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Abstract

The article concerns the application of the electric field to ensure the stabilization of operational properties
of the lubricating media and presents the results of our research in this area. The main purpose of this research
is the theoretical justification of influence of the electric field on the tribological properties of the lubricating
media and formation of the mathematical dependences, which describe the influence. The high specifications for
the lubricating media define the need to improve the tribological properties of the existing lubricating media, and
to find new methods and technologies for production of the lubricating media for machinery. The article justifies
the ideas concerning the mechanism of interaction of molecules of the lubricating media and their parts under
the influence of external electric and natural electrostatic fields, on the basis of the analyzed works and results
of our research. The presented theoretical justification of the influence of the electric field on the working fluids
permitted to obtain the mathematical dependences, to analyze and model the influence of the electric field on the
tribological properties of the lubricating media, and to obtain the explanation of the relation between the main
physical parameters of tribosystems and the electric field. The results of this work can be used to improve the
performance properties of the working fluids, in particular anti-wear properties by means of the electric field. The
research results can be applied by tribologists, chimmotologists, as well as by specialists in the sphere of operation
of fuel and lubricating systems of ground and aviation equipment
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1. Beenenne

JKapompoyHbie cTajan M CIJIABBI, IIPUMEHSIEMbIC I
M3TOTOBJIEHUSI IeTaJIel, KOTOpble PAGOTAIOT IPU BHICOKUX
TeMIeparypax B YCJOBHUAX CJOXKHOHAIPAXKEHHOIO CO-
CTOSIHUSA B TeYCHUE 3a/laHHOTO IepUojia BPeMEHH, J10JIK-
HBl BBIJIEPKUBATH Ha-
Mpsi’KeHue, BbI3bIBAIOIICE
3a/lannyio jedopmanuio,
He MIPUBOJAILYIO K pa3py-
TEHWIO.

2. AHanu3 JTMTepaTypHBIX JTAHHBIX M MOCTAHOBKA
npooaeMbl

B 3aBUCHMOCTH OT yCJIOBUII 9KCIITyaTaIly MPUMeEHSI-
0T pa3JuyuHble XKapornpoynbie matepuaisl [1-3]. o Tem-
nepatyp 300°C orpaHnmynBaioTCs B MPUMEHEHUW CIIEIH-
anbHbIX cTaseil. Haubosee menecoobpas3no B 9TOM ciaydae
HCII0JIB30BATh KOHCTPYKIIMOHHBIE YTJEPOANCTHIC CTAJH,
ocJie TeEpPMUYeCKON 06pabOTKU ¢ BBICOKON MPOYHOCTBHIO.
s paborel npu temieparypax a0 565°C HeoOXoxumMo
MPUMEHSATh HU3KO- U CPeIHEJIernpOBAHHbBIE CTAJU IeP-
JIUTHOTO KJIacca, 0ObIYHO Ha3bIBAIOI[UECS TEMJIOYCTONYU-
BBIMU, & JUUIsT U3/IeJTHiT SHEPrOMAITHHOCTPOEH S, paboTaio-
mux mpu temneparypax 580-610°C — BBICOKOXPOMUCTDIE
JKApOIPOYHbIE CTaJNM, cojep:kaiue okoso 12% xpoma.
[lasnbHeiiniee mopbiiene Temiepatypsl g0 700-750°C
BbI3bIBaeT HEOOXOAMMOCTH B UCIOJb30BaHUU CTaJieil ay-
cTeHUTHOTO Kjacca. [Ipu Gosee BBICOKMX TeMIlepaTypax
no 1400°C 1esnecoob6pasHo NPUMEHSITH BbICOKOJETUPO-
BaHHBIE CTJIABbI (KOGATBTOBbBIC U HUKEJIEBbIE), CIIJIABOB Ha
OCHOBE TYTOIIJIABKUX AJIEMEHTOB, & TAK)Ke CTAJIU, JIETHPO-
Bannblie amtoMunueM (Fe-Cr-Al).

