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JlocipKeHHST HaIIpy>KeHO-1e()OPMOBAHOTO CTAHY
10HHOA30TOBAaHUX 3Pa3KiB 13 TOKPUTTSIM B YMOBaX
130TE€PMIYHOI Ta TEPMOIUKITYHOI TOB3YYOCTI METOJIOM
KIHIICBO-€JIEMEHTHOTO aHaJII3y

B poGoTi Ha OCHOBI MeTOMy KiHIIEBO-EIEMEHTHOTO aHalli3y 3MiHCHEHO OCIIPKEHHS HaNpyXeHO -
neopMOBaHOTO CTaHy 3pa3Ka 3 alFOMiHIEBOTO CIUIABY 3 TEIUIO3aXMCHUMH IU]y3iiHUMH 10HHOA30TOBaHUMH
mrapaMl B YMOBaX I30TEpMIYHOTO Ta TEPMOIMKIIYHOTO HaBaHTa)XEHHS. [IpoBEeNEHO OIHKY HaNpy>XeHO -
ne(OPMOBAaHOTO CTaHy alIOMIHIEBOTO 3pa3ka, AK 0e3 3MIIHEHHA, TaK i3 TeIIO3aXUCHUM Ju(y3iidHIM
10HHOAa30TOBAaHUM IIOBEPXHEBHM LIAPOM BiJ OZHOYACHOIO BIUIMBY HABAHTa)KCHHs Ta TEMIEPATYpH, a caMme B
yMOBax TEPMOLMKIIYHOI MOB3y4yocTi. [lopiBHsHA oliHKa HamnpyxeHo-aehopmoBaHoro crany 1/8 3paska 3
amoMiHieBoro cmiaBy AJI2]1 Ta i3 3MiIