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[TpoBeneHbl WCCIEIOBAHUS W3HAIIMBACGMOCTH JIETalieil JABHrateiss BHYTPEHHETO CrOpaHHs NpU
HEYCTAHOBHBILUXCS PEXHMax pabOThl C IMOMOINBI0 METOAA IUIAHUPOBAHUS DKCIEPUMEHTA, pear3alus
KOTOPOT'O OCYILECTBISIACh Ha TIPOrPAaMMHUPOBAHHOM CTEHIIE.

KnaioueBblie cioBa: nBurarenb, pexuM paOOTHI, CTEHJ, KPHBOIIHUITHO-IIATYHHBIH MEXaHH3M, W3HOC,
MareMaTudecKast MOJeb.

Experimental investigation of internal-combustiorggme wearability by transient regime of a machine
with a method of planning an experiment were redeat. Realization of the method at the programmable
stand was done.

Keywords: engine, mode of operation, stand, crank mechagnigar, mathematical model.
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AHAJIN3 COBMECTHOI'O BJIMAHUA XUMNYECKOI'O COCTABA "
TBEPJAOCTHU HAIIJIABOYHBIX CIIJIABOB Fe-C-Cr-B-Si HA CHIOCOBHOCTbD
K COITPOTUBJIEHUIO ABPASUBHOMY U3HAILIMBAHHUIO

B cratbe mpencTaBieHBI WCCIIEOBAHUS COBMECTHOTO BIHSIHHS XHUMHYECKOTO COCTaBa M MEXaHHMYECKHUX
CBOWMCTB HAIIABOYHBIX MAaTEpPHaJIOB B Cpelle IOJIy3aKpeIUICHHOTo abpa3uBa 03 yAapHBIX Harpysok.
IIpenynoxeHn alropuTM aHanu3a KOMIUIEKCHOTO BIMSHHUS XMMHYECKOTO COCTaBa M TBEPJOCTH HAIJIABOYHBIX
craBoB  Fe-C-Cr-B-Si Ha cmocoOHOCT, K CONPOTHUBJICHHIO aOpasMBHOMY H3HAIIWBaHHIO. IIpoBeneHo
MaTeMaTHYeCKoe IUTAaHUPOBAaHHWE DKCIEPUMEHTAa W TOJyYeHA HEJIWHEWHAs CHCTeMa YPaBHEHUH BIUSHUS
COJIep)KaHusl yriepoja, Xpoma, Oopa M KpeMmHHs B ciuiaBe Ha TBepaoctb HRC u oTHocuTenbHYIO
W3HOCOCTOUKOCTD &,,.

KiaroueBble ciaoBa: TBEpIOCTh, XUMHUYECKHI COCTaB, HAIUIABOYHBIE MaTepHaNbl, NW3HOCOCTOWKOCTH,
perpeccus.

BBenenue
Haubomnee 3¢ dekTuBHOM 3amuUTON NeTaneid OT abpa3uBHOTO U3HAIMBAHUS SIBIIICTCS HAHECEHUE
Ha UX MOBEPXHOCTH (C MOMOIIbIO HAIUIABKH, HAMBUICHHS, METAILUTU3AIMUA U JIP.) H3HOCOCTOMKUX
CIUTaBOB, KOTOphIe ¢ 0a30BBIM MaTEpHUaIOM O0pa3yroT 3amuTHOe MOKphITHE. OCHOBHAS 3a/a4ya
CO3aHMSI KOMIUIEKCHBIX KOMITO3UITUN 3aKIIFOYAE€TCS B OOSCIIEYEHUH BBICOKON M3HOCOCTOMKOCTH
TIOKPBITHS U TIPOYHOTO COSIMHEHUS €T0 MO BCEH MOBEPXHOCTH KOHTAKTa C OCHOBHBIM METAJIJIOM.

AHAJIH3 JTUTEPATYPHBIX HCTOYHUKOB.

Haubonee mepcneKTUBHBIMUA MaTepuaiamMu JUisl MOKPBITUH, pabOTAIOMUX B YCIOBHUSX
aOpa3MBHOTO M3HAITMBAHUS, SBJISIFOTCS CIIABBI C BEICOKOW MCXOIHOM TBepaocThio 58-68 HRCu
3HAYMTENBbHBIM cojaepkanreM 50-80% ympounstomeit nu30bITOYHOM (Da3bl MHUKPOTBEPIOCTHIO
Hs0=16-3d Tla, pacmonokeHHbIe B MAPTEHCUTO-ayCTEHUTHON MaTpHIle. Y Ka3aHHBIM
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TpeOOBaHMSIM JOCTATOYHO XOPOIIO OTBEYAIOT 3a3BTEKTHUECKUE CIuIaBbl cuctemsl Fe-C-Cr-B-Si,
KOTOpBIE HE cojepKaT AeGUIUTHBIX AJIEMEHTOB U B 3aBUCHUMOCTH OT OTHOIIEHHUS XpoMa K
yriaepony, 00py M KPeMHHIO KPHCTAUTU3YIOTCS C Pa3nuYHON M30BITOUYHON (a3oil — KpaOuaHOM
(Cr, Fe)}Cs, (Fe, CnsCq; oopunmuoit (Cr, Fe)B, (Cr, Fe)Bu xapboobopuanoii (Cr,Fe}(CB)s;
(Cr,Fe)s(CB)s[1-7].

Takum oOpasom, cucrema JerupoBanus Fe-C-Cr-B-Si nMeeT Bce MOTEHIHATbHBIE
BO3MOXXHOCTH, 4YTOOBI Ha €€ OCHOBE ObLI pa3pabOTaH HOBBI M3HOCOCTOMKMN MaTepuan ¢
ONTUMAJIbHBIM COOTHOLIEHUEM XUMHUYECKUX HJIEMEHTOB.

Hean padoThl.

[lenpto nmaHHOW pabOTHI SBISETCS HWCCIENOBAHWE COBMECTHOTO BIIUSHUS XUMHYECKOTO
cocraBa (yriepoma, Oopa, KPeMHHS) M TBEPJIOCTH HAIUTABOYHBIX XPOMHUCTBIX CIUIABOB Ha
CIIOCOOHOCTh K COMPOTHUBJICHUIO a0pa3sMBHOMY M3HAIIMBaHUIO. Ha ocHOBaHMM aHanu3a JaHHBIX
ATOr0 HCCJENOBaHUS IUIAHUPYETCS] TMONYYUTh KOMIUIEKCHYIO CHUCTEMY MaTeMaTUYECKUX
YpaBHEHHI BIMSHUS YTIEpPOJa, Xpoma, Oopa W KPEMHHS Ha TBEPAOCTh M OTHOCHTEIHHYIO
M3HOCOCTOMKOCTh MaTepHaa.

MarepuaJbl uccjie10BaHUs.

3a mapamMeTp ONTHMHU3AIMU MPHUHATA OTHOCHTEIbHAs MaccoBash H3HOCOCTOUKOCTH (g,)
(Tanon cranp 45, B OTOXOKEHHOM COCTOSHHH), KOTOpas OIpeaesiach Ha JabopaTOpHOI
yctanoBke coriacHo ['OCT 23.208-79.[1lnaHupoBaHue SKCIEpUMEHTa MPOBOAWIM IO TIJIAHY

Bokca-Vuicona [6-8] s Tpex HE3aBMCHMBIX MEPEMEHHBIX Ha JIBYX YPOBHSX BapbUPOBAHUSI
(Tabu.).

Ta6n1/1ua - PGSYJ'IBTaTI)I peain3aliul MaTpULbl INTAHUPOBAHUA DKCIICPUMCHTA 23 U CBOMCTBA
IIOJIYYCHHBIX CIIJIABOB

No Conepxanue BOZGMGHTOB Mace, MukpotBepaocts Hy, I'Tla OTtHocuTeNnbHAs
CHJ;. . HRC S, H3HOCOCTOMKOCT
Cr C B Si OCHOBBI 9 b, &u
i (hasel
1 13 15 1,0 55 54 8,1-10,9 - 3,5
2 13 15 4,0 2,5 64 10,9-14,5 20,7-22,6 5,55
3 13 2,5 1,0 2,5 56,2 8,1-8,6 14,5-16,9 3,96
4 13 2,5 4,0 55 62,5 10,9-13,5 20,7-22,6 4,98
5 13 15 1,3 2,5 54,0 7,3-10-3 - 3,45
6 13 15 1,3 55 63,0 10,9-11,7 18,9-20,7 4,20
7 13 2,5 1,0 55 56,5 6,5-8,6 - 5,54
8 13 2,5 4,0 2,5 62,5 10,9-12,5 20,7-22,6 4,87
9 13 2,0 2,5 4,0 62,5 9,7-10,9 15,6-16,9 5,98
10 13 2,6 2,5 4,0 61,5 6,50
11 13 14 2,5 4,0 59,5 5,03
12 13 2,0 4,3 4,0 63 5,25
13 13 2,0 0,7 4,0 57 4,57
14 13 2,0 2,5 5,8 61,5 5,80
15 13 2,0 2,5 2,2 61 5,78
0,42- | 0,5- 0,17- HV
Cram 45| 55 | 08 | 037 | 220 1,00

