaM reo-
JioroB, nHuuMaTuBe U ucciaegosanusm H.C. Kyp-
HAKOBa C COTPYOAHUKAMU B [OpHOM MHCTUTYTE
(K.®. benornazoB) u B [TouTeXxHUUECKOM MHCTU -
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tyte (K.®. Kemuyxnsriii, I.T. Ypazos, H.H. Edpe-
MOB) OBLI cCOOpaH MaTepuaJl, yoeTUTEILHO ITOATBEP-
JIUBIINIA, 4TO B Henpax [TpukaMcKoro coleHOCHOTO
OacceifHa B KAMEHHOI COJIM UMEIOTCS TTPOSIBJICHUST
KaJIMUHBIX cosieil. OJHaKOo 1U3-3a CYIeCTBOBABIINX
O0O0BEKTUBHBIX TPYAHOCTEN HE OBLIU SICHBI 00J1aCTh
pacIpoCTpaHEeHU KAJIMAHBIX COJIEH, MOLIHOCTb Ha -
KOILUIeHUS, UX Ka4yeCTBO, MPOMBILIJIEHHOE 3Have-
Hue. Kak otmeuaetr A.A. UBaHOB [4], «...MeCTOpPOXK-
IICHWE COJIeW ele He ObLI0O HU OTKPBITO, HU
pa3BegaHo». TeM He MeHee ClleyeT ellle pa3 Mof-
yepkHyTb, uTo H.C. KypHakoB 1 ero coTpyaiHuKu
CZeJIaJIA BCE, UTO OBLIIO B TO BPeMs BO3MOXHO, 151
000CHOBaHUsI U TTpeicKa3aHusl HaTu4Iusl KaTMIAHBIX
coJjieii B paitoHe I. CojimKaMmcKa.

Jlerom 1924 ropa npocdeccop NepMcKOro yHu-
BepcuTeTa, onbITHRIN reosor I1.M. IIpeobpaxkeH-
ckuii (1874—1944), obOcienys apXuBbl YpaabCKUX
TOPHBIX IPEANPUATUIA, OJIM3KO CTOJKHYJICS C MaTe-
pUajlaMu O COJISTHBIX TTpoMbIciaX B COIMKaMCKOM
paiione [5, 10]. B tom xe 1924 rona I1.U. TTpeo0-
pakeHCKUIA ObUT IepeBeIeH Ha paboTy BJIeHuHTpan,
B Ieonornueckuii komuteT (mo3aHee BCET'EN), roe
OH 9HEPrUYHO B3sUICS 3a opraHusaiuio B . Conu-
KaMCKe pa3BellOYHbIX padOT Ha KaJIUKHbIE COJIU.
HecMmoTpst Ha orpoMHbI€ TPYAHOCTU, CBSI3AHHBIE C
MOMCKaMU HEOOXOAMMOTr0 OypOBOI0 000PYIOBaAHUST
10 BCeli cTpaHe, BecHOI 1925 roga 5T paboThI Ha-
YaJIMCh 1 YK€ BCKOPE OIpaBIaind MPOTrHO3bl XUMU-
KOB M T€0JIOTOB — OBLIO OTKPBITO KpyIHEilee
BepxHekamckoe MECTOPOXKIeHNE KaTUMHbBIX U Mar-
HUEBBIX cojieit. 5 okTa0pst 1925 rona B 1. Coinkam-
cKe OypoBasl CKBaxkrMHa Ha IiiyouHe 92 M Bollljia B
TOJIIY KAUTUUHBIX COJIEHA.

B 1926 romy 6bU10 OMy0JIMKOBAHO COOOIICHUE
H.C. KypHakoBa, T7e OH oTMeuaJll, YTO Bce paHee
cle/laHHbIe TIPOrHO3bl moaTBepauiauck [11]. Ilpa-
ButesibcTBOM CCCP B TOM ke roay OblT 00pa3oBaH
TpecT «Coro3Kkaauit» il OpraHu3aluu 10069 1
nepepadoTKN KATMIAHBIX COJIEH.

MOIIHOCTB TOJIIIM KAMEHHOM COJIU U KAJTMUHBIX
coJjieii B BepxHekaMCKOM MeCTOPOXKACHUU JOCTH -
raet 400—500 m. I3 Hux 300—350 M mpuxoauTcs Ha
HUXXHUI TOPU30HT, CJIOXXEHHBINA TaK Ha3blBAEMOM
MOJICTUJIAOIIEH KaMeHHOI cobio. CpeTHUil ropu-
30HT MOIITHOCTBHIO 75—80 M mpencTaBieH yepeayto-
UMM TUIaCTaMU KaJUNHBIX cojieil (CHJIBBUHUT U
KapHaJLJIAT —KCl-MgC12-6HZO) U KaMEHHOM COJIU.
BepxHuii TOpU30HT — MOKPOBHASI KAMEHHAsI COJIb,
uMelollast TOJIIMHY riacta a0 50 m [12].
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Ve B 1926 rogy nytem OypeHUs LIEJIOr0 psiia
CKBaXXUH Obl7a pa3BefaHa IJonlanb He MeHee 35
KM?K 10Ty ¥ K ceBepy ot I. Connkamcka. Bce ckBa-
>KMHBI TIOATBEPAUIN HaJMUMe KaJTUNHBIX COJIei.
I1epBblii pyIHUK, COCTOSIIUN U3 ABYX IIAXT, ObLIO
peleHo cTpouTh B 2 KM toxxHee I. Conukamcka,
CTPOUTEIBCTBO OBLIO HaYaTO B HOsIOpe 1927 1. Vike
B 1930-M pyaHMK Bblaas MEPBYIO MapTHUIO CUIbBU-
Huta. OMHOBPEMEHHO MPOIOJIKAIMCH Te0JIOT0-pa3-
BeOUHbIE pabOThI, ObLIO MPOOYypeHo 37 TyOoKUX
ckBaxuH. [To cocrosiHuio Ha 1932 rog pa3BegaHHbIe
3arachl OLICHUBAJINCH TaK: CWJIbBUHNTA — 14,4 MIIpA T,
KapHaura — 10,8 Mapa T.

B mionie 1932 roma crpoutenbctBo KanuitHoro
KOMOMHATa ITOCETUIIA IPYIITa CIIeIMaTCTOB U3 yU-
pexnaeHuit AH CCCP. C nokiamamu mo pasHbIM
Borpocam BeicTynuiau akagemuku H.C. KypHakos,
J.H. ITpAHUIITHUKOB, U3BECTHBIN arpOXUMUK, IPY-
rue yyensble. 15 anpenst 1933 rona Oblia BBeneHa B
CcTpoit xuMHnueckast habpuka ajs MoayIeHUS XJI0-
pua Kanus U3 cuiibBUHUTA. B ssHBape 1934 1. pyko-
BOJICTBY CTpaHbI OBLIO JOJOXEHO O 3aBeplIeHUU
crpouTtenbeTBa IlepBoro KajimitHOro KomouHara.

OaHOBPEMEHHO 3HAUUTEJIbHOE BHUMaHUE y/e-
JISTOCH TEXHOJIOTUM TIepepaboTKM KapHauTuTa 1
moJjiydyeHuto Marausi. OTbITHI 11O TTOJTyYeHUIO Mar-
HUS 2JIEKTPOJIU30M pacCIUIaBIeHHOTO KapHaJlIuTa
npopoauinck rpodeccopom I1.T1. DenoTbeBLIM U
ero yueHukKaMu B JICHUHTPaACKOM MOJUTEXHUYE-
CKOM MHCTUTYTe, a TakKe mpu ydactuu [1.11. De-
IOoTheBa B [ocymapcTBEHHOM MHCTUTYTE MPUKIIAI-
Hoit xumuu [13]. lucKyccus o 1e1ecoo0pasHOCTU
MMUTAaHWS BAaHH 00€3BOXKEHHBIM (<«UCKYCCTBEHHBIM» )
KapHaJLIUTOM, YTO BeJeT K MePUOAUYECKOMY IPO-
1IecCy 3JEKTPOJIN3a M K TTOSIBIEHUIO OOJIBIIIOTO KO-
JIMYeCTBa OTXOJ0B B BUIE OTPAOOTAHHOTO 3JIEKTPO-
JIUTa, 3aKOHYMJIACh B TIOJIb3y CTOPOHHUKOB ATOM
texHosornu [14]. Yxxe 14 mapta 1936 roma Onlia
my1ieHa nepsast BaHHa CoJIMKaMCKOT0 MarHUEBOTO
3aBoJa.