JKaporipoutble cTajm HAILIK IITTPOKOE PACIIPOCTPAHEHUE
B TypOMHAX 9JIEKTPOCTAHIMIA, CY/IOB 1 aBUALIMOHHBIX JIBUTA-
TeJsiei, pabounX U HATIPABJISTIONINX JIOMATKAX, JETaJIsAX KaMep
CrOpaHUsI, ApMATyPe TEPMUYECKUX [IEY€ld, IPYTOM MeYHOM 000-
pynoBanuu. BesencTBrie BO3/ieiicTBIS BBICOKMX TEMIIEPaTyp 1
60JIBIIOI HATPY3KIITOOOOPY/I0BAHUE MEETMAJIBII CPOK CITY K-
Obl U3-32 MOSIBJICHYS 1e(DEKTOB, CBSI3AaHHBIX C PACTPECKMBAH-
eM ¥ oTcJoeHneM Ha paboueil TToBepxXHOCTH meTaieil (puc. 1).
PainnoHasIbHbIM B JIAHHOM CJIy4dae SIBJISeTCs IPOBE/ICHUE pe-
MOHTHBIX PAOOT METOJIAMU CBAPKHU U HATIJIABKHL.

3. Iless u 3agaun HccIeOBaHUS

[lesbio ganuoil paboThl ABISAETCS ONMTUMUBAIMS XU-
MHMYECKOTO COCTaBa HAIJIABJIECHHOTO KapONPOYHOr0 Me-
Tajsa JIJIs apMaTypbl TEPMUUYECKUX Teveil, HaXOoK/IeHue
Marepuana € MaKCHUMaJbHBIMU 3KCIJIYaTAllMOHHBIMU
XapaKTEePUCTUKAMHU, a TaKKe M3ydeHUe pacrpe/ie/eHus
MeXaHMYeCKMX XapaKTEePUCTUK 110 CEYEHHIO CBAPHOTO CO-
eJIMHEHUS ¥ OKOJIONIOBHON 30HE U3 JKAapOIPOYHBIX aycTe-
HUTHBIX U ayCTEHUTHO-(EPPUTHBIX CTaICH.

4. JKCTIIepUMEHTAIbHDIE JAHHbIE U UX 00paGoTKa

Panee aBTOpaMM NPOBEACHO INJaHWPOBaHUE IKCIIE-
pUMEHTa C [EJIbIO OINTUMHU3ANUN XUMHUYECKOro COCTa-
Ba XapOIIpOYHOroO CIljiaBa, pa60Ta101uero TP BBICOKUX

temneparypax. [losydyennsle ypaBHeHus perpeccunt (4],
oTpakalolne BIUsTHUE cofepxkanms yriaepoaa (C), xpoma
(Cr) u Hukens (Ni), a Takxe remueparypst (T) Ha pusu-
KO-MeXaHHUYeCKIe CBONCTBA MO3BOJISIOT IPOTHO3UPOBATH
MexaHuudeckue cBoiictBa crasueii cuctembl Fe-Cr-Ni-Si mpu
Pa3IMYHBIX TeMIIEPATYPHBIX TPaueHTaX:

HV =373,4+6564-C+102-Cr+52,88-Ni—1,23-T-5628,8-C* -1,86-Cr* - 0,86 Ni* —
-211,74-C-Cr-220,4-C-Ni-1,2-C-T-0,91-Cr-Ni—-0,004-Cr-T+0,03-Ni- T +
+9,7-C-Cr-Ni+0,107-C-Cr-T-0,024-C-Ni-T--0,001-Cr-Ni- T

(D

Puc. 1. [lecbeKTbl, BblBOASILLME U3 CTPOS apMaTypy TEPMHUUE-
cKkux neuen (nognoHbl sBecom 200 kr)

[l HaxokJAeHus Marepuasa ¢ ONTUMAaJbHBIMU JKC-
IJIyaTalimOHHbBIMU XapaKTePUCTUKAMHU ITPOBe/IeHO rpado-
aHAJNTUYECKOE HCCJICJ0BAHNE MOJYUYEHHBIX YPaBHEHU
perpeccun. Pacuer u moctpoeHue noBepxHOCTell u ce-
YeHUIT K HUM IIPOBOAMJIM C IOMOIIbIO pa3paboTaHHOIl B
Microsoft Excel mporpaMMbi.