B kauecTBe OCHOBHBIX HE3aBUCHUMBIX ()aKTOPOB OBLIM BBIOPAHBI: MACCOBAs JIOJISI YTIIEPO/a,
Oopa u KpeMHHsI B HAIUTABJICHHOM MeTayuie. MaccoBasi IoJsl XpoMa OCTaBajach MOCTOSHHOW |
paBHstack 12,5 - 13%.

OO0OpaboTKka pe3yNbTaTOB 3KCIEPUMEHTAa NPH BBIYUCICHUU KOI()(PHUIIMEHTOB pPErpeccHu
MOJIMHOMHUAIBHON Moienu By u B, mpoBomiack Ha OCHOBE pean3anuy paciiupeHHOW MaTPHIIbI
ianupoBanus (Tadi. 1) ¢ ucmojab30BaHHEM METO/1a HAMMEHBIINX KBaapaToB [8].
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Xapakrep paspyieHus
MOBEPXHOCTH TPEHUS IOCJIE
M3HALINBAHUS HAaILUIABOYHOTO
cIuiaBa 150X13P3C4 n
MHUKPOCTPYKTYPHI HAIUIaBOYHBIX
CIIIABOB 150X13P3C4 u
150X13P4C3 noka3ansl Ha puc. 1 u
2 COOTBETCTBEHHO.

Takum oOpa3om, B pe3ysbTaTe

00paboTKu pe3yIBTATOB Puc.1 - XapakTep paspylleHUs IOBEPXHOCTH TPEHUS
TIAHAPOBAHHS SKCIIEPUMEHTA TIOCJIe M3HAIIMBAHUS HAIIABOYHOTO CIUIABa
TMIOJYYEHBl CIENYIOIHME aleKBAaTHbIE 150X13P3C4: a - x200; 6 - x500

YpaBHEHUS PETPECCUU.
£,=-6,77+576C I+ 3,84B } 0,665} 0,41C 1B} 0,50C |[Sit+ al6[ B $i-1,48 €-0,42[ B-0,16] Si(1)
HRC=23,14+ 21,72C ¥ 7,86B} 2,005i1 1,17C |B} 4,34C1 &3 F-0,25 (2)

rae [C] — maccoBas monst yriaepona, %; [B] — maccoBas mons 6opa, %; Si] —maccoBas moss
kpemuus, %; [e,] — MaccoBast oTHOCHTENbHAS H3HOCOCTOMKOCTh;, HRC —arperarnast TBep1ocTh;
OreHKa CTAaTHCTHYECKOW 3HAYMMOCTH HaHJECHHBIX KO3()(HUIIMEHTOB OCYIIECTBISIIACH
HezaBrcuMo, ucronb3ys t(K, o) — kpurepun CThrofeHTa, CPABHUMOCTD IUCIIEPCHIA OLIEHUBAIIN TI0
kpurepuio KoxpeHa, a aleKBaTHOCTh YpaBHEHHs PErPECCUU IPOBEPSIIN 110 KpuTeprio Puiepa.
KauecrBenHslii ananu3 nonyuennoit perpeccun € = F(C;B;Si) nokassiBaer (puc. 3),uro
yraepon [C], 6op [B] u kpemuuii [Si]
BXOIAT B YpaBHEHHE CO 3HAKOM ILIOC H
BBI3BIBAIOT IOBBIIIEHUE M3HOCOCTOMKOCTH,
XOTSI TTApPHbIE B3aWMOJICHCTBHUS yIriepoaa
oopa [C][B], xpemuuss u Gopa [Si][B]
MMEIOT OTPUIATEIBHBIN BKIAI ¥ BHI3BIBACT