ITpobGiema KOMILJIEKCHOM NepepadOTKU KaJIuii-
HBIX coJieit BepxHeKaMCKOro MecTopoxieHus Obuia
peliieHa B KpaTyaiiime cpoku. OIuH U3 CTaperimx
ropoioB Ypaja cTaj KpyHmHbIM LIEHTPOM XUMUYe-
CKOI MPOMBILILJIEHHOCTH.

TeopeTuueckue McciaeaoBaHUSI B Pa3IUUHBIX
00J1aCTsIX HeOpraHM4YecKoi 1 PU3nIeCcKoi XuMUn
akagemuk H.C. KypHakoB M mpeacTtaBUTeNIN €ro
IIKOJIBI BCETA CBSA3BIBAIM C PEIICHUEM MpoOsieM,
MMEIOIIMX HETTOCPEACTBEHHOE MTPaKTUYeCKOe 3Ha-
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yeHue. B pe3ynbrare HaydHOI 1 OpraHU3alIMOHHOMI
nesatenbHocT H.C. KypHakoBa 1 ero COTpyIHUKOB
yAaJ0Ch BKJIIOUUTh B HAPOIHOXO3SMCTBEHHYIO
>KM3Hb CTPaHbI HE TOJIBKO KAJIMIHHBIE MECTOPOXIE-
Husg CoiMKaMcKa, HO U 3aIachl IJ1ayoepoBoil colin

3anuBa Kapa-boras-Ton (TypkMmeHwus), none3Hbie
HCKOIaeMble KPHIMCKHUX COJISTHBIX 03€p U IMMaHOB
(comu marHwmsi, iion, OpoM), COJISTHbBIEC 3ajlexXu 3a-
nagHoit CUoUpPU, TUXBUHCKUE OOKCUTBI 1S TTOJTY-
YEeHMS ATIOMUHMS M MHOTOE JIPyTOE.

CrMMUCOK JIUTEPATYPbI

1. Mopauesckuii A.TI'. Akanemuk Hukonait CemeHo-
B4 KypHakoB u ero HayyHas 1ikoia / ITox pen. akan.
PAH 10.C. Bacunbena. CI16: U3n-Bo [MonurexH. yH-Ta,
2010. 99 c.

2. llndpunosny B.E. MbI co3nanu KaiuitHyo Mpo-
MbllIeHHOCTh. CBepmioBek: IMomutusaar, 1934. 68 c.

3. CenbCKOXO3SIMCTBEHHBIN TpoMbices B Poccum.
Tletrporpan: M3nanue JlenapramenTa semaenenus, 1914.
255¢c.

4. ViBanoB A.A. McTopust oTKpbiTUsI BepxHekaMcKo-
ro MecTopoxaeHus kanuitHbix coneit // Tpynst BCET'EN.
Hogast cepust. 1962. T. 83. C. 137—145.

5. BanoB A.A. IlaBen MBanoBuy [1peobpakeHcKuit
// Bblnawoniuecs: oredecTBeHHbIe reojioru. Ouepku 1o
WCTOPUM reojiornyeckux 3HaHuii. 1978. Beim. 10.
C. 14—159.