AHanu3 TOJYyYEHHBIX PErpeccuy MOKa3bIBaeT, UYTO
yraepon (C), xpom (Cr) u aukensb (Ni) BXoAAT B ypaBHe-
HME CO 3HAKOM ILJIIOC, TOBbIMAsA (HU3MKO-MeXaHUUYeCKue
cBOlCTBa cIIaBa. ITO 0OBICHSIETCS TEM, YTO HIUKEh Pac-
mupsierT y-obaacts B cucteme Fe-Cr, ciocobeTByst ob6pa-
30BAHNIO CTajell ¢ AyCTEHUTHON CTPYKTYPOH B MNUPOKOM
uHTepBaye Temreparyp [3]. XpoMm yBeauunBaeT aHEPTHUIO
CBSI3U ATOMOB KPUCTAJIJINYECKOH pelleTKU y-TBEePAOro
pacTBOpa, HECKOJIbKO ITIOBBIIIAS KAPOIPOUYHbIEC XapaKTe-
puctuku [3]. Onnako no napuoe ux Biauguue (C-Cr, C-Ni,
Cr-Ni) HeraTWBHO CKa3BIBAETCS HA €ro IKCIIyaTaI[MOH-
HBIX CBOUCTBAX, YTO MOKET ObITh CBSI3aHO C HEOJHO3HAY-
HBIM MEXAaHU3MOM BJIMSTHUS YIJIEPO/ia, XPOMa U HUKEJIS
B TNOBBIIIEHNM (HU3MKO-MEXAaHMYECKUX XapaKTePUCTUK,
IMOCKOJIbKY TIPU KPUCTAJJIN3ANMU CBAPOYHONH BaHHBI
[MPOVCXOJAT PA3ITUUYHBIE MPOIECCH Kak KapOumpoobpaso-
BaHUs, TaK U 0OpPa30BaHUsI MHTEPMETAIMIOB, KOTOPbHIE
repepacipeiesissiioT KOJAUYEeCTBO JETUPYIONMX 2JIeMEH-
TOB, YYaCTBYIOIUX B 06Pa30BaHUM TOTO UJIHU J[PYTOTO CO-
enunennsg. CoBMeCTHOE e UX BJAUSHUE YTJIePo/a, XpoMa
n nukesist (C-Cr-Ni) B 3alaHHBIX TTpefiesiaX BAapbUPOBAHU S
Be/leT K TOBBbINIEHUIO Kak TBepaoctu HV u BpemMenHoro
COTIPOTUBJIEHUIO paspbiBa o, (Ipeesa MPOYHOCTH) Tak
1 OTHOCUTEJbHOTO yiuinHeHus 6. OaHaKo, 3TO MOBBIIIE-
HUE OrPAaHMYEHO HAJIMYUEeM B yPAaBHEHUU KBAJ[PATUYHBIX
uyenos 3a (C2, Cr%, Ni%) ¢ orpunarenbHbIM BKJIaZ0M, 4TO
CBUJIETCJIBCTBYET BO3MOKHOM HAJMUYUM JIOKAJBHBIX 9KC-
TPEMYMOB Ha TIOBEPXHOCTHU OTKJINKA. YUHUTHIBAS TO, UTO
3HaYeHusl (PU3NKO-MEXaHUYECKUX CBOICTB MOTYT IIpH-
HUMATh TOJIBKO TIOJIOKUTEJNbHbIE 3HAYEHUS, YpaBHEHUE
ObLIO TIPOBEPEHO B TOYKaX (DaKTOPHOTO TPOCTPAHCTBA,
OTPaHUYEHHOTO HUKHUM M BEPXHUM YPOBHSIMHU BapbUpPO-
Banusa. OTpunaTeabHbIX 3HAYEHUH He 3aPeTUCTPUPOBAHO.
AHasm3upys napHble B3aUMOJCHCTBHSA, MOKHO CHEJIaTh
MPE/IONOXKEHNE, UTO OHU OKA3bIBAIOT JIBOSIKOE BJIMSTHUE