HEKOTOpOe CHIDKCHHE cruiaBa K
COINPOTHUBIICHUIO abpa3uBHOMY
H3HAINABAHUIO. Puc. 2 - MukpocTpyKTypa HaIIaBOYHOTO CILJIaBa:

OtpunarenpHoe  BJIHAHHE IAPHOIO a - 150X13P3C4 x500;6 - 150X13P4C3 x500
B3aumoiericTeus [C][B] MoxHO 00BACHUTD

KOHKYPEHIIUEH» yriepoja u 0opa B MOBBIIICHUH W3HOCOCTOMKOCTH MeTajlia, MOCKOJIbKY MpHU
ero KpUCTAJUIM3AIUK TPOUCXOMIAT Pa3IHyYHbIC MPOIECChl KaK KapOWI000pa3oBaHus, Tak WU
oOpaszoBanus 60pHUIHON (ha3bl, KOTOPHIE MOTYT MOAABIATH IPYT ApYyTa.

B 10 ke Bpems mapHoe B3aumojeiictBue yriepoaa u kpemuus [C][Si] ¢ momoxuTeIbHbIM
BKJIAJIOM T[IOKa3bIBa€T, YTO OTH ODJIEMEHTHl HE SBISIOTCSI «KOHKYpPEHTaMH», a Hao0opoT,
JOTONHSIOT APy Apyra. IIpucyTcTBHe B ypaBHeHnH kBaapatnuusix wienos [C]% [B]% [Si] ¢
OTPHULIATETIFHBIM  BKJIQJIOM CBHJICTEIBCTBYET 00 OrPAaHMYCHHOM XapaKTepe OIMUCAHHOW
MOBEPXHOCTH OTKJIHMKA W ONpPEIENIACT HAIWYHME JIOKAJIbHBIX KCTPEMYMOB. YUHUTHIBAs TO, YTO
OTHOCHUTEJIbHAS M3HOCOCTONKOCT (€,) MOXKET MPUHUMATD TOJIBLKO TOJI0KUTEIIbHBIC 3HAYCHUS, TO
ypaBHEHHE OBUIO MPOBEPEHO B TOYKaX (PAKTOPHOTO MPOCTPAHCTBA, OIPAHUYCHHOTO HIKHHM H
BEPXHHUM YPOBHSMH BapbHPOBAHUSI.

OTpHLIaTeIbHBIX 3HAYCHHH HM3HOCOCTOMKOCTH HE 3aperucTpupoBaHo. OnTUMU3aIs
perpeccun &, = F(C;B;Si) Bpmonssmack ¢ auddepeHnnpoBaH-HBIM 3aJaHUEM TMOTPEIIHOCTH

Beruncienuss (R=0,1) u mrara moucka (AX=0,01) mo Kaxaoi mMepEeMEHHON MPH BHIIOIHCHHH
TPAaHUYHBIX YCIIOBHH, HE TO3BOJISIONIMX BBIMTH 3a TPEIeNbl Pean30BaHHOTO (PaKTOPHOTO
npoctpancTBa. [IpoBeieHHBIE pacyeThl TOKA3ali, YTO MAKCUMAIBbHOE 3HAYE€HUE OTHOCHTEIHLHOMN
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HU3HOCOCTOMKOCTH €, IOCTUTAETCS B CJICIYIOIMUX MHTEepBaliax MaccoBbix gojei: Cr 12,5-13%; C -
2,3-2,6%; B — 2,4-2,6%; Si — 4-4,5%.

KauectBennsiit ananu3 perpeccur HRC = F(C;B;Si) nokasai (puc. 4),uto yraepoa [C], 6op
[B], xpemuuii [Si] BXOAAT B ypaBHEHHE C MOJOKUTEILHBIM BKJIAJIOM U YBEJIHYHUBAIOT arperaTHyio
TBEPAOCTH CILIABA.