6. KypnakoB H.C. O HaxoXIeHUY KAIUEBOTO MUHE-
pana B Poccun // 3. AH. 1916. T. 10. C. 1411—-1412.

7. Kypnakos H.C., Bemornazos K.®., IIImateko M.K.
MectopoxaeHus xjaopuctoro kanausi CoIMKaMcKoi co-
neHocHoit Tommm // V3B. AH. 1917. T. 11. C. 467—474.

8. Coaosbes 10.1. Hukonait CemeHoBrY KypHakoB:
1860-1941. M.: Hayka, 1986. 272 c.

9. Kypnakos H.C. O xaynueBbIX COJISIX B paccoiax
Conukamckoro Kpasi // 3B. Poc. UH-Ta NpUKII. XUMUU.
1922. Boim. 1. C. 40—50.

10. MiBaHoB A.A., Mopauepckuii FO.B. BocnioMuHaHust
o I1.W. TpeobpaxeHckom // 3anucku BeecorozHoro MuHe-
paornyeckoro ooi-ga. 1955. T. 84. Ne 1. C. 63—68.

11. KypnakoB H.C. O MecTOpOXIEHUU KaTUEBBIX
coneit B Conukamcke // Hokia. AH CCCP. 1926. Ne2.
C. 161-162.

12. AunpiokoB H.A., JIeontuuyk A.C., MopayeBckuii
FO.B. 1o6biya u nepepaboTka KanuiiHbIX coseit / [lox
pen. nipod. KO.B. MopaueBckoro. M.: Tocxumusaar,
1943.196 c.

13. Mopauesckuii A.T. [Tpodeccop ITasen ITaBnoBuy
®enoTheB U ero HayyHast 1kona / [lox pen. akan. PAH
10.C. Bacunnena. CITb: M3n-Bo [MoaurtexH. yH-Ta, 2011. 89 c.

14. Xeiien .M. KoMIieKcHOE UCTIOJIb30BAHKE CO-
JINKAMCKUX KapHAJLIUTOB // ColnMKaMcKue KapHaJLJIUTHI.
M.-J1.: OHTH. 1. pea. ropHO-TOILIUB. JUT-pbl. 1935.
C. 25-48.

REFERENCES

1. Morachevskiy A.G. Akademik Nikolay Semenovich
Kurnakov i yego nauchnaya shkola [Academician Nikolai
Semenovich Kurnakov and his scientific school]/ Pod red.
akad. RAN Yu.S. Vasilyeva. SPb: Izd-vo Politekhn. un-ta,
2010. 99 s. (rus.)

2. Tsifrinovich V.Ye. My sozdali kaliynuyu
promyshlennost [We have created the potash industry].
Sverdlovsk: Politizdat, 1934. 68 s. (rus.)

3. Selskokhozyaystvennyy promysel v Rossii
[Agricultural fishing in Russia]. Petrograd: Izdaniye
Departamenta zemledeliya, 1914. 255 s. (rus.)

4. Ivanov A.A. Istoriya otkrytiya Verkhnekamskogo
mestorozhdeniya kaliynykh soley [History of discovery
Verkhnekamskoye potash deposit]. Trudy VSEGEIL Novaya
seriya. 1962. T. 83. S. 137—145. (rus.)

5. Ivanov A.A. Pavel Ivanovich Preobrazhenskiy [ Pavel
Ivanovich Transfiguration]. Vydayushchiyesya
otechestvennyye geologi. Ocherki po istorii geologicheskikh
znaniy. 1978. Vyp. 10. S. 14—159. (rus.)

6. Kurnakov N.S. O nakhozhdenii kaliyevogo minerala
v Rossii [Finding potassium mineral in Russia]. Izv. AN.
1916. T. 10. C. 1411—-1412. (rus.)

7. Kurnakov N.S., Beloglazov K.F., Shmatko M.K.
Mestorozhdeniya khloristogo kaliya Solikamskoy
solenosnoy tolshchi [The deposits of potash salt-
bearing strata Solikamsk]. Izv. AN. 1917. T. 11.
S. 467—474. (rus.)