Ha JKCIJIyaTallMOHHBbIE XapaKTePUCTUKU MeTaJjlja, I0-
CKOJIBKY B OTHOM CJlyyae IPUCYTCTBYIOT B PErpeCcCUOHHOI
3aBUCUMOCTHU CO 3HAKOM «+», a B IPYTOM CO 3HAKOM «—».

BxoxeHnne B ypaBHEHUS PErpecCUy TeMIepaTyphl
(T) co 3nakoM «—» HeraTMBHO CKa3biBaeTcs Ha (PU3UKO-
MeXaHWYeCKMX CBOHCTBax cmiaBoB. B 3aBumcumoctu or
BEJIMYMHBI TEMIIEPATYPHOIO I'pajiieHTa CTPYKTypa Me-
TaJljla CBapHOro coenunenus paziandna [5]. Tak B wuTep-
BaJie TEMIEpaTyp MEK/Y JUHUAMHU CONUAYCA U TUKBUILY-
ca METaJIJT HAaXOAUTCS B TBEPAOKUIKOM COCTOSHUU, YTO
BBI3BIBAET MepepacipesiesieHre JEerupyoimux sJIeMeHTOB
MEJK/ly CBAaPOYHOH BaHHON M OCHOBHBIM METAJIJIOM. XOTs
[POTSIKEHHOCTh 9TOTO y4acTKa HeOOoJIbIast, HO Xapakrep
KPUCTAJJIN3AIMU MeTaJljla MOXKET OKa3blBaTh BJMSHUE
Ha CBOICTBa BCEro cBapHOTO coeJMHeHUs. B nHTepsase
temmeparyp ot 1100-1150°C mo Temmeparyp JUHUM COJH-
ayca (puc. 2) MeTaJLI IOJHOCTBIO MEPEXOJUT B COCTOSTHUE
ayCTCHUTA.

Puc. 2. MukpoctpykTypa ctanu 16X25H10C2 npu pasnunuHbix
Temneparypax, x280

[Tpu 5TOM NPOUCXOAUT POCT 3€pPHA, pazMepbl KOTO-
pOro yBesmuuBaiorcst TeM GoJiee, YeM BbIllle HATPET Me-
TaJIJI BBIIIE TeMIepatypbl Touku As. [locse oxmaxaeHns
HTO MOXKET MPUBECTU K 06Pa30BaHUIO HEOIATONPUSTHON
BU/IMAHIITETTOBON cTPyKTypbl. Ha yuyacTke HOpM™Masu-
saruu 750-800°C mo temmepatyps 1100-1150°C mertann
MMeeT MEJKO3EPHUCTYIO CTPYKTYPY C BBICOKMMM MeXa-
HUYecknMn cBolictBamu. Ha ydacTke HemosHOH mepe-
KPHUCTAJJIN3AIMN METAJJ HarpeBaeTcd JI0 TeMIepaTyp
MeXKY ToOYKaMu Aq 1 A, TT0O9TOMY 3TOT YU4aCTOK XapaKTe-
pU3yeTcs MOYTH HEM3MEHUBIIMMUCH IIePBOHAYAJIbHBIMI
eppuTHBIMY, TEPIUTHBIMU U AYCTEHUTHBIMY 3€PHAMU U
GoJsiee METKUME 3epHAME (heppUTa U IepIIuTa Moce Tepe-
KpHUCTAJJIM3AIMY, a TakxkKe cheponpnsanmeil nepanTHbIX
yuyacTkoB. Ha yyacTke pexkpHCTAIIN3alUNl MeTaJJI Ha-
rpeBaeTcss B mHTepBaJse temmeparyp ot 500 mo 550°C
JI0 TeMIIEPaTypPbl TOYKH Ay, U O3TOMY 1O CTPYKType OH
HE3HAYUTEJbHO OTianyaercss oT ocHoHoro. IIpm 3maun-
TEJIbHOI BbIJIEPKKE IPU 3TUX TeMIlepaTypax MOKeT I1Po-
M30HTH 3HAYUTEJBHBIN POCT 3epeH. MexaHnyeckue cBOM-
CTBa METAJIJIA ATOTO YYACTKA MOTYT HECKOJIBKO CHU3UTDHCA
BCJIEJICTBYE Pa3ylPOYHEHMS U3-3a CHATUSA Hakjena. [Ipu
Harpese metasra B matepsase ot 100 1o 500°C (yuactox
CHHEJIOMKOCTH) €ro CTPyKTypa B IIpoliecce He Iperep-
meBaeT BUAMMBIX n3MeHeHni. OgHaKO MeTasT Ha 3TOM