OTHOCUTEenbHas
maccoBas
M3HOCOCTOMKOCTb
Teeppoctb HRC

(2]
[=
(o2}
o

MaccoBas

G’ 2,50 Aors Il(peMHI/Iﬂ
1 3 Si, %

N N o

MaccoBas gons
Maccopag nonA Gopa yrnepoga C, %

Puc. 4 —3aBucumocts TBepaoctu HRCort:
MaccoBoit monu yriepoaa C u kpeMHus Si
IpY IOCTOSTHHOM 3HadeHuu B = 2,60%

Puc. 3 —3aBHCHUMOCTH OTHOCUTEHHONW MAaCCOBOM
M3HOCOCTOMKOCTH €, OT MaccoBOil 1oy 6opa B u
yraepoaa C npu nocrtosiHHoM 3Hauenun Si = 4,00%

B TO e BpeMsl HAIMYNE B YPABHEHHUH OTPHLATEIBHBIX KBaapaTHbex wiernos [C]% [B]?, [Si]?
CBUJIETEIILCTBYET O 3aMKHYTOCTH (YHKIMHM OTKIWKA, B KOTOPOH HAXOIUTCS MaKCHMAJIbHO
BO3MOJKHOE  3HAUEHUE  TBEPJOCTH, OIPEHCISIONIeeCs  ONTHUMAJIbHBIM  COOTHOIICHHEM
JICTUPYIOIINX 3JIEMEHTOB.

OTO TONTBEpPKAAaeT W AaHAM3 YypaBHEHUs, IOJIYYCHHOTO TPU TOCTPOSHUU MapHOU
KOPPEJSAIUU MEXTYy OTHOCUTEIIEHON N3HOCOCTONKOCTBIO U TBEPIOCTHIO CILJIABOB!

£ =-16837- 573HRC] - 00§ HRC]’ 3)
rne HRC —arperaTHast TBEpIOCTb;

€y — OTHOCHUTEJIbHAS N3HOCOCTOUKOCTH;

R = 0,63 «o03¢dunreHT Koppemsium.

AHanu3 ypaBHEHHS MMOKa3ajl, YTO KBaJpaTHYHAs 3aBUCUMOCTh MMEET MHTEpBAJ meperuda B
npenenax 60-63 HRC. JlanpHeiimee yBenWueHHWE TBEPAOCTH  BBI3BIBAET  CHUIKCHHE
WU3HOCOCTOWKOCTH, 4YTO BEPOSTHO CBSI3aHO C TIOBBIIICHUEM XPYNKOCTH U BO3MOXKHBIM
BBIKPAIIMBAHHEM MHKPOOOBEMOB MeTa/lla B MOMEHT KOHTAKTHOTO B3aMMOJICUCTBUS C
abpa3uBOM. OTO TOATBEPXKIAeT W aHaIU3 T[OBEPXHOCTH W3HAIMBAHMS, a TaKKe
MHUKPOCTPYKTYpHI, B dacTHOocTH ciiaBa 150X13P4C3, ¢ HanuumeM 3HAYUTENBHON XOJOTHOU
MUKPOTPEIIHHBI.