8. Solovyev Yu.I. Nikolay Semenovich Kurnakov:
1860—1941 [Nikolai Semenovich Kurnakov: 1860-1941].
M.: Nauka, 1986. 272 s. (rus.)

9. Kurnakov N.S. O kaliyevykh solyakh v rassolakh
Solikamskogo kraya [About potassium salts in brines
Solikamsk Region]. Izv. Ros. In-ta prikl. khimii. 1922. Vyp.
1. S. 40-50. (rus.)

10. Ivanov A.A., Morachevskiy Yu.V. Vospominaniya
o P.I. Preobrazhenskom [Memories of PI Transfiguration
Notes|. Zapiski Vses. Mineralogich. obshch-va. 1955.
T. 84. Ne 1. S. 63—68. (rus.)

11. Kurnakov N.S. O mestorozhdenii kaliyevykh soley
v Solikamske [About deposit of potassium salts in
Solikamsk]. Dokl. AN SSSR. 1926. Ne2. S. 161—162. (rus.)

12. Andryukov L.A., Leontichuk A.S., Morachevskiy Yu.V.
Dobycha i pererabotka kaliynykh soley [Extraction and

157



* HayuHo-TexHnyeckue BegomocTyt CaHKT-TeTepbyprckoro rocyfapcTBEHHOIO MOIMTEXHUYECKOTO yHUBEepcuTeTa. 3(226)2015

processing of potassium salts] / Pod red. prof. 14. Kheyfets Ya.M. Kompleksnoye ispolzovaniye

Yu.V. Morachevskogo. M.: Goskhimizdat, 1943.196s. (rus.)  solikamskikh karnallitov [Integrated use of Solikamsk
13. Morachevskiy A.G. Professor Pavel Pavlovich Solikamsk]// Solikamskiye karnallity. M.-L.: ONTI. GI.

Fedotyev i yego nauchnaya shkola [Professor Pavel P. red. gorno-topliv. lit-ry. 1935. S. 25—48. (rus.)

Fedotov his scientific school]/ Pod red. akad. RAN Yu.S.

Vasilyeva. SPB: Izd-vo Politekhn. un-ta, 2011, 89 s. (rus.)

CBEAEHUA Ob ABTOPAX/AUTHORS

MOPAYEBCKUII Amngpeii I'eoprueBny — 10KTOp TeXHUUYECKUX Hayk npodeccop CaHkr-IlerepOyprckoro
MOJIMTEXHUYeCKoro yHuBepcutera [letpa Beiukoro.

195251, Poccus, r. Cankr-IletepOypr, [TonutexHuueckas yi., 29.

E-mail: andrey.morachevsky@gmail.com

MORACHEVSKIJ Andrei G. — Peter the Great St. Petersburg Polytechnic University.

29 Politechnicheskaya St., St. Petersburg, 195251, Russia.

E-mail: andrey.morachevsky@gmail.com

158



HayuyHoe uznanue

HAYYHO-TEXHMYECKHUE BEAJOMOCTH CIIoI'TIY

Ne3(226)2015

Vupenutenb — Cankr-IleTepOyprcekuii moautexHuyeckuii yuusepcuteT Iletpa Benukoro
Wznanue 3apeructprupoBaHo B PenepalibHOM CiTykK0e 10 HaA30py 3a COOMI0IeHEM 3aKOHOIATEIbCTBA

B chepe MacCOBBIX KOMMYHUKAIIUI M OXpaHbI KYJIETYPHOTO HACTEIUS
(cBunetenbetBo [T Ne @C77-25981 ot 13 okTs16pst 2006 1)

HayuHblit pegakTop, KOppeKTOp — KaH/. TeXH. HayK qoueHT JI. B. Cnupudorosa
Texnuyeckuii cekperapb — O.A. Mamenes
KowmnblotepHas Bepctka 1. H. Kunzabyaamoeoii

Tenedon penaxkiuu (812) 294-47-72

E-mail:ntv-nauka@spbstu.ru

IMoamucano B revatsb 19.10.2015. ®Dopmar 60x84 1/8. Bym. tur. Ne 1.
[leyaTts opceTHas. Yci. meu. ia. 20,0. Tupax 1000. 3aka3 13557b.