ydacTKe MOKeT 06J1a/1aTh TIOHUIKEHHOM [TACTHYHOCTHIO U
HECKOJIBKO TIOBBIIICHHO TPOYHOCTDIO.

Ha ocHoBe 110J1y4eHHBIX YpaBHEHUIT perpeccuu ObLan
MMOCTPOEHBI MPOCTPAHCTBEHHBbIE MaTeMaTHYECKUE MOETTN
(puc. 3—6), xapakTepusyIoliue BJUsIHUE YTIEPOIa, XPOMa
1 HUKeJ, a TaKKe TeMIepaTypbl Ha (HU3NKO-MeXaHIde-
CKHe cBOHCTBA (TBEPAOCTD) KAPOIIPOYHOTO CIIJIABA.

Teeppocts HV, Ma

Puc. 3. NosepxHocTtb oTkAMKa dyHKumu HV npu Ni = 15,95%);

T=20°C,Ni=1595%

TeepgocTs HV, MMa

Puc. 4. NoeepxHocTb oTkAUKa dpyHKUKMK HV npu
Cr=20,95%

Teeppocts HV, MMa

Puc. 5. NoeepxHocTb oTkAuKa dpyHKUmK HV npu
Cr=20,95%; T=20°C




TeepaocTk HVY, MMa

Puc. 6. MosepxHocTb oTkauka dyHKkurn HV npu C =0,16%;
T=20°C

B Toke Bpemsd, aHaIuTHUYECKOE pellleHUEe YpPaBHEHUS
0Ka3aJI0Ch 3aTPY/IHUTENbHBIM, BCJIEACTBUE MTOJHOTO HAGO-
pa MapHbIX B3aUMOJICHCTBUIT BXOAAIMINX B PEIPECCUOHHBIE
Mozesu. [10aToMy OBLIO TPOBEEHO UCCIIe0BAHIIE TOBEPX-
HOCTH OTKJIMKA Ha OCHOBE ee rpauaeckoro oToOpakeHust
B BHJIe IIPOCTPAHCTBEHHBIX AMArpaMM U ux cedeHunii. Ha
puc. 3 — 6 npeacTaBJieHbl TPpoCTpaHcTBeHHbIE Moje . [To-
JIYYEHHYI0 3aBUCUMOCTD O TUMU3UPOBAJIN METOIOM TI0OIIa-
TOBOTO KOOPAMHATHOIO CIycKa ¢ nuddepeniiupoBaHHbIM
3amanneM norperrHocTy Berumcaerans (R=0,1) n mara mo-
ncka (AX=0,01) mo ka0 epeMeHHo PU BHITTOJIHEHU N
IPAaHUYHBIX YCJIOBUIA, HE TO3BOJISIONNX BBINTH 32 ITPEIEIbl
peasn30BaHHOro0 GaKTOPHOrO IIPOCTPAHCTBA.