BeiBOABI

Hcxons u3 3T0T0, CTAHOBUTCSI OYEBUIHBIM, YTO MPU HEOOXOIUMOCTH Pa3pabOTKH CIUIABOB C
BBICOKOM TBEPIOCTBbIO HEOOXOJAMMO TMOBBINIATh ITUIACTUYHOCTh OCHOBBI HIIM HM3MENbYaTh
ynpouHstonlyto ¢a3zy. OIHAKO TepBOE pEMIEHHE OMAacHO BO3MOKHOCTBIO BBIKPALTHBAHHUS
TBEPABIX BKIIOYCHHUH 32 CYET OBICTPOTO WM3HAIIMBAHWS OCHOBBI METAJIAa M MOXXET MPHUBECTH K
3HAYUTEIBHOMY CHM)KEHHUIO HM3HOCOCTOMKOCTH. BTOpOW IyTh, CBSI3aHHBIA C HU3MEJIBYEHUEM
BKITIOUCHHH, SIBIIICTCS BECbMa TEPCICKTUBHBIM, MMOCKOJBKY, YeM MEHbIIE pa3Mep U30BITOUHOM
¢da3pl, TEM TpOUYHEE OHA YJCPKUBACTCS B OCHOBE CIUIaBa M TeM OOJBIIE HAIO MPHIOKHUTH
SHEPTUU IS €ro pa3pylieHus, a CIeJAoBaTelbHO, W CIIOCOOHOCTH CIUIaBa COMPOTHBIISTHCS
aObpa3WBHOMY W3HAIIMBAaHUIO OyneT Oosbmie. OHAKO, B HACTOSIIEE BPEMS OTCYTCTBYIOT TaHHBIC
0 KpHUTEpPHUSIX TEXHOJOTHYECKOH HAJC)KHOCTH, TBEPAOCTH, HW3HOCOCTOWKOCTH, TPAaHMIL
JETUPOBAHUS KapOUI000pa3yIOIMIUMH JJIEMEHTAMH, YCTAHABIMBAEMbIE IS H3HOCOCTOMKUX
CIUTABOB M TIOKPBITHHA, JUIsI Pa3IMYHBIX YCIOBUN wW3HAMMBaHUSA. [loaTOMy co3/aHue Takux
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KpUTEpPHUEB KpailHe HEOOXOIWMO, YTO BBI3BIBAET HACTOSTEIBHYIO MOTPEOHOCTH B MPOBEICHUU
00s13aTeNbHBIX JaTbHEeHUIINX HANpPBJICHHBIX HCcleqoBaHWU. Takum o0pa3oM, Mpe/cTaBICHHBIC
UCCIICIOBAHUSI HA OCHOBE MaTeMAaTHYEeCKOTO0 MOJICTUPOBAHUS TO3BOJISIIOT —pa3paboTaTh
ONTUMAJILHBIN HAIUTABOYHBIM MaTepwall, oO0JaNalomuil TOCTaTOYHOW TBEPIOCTHIO, KOTOPBIH
MO>XHO PEKOMEHJI0OBATh JIJIsl IKCILTyaTalliy B Cpejie MOTy3aKperieHHOro adpa3uBa 0e3 yIapHbIX
Harpy3oK.
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AHAJIU3 COBMECTHOTO BJIMSIHUSI XUMHYECKOT0 COCTABA H TBEPAOCTH HAIJIABOYHBIX cIjiaBoB Fe-C-
Cr-B-Si Ha cmoco6HOCTB K conmpoTuBJIeHHI0 adpa3uBHomy n3HammBanuw / C. H. Ionos // Bicauk HTY
«XTIII». Cepisi: HoBi pimienns B cyqacHux texHonorisx. —X: HTY «XIII», — 2012. Ne 68 (974). -C. 10-14. —
bi6miorp.:8 Ha3B.

VY crarTi mojgaHo JOCHTIKEHHS CYKYITHOTO BIUIMBY XIMIYHOTO CKJIQJy 1 MEXaHIYHUX BIACTHBOCTEH
HATUTaBITIOBAJILHUX MaTepialliB Ha 37aTHICTh JI0 CTIPAIlbOBYBAHHS Y CEPEIOBUIII HAITiB3aKPIIUICHOTO abpa3uBy
0e3 ymapHUX HaBaHTA)XEHb. 3aIPOIIOHOBAHO aJTOPUTM aHaJi3y KOMIUIEKCHOTO BIUIMBY XIMIYHOTO CKIIAIy i
TBEPJOCTI HaruiaBIoBaibHUX ciuiaBiB Fe-C-Cr-B-SiHa 31aTHICTH 70 OMOpy aOpa3WBHOMY 3HOIIYBaHHIO.
[IpoBeneHo MaTeMaTHuHE IUIAHYBaHHS CKCICPUMEHTY Ta OTPHMAaHA HEJiHIHA CHCTEMa DPIBHSHb BIUIUBY
BMICTY BYTJIEI[IO, XpOMY, OOpY Ta KpeMHito B cruiaBi Ha TBepAicTh HRC 1 BiTHOCHY 3HOCOCTIHMKICTB €y

The paper presents the study of joint influencéhefchemical composition and mechanical properties
of the coating materials in the environment seradibabrasive without shock. The algorithm for thalgsis
of the combined effect of the chemical composito hardness of hardfacing alloys Fe-C-Cr-B-Sitan t
ability to resist abrasion. The mathematical desigexperiments and the nonlinear system of equsitod the
influence of carbon, chromium, boron, and silicorthie alloy hardness HRC and the relative durgllits,,.
Keywords: hardness, chemical composition, coating matenear resistance, regression.
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TEXHOJIOT'MYECKUE XAPAKTEPUCTHUKH DJEKTPOIPO3NOHHON
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KUIKOCTH.
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