OTreyaTaHo C TOTOBOTO OPUTUHAT-MaKeTa,
npenocrasieHHoro M3narenscTBoM [lomMTeXHUYECKOTO YHUBEPCUTETA,
B Tunorpaduu [lonuTeXHUUECKOro YyHUBEpCUTETA.

195251, Cankr-IlerepOypr, [TomurexHnyeckas yi., 29.

Ten.: (812) 552-77-17; 550-40-14.



YCJIOBUA YBJIMKAIIMU CTATEN
B xypHane «HayuHo-Texuuyeckue Begomoctu CII6TTIV»

1. OBIIME ITOJTIOKEHWA

XKypuan «Hayuno-rexuudeckne Begomoctyt CII6ITIY» siB/isieTcst mepuogndecKiM IeqaTHbIM HayIHBIM PeLleH3MPYeMbIM U3 aHyeM:

— sapeructpuposaH B OefepanbHOIl C1yx6e [0 HAA30PY 3a COOMIOeHIIEeM 3aKOHOAATeIbCTBA B Chepe MacCOBBIX KOMMYHMKALINIL
1 oXpaHe Ky/JIbTypHOro Hacmenus (cBuperenpctso [TV Ne @C77-25981 ot 13 okta6ps 2006T.) 1 pacpocTpaHAeTCs MO MOAINCKe Yepes3
ob6beguHeHHDII Katasnor «IIpecca Poccum» (napmexc 18390);

— JIMeeT MeXXIYHapOJHbII CTaHZAPTHBII HOMep CepyalbHOro Iepronndeckoro uspanus (ISSN 1994-2354);

— BHeceH Briciueii aTTecTanoHHol Komuccreit MuHo6pasoanusa PO B [TepedeHb neprnoanyecKix HayIHBIX ¥ HAYYHO-TeXHMYe-
CKMX M3JIaHMI1, B KOTOPBIX PeKOMEH/[yeTCs ITyOIMKaI[A OCHOBHBIX Pe3y/IbTaTOB VICCEPTAIINII Ha COMCKAaHIEe YIEHON CTeNeHN JOKTopa
HayK, y4eHOI1 CTelleH) KaH/u/jaTa HayK;

— ¢ 2009 1. BXOIZMT B HAIIVIOHAJIbHYIO0 MH(GOPMAIVIOHHO-aHATUTUYECKYIO cHcTeMy «Poccuiickuit MHIeKC HayYHOTO IIUTYPOBAHNA
(PVIHII)»;

— CcBefieHNA 0 MyOMMKAIMAX IpeficTaBIeHsl B Pedeparusrom sxxypHane BMHVTH PAH u BkTiodeHbI B GOH/ HAyIHO-TEXHIYECKOI
murtepatypsl (HTJI) BUHUTV PAH, a Taioke B MeX/yHapoaHyIo cucteMy 1o nepuopndecknm usfanuam “Ulrich’s Periodicals Directory”

JKypHnan my6nmkyeT pe3yIbTaThl paboT B CIEYIOIX 00/IACTAX HAYKY U TEXHUKIL: SHEPIeTIKa, S/IeKTPOTEXHUKA, MaTepyasioBeficHNeE,
MeTaJUTypris, MallMHOCTPOEHME.

Pemakiys sxypHaa co6mofaeT paBa MHTE/UIEKTyaTbHOI COOCTBEHHOCTH M CO BCEMM aBTOPaMU HAayYHBIX CTaTell 3aKII0YaeT 13-
JaTe/IbCKUIL TMLEH3MOHHbIIL JOTOBOP.