O6paboTka pe3yJbTaTOB WCCJIENOBAHUS 1€JEBOI
ynxmun rBepaoctu (HV) mokazasa nanmane skcTpemys
MOB B JIaHHOI 06sacTu BapbupoBanus Gpakropos (puc. 3,
5, 6,). PaccMaTpuBas UX B CEUEHUSIX MOKHO YTBEPIKAATh,
YTO ONTHMAJIbHble 3HAYEHUS TBEPHOCTU HTOCTHUTAIOTCS
MpH 3HAYEHUSX Jerupyiomux amementos: C = 0, 14-0,19%,
Cr = 21-23%, Ni = 17-20%.

5. BoiBojbI

1. Teopernueckn jokasaHa BO3MOKHOCTbH MCIIPAB-
Jslenust 1eeKTOB apMaTypbl TEPMUUYECKUX Tedeit
METO/laM! CBAPKU U HAILJIABKH.

2. Ilposemen rpadoaHaJUTUYECCKUN aHAJIU3 Ma-
TeMaTH4YeCKUX Mojeseil B BUje ypaBHEHUH pe-
rpeccHu, ONUCBIBAIONIMX COBMECTHOE BJIMUSHUSA
serupytomux anementos (C, Cr, Ni) u Temmepa-
typuoro tpaauenta (T) Ha ¢usmko-mexanmdve-
ckue cBoiictBa (TBepaocth HV) kapornpounbix
crajeil M CHJIaBOB. YCTAHOBJEHBI ONTHMAaJIb-
Hble 3HAUYEHUS COJEPKAHUS JIETUPYIOMUX 3Jle-
MEHTOB, MPU KOTOPBIX JOCTUTAIOTCS ONTHUMAJb-
Hble 3HaYeHUs (U3UKO-MEXaHUYECKUX CBOWCTB
HamasiaenHoro Merana: C = 0,14-0,19%,
Cr = 21-23%, Ni = 17-19%.

3. Ilokasano, 4TO majbHeNIINe KCCAEIOBAHUN He-
00XOMMO MPOBECTH € YYETOM PacyeToB, KOTOPBIE
YYUTBHIBAIOT TPEKPAlleHUs JeHCTBUS MCTOYHUKA
HarpeBa IIyTEM BBEICHUS TOHATHI (DUKTUBHOTO
HMCTOYHUKA TEIJIOTHI M (PMKTUBHOTO CTOKA TEIJIOTHI.
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Abstract

The article discusses the possibility of using the graph-analytical method for the analysis of prediction of the

mechanical properties of the welded joints of heat-resistant steels Fe-Cr-Ni-Si. The heat-resistant steels and alloys,
used for the manufacture of parts, which operate at high temperatures under a hard-intense state for a specified
period of time, should withstand the tension, causing the deformation that does not lead to destruction. The aim of
the work is to optimize the chemical composition of the welded heat-resistant metal for fittings of thermic furnaces,
to find the material with maximum performance characteristics, and to study the distribution of the mechanical
properties (HV hardness) on section of welded joint and heat-affected zone from heat-resistant austenitic and
austenitic-ferritic steels.

Theoretically we have proved the possibility of correction of the defects of fittings of thermic furnaces by
welding methods. We have held the graphic-analytical analysis of mathematical models in the form of regression
equations, describing the joint influence of the alloying elements (C, Cr, Ni) and temperature gradient (T) on the
physical and mechanical properties (HV hardness) of the heat-resistant steels and alloys. The optimal values for
the content of the alloying elements were determined; they can provide the optimal values of the physical and
mechanical properties of the welded metal: C = 0,14-0,19%, Cr = 21-23%, Ni = 17-19%.

Keywords: physical and mechanical properties, welding joint, optimization, deformation, high-melting
elements, response surface