I[Ty6muKaIys MaTepyasioB, B TOM YMC/Ie COMCKATeIell yYeHbIX CTeIlleHell, OCYIeCTBIATCA 6eCIIaTHO.

2. TPEBOBAHVA K ITPENCTABTAEMBIM MATEPUATIAM

2.1. IIpeacTaBnenue MaTepuanoB

B craTbe JO/DKHBI OBITh KPATKO M3/IOKEHBI HOBbIE Y OPUTMHA/IbHDIC PE3Y/IbTAaThl UCCTIeNOBAHIIL, IOTyYeHHbIE aBTOPAMI; CTIEAyeT
n36erath IIOBTOPEHNIT, M3/MIIHIX MOAPOGHOCTEl U M3BECTHBIX IIONOKEHMIT, HOZPOOHBIX BHIBOLOB, GOPMYIT 11 ypaBHeHMII (IPUBOAUTH
JINIIb OKOHYATeIbHbIe GOPMY/IbI, HOSICHNB, KK OHI IOTYYeHbI).

ITpy HanMcaHNY OPUTHHAIBHOI HAYYHOI CTaThU 1 0(OPM/IEHNY PYKOIVICH aBTOPHI O/KHBI IIPUJEP)KMBATHCA C/IEAYIONIVX TPABIIL
Cratbs JO/DKHA IPefCTAaB/IATb COO0II ONMCcaHNe BHIITOTHEHHDIX MICC/IEJOBAHNI C YKa3aHIeM IX MeCTa B COOTBETCTBYIOLell 06/1acTy HayK
u 06Cy>K/ieHreM 3HaYeH sl BBITIOTTHEHHOM paboThl. PyKOIICh JO/DKHA COflep>KaTh JOCTATOYHOE KOMYeCTBO MHGOPMALIMY 1 CCBUIOK Ha
00111e0CTYIHbIE ICTOYHUKIA [/IsI TOTO, YTOOBI paboTa MOI/Ia OBITh IOBTOPEHA HE3aBICHMO OT aBTOPOB.

HasBaHe cTaTby JO/DKHO GBITH KpaTKNM, HO nHdopMatuBHbIM. Obpamaem Bamre BHMMaHMe Ha TO, YTO KYPHAI H3[AETCS KaK HA
PYCCKOM, TaK I Ha aHITINIICKOM sI3bIKe. B CBA3M ¢ 9TUM, He C/IeffyeT UCIOIb30BaTh ab0peBraTypy B Ha3BaHUM CTATbIL.

AHHOTAIVS TO/DKHA JABATh YMTATENIO COKATYI0 MHPOPMALINIO O COAePXKaHNN CTaTbi. AHHOTAIN JO/DKHA OBITh MHPOPMATIBHOII
U OTPaXKaTb He TONIbKO OCHOBHBIE LIe/IV CTATbH, HO ¥ I/IABHbIE PEe3y/IbTaThl U BBIBOABI paOOTEI. AHHOTALUSA He SIBJIAETCS YacThIo TEKCTA
u cama 110 ce6e JO/DKHA SAB/ISTHCS 3aKOHUYEHHBIM OITICAHUEM.

KitoueBble C710Ba JO/DKHBI OTPa)XaTh OCHOBHYIO IPO6IeMaTUKY CTaThi U HO/DKHBI IPUBOANUTBCS HA PYCCKOM A3BIKE [/ PYCCKOIL
1 Ha aHITIMIICKOM JI/IS aHIJIOA3BIYHOI Bepcyy CTaThy. KommdecTBO KITI0YeBBIX C/IOB — He MeHee Tpex I He 6ojiee CeMIL.

Afnpec 11 KOppecIoHAeHIINY TO/DKEH COAep>KaTh (paMIIINIO aBTOpa [/ KOppecIoH eI (He 006513aTe/IbHO IIEPBOTO aBTOPA), €T0
TTOJ/THBIIT TTOYTOBBII afipec, TenedoH, pakc, e-mail.

ITpu Heo6xopUMOCTH Pefikonernss MOKeT MOTpe6OBaTh IpefCTaBIeHNsA AKTa SKCIIEPTU3bL.

IIpefcTaB/ieHne BCeX MaTepUaoB OCYILECTBISETCS B 9NEKTPOHHOM Bifie Yepes nuuHblil kabuner JIEKTPOHHON PETAKIIUU
1o agpecy: http://journals.spbstu.ru

Cratpn mogatotcst B popmare .docx (MS Word 2007-2010). aiir cTaThy, OABAEMBIIT Yepe3 9TeKTPOHHYIO PEAKIIIIO, JOTDKEH CO-
IepyKaTb TONBKO CaM TeKCT, 63 Ha3BaHNA, CIIICKA INTePaTypbl, GaMIInil i JaHHBIX aBTOPOB. CIIICOK IMTepaTypbl, Ha3BaHIe CTaTbl, BCA
nHbOpMaIIs 06 aBTOPAX 3a/IAI0TCS IIPY IIOffade depe3 3IEKTPOHHYIO PeAAKI[UIO B OT/EIbHBIX MOJIAAX. B TeKcTe CTaThy JOMKHBI OBITH CCHIT-
KI Ha BCe MICTOYHMKIY 13 CIIUCKa TUTepaTypsl. [IopsaKoBbIi HOMep CTOYHMKA B TEKCTE CTATbY YKA3bIBAETCS B KBaPATHBIX CKOOKAX.

2.2. OopmireHne MaTepanoB

2.2.1. O6pem crareit, Kak IpaBuio, 15-20 crpannt ¢popmara A-4. KomdectBo pucyHKoB u ¢potorpaduit (B TOM 4nciie [BETHBIX) He
TO/DKHO IIpeBbILIATh 4, TabmuIL — 3.

2.2.2. Yncmo aBTOpoB — He 60JIee TPeX OT OfHON OPraHM3aLMN U He 6oJIee IATH OT pasHbIX opraHmsanuit. CtaThs JO/DKHA OBITH
MOIIMICaHa BCEMM aBTOpaMU. ABTOpaMI SIB/LAIOTCS /NI, IPUHMMABIINE yYacTue BO BCell paboTe MIM ee IIABHBIX paspenax. Jluila,
y4acTBOBABINNE B PabOTe YACTUIHO, YKA3BIBAIOTCS B CHOCKAX.

2.2.3. CrarTbs JO/DKHA COIePKATh CIeYIOIe Pas/iebl:

HoMep YIIK B COOTBETCTBMM C KITACCUPUKATOPOM;

¢aMuIM aBTOPOB Ha PYCCKOM 1 aHITIMIICKOM S3bIKAX;

Ha3BaHMe Ha PYCCKOM M aHIJIMIICKOM A3bIKAX;

AHHOTAUVA — 3-5 NPEMIOXKEeHNIT Ha PYCCKOM M QHIJIMIICKOM A3bIKAX;

K/TI0UeBbIe C7I0BA — He MeHee 2 11 He 6o/iee 7 Ha PYCCKOM U aHITIMIICKOM SI3BIKAX;

BBefleHNe (aKTya/IbHOCTD, KpaTKoe 000CHOBaHMe CYIeCTBYIoLIelt mpobmembr) — 1,0-1,5 cTp.;

1enmb paboThl (KpaTKas deTKas pOopMyIMpOBKa OCTABICHHOI 3a/1a4n);

MeTOJVIKa IIPOBefieHIs MCCTIeNOBaHWil I PacyeTOB, BK/II0YAsA KPATKYI0 MHPOPMAINo 06 MCIOIb30BAHHBIX IP1KOOpax, MeTOaxX
1 TOYHOCTY 3KCII€PUMMEHTA/IbHBIX M3MEPEHMIT M TEOPEeTUYECKMX PACYeTOB I T. 1I.;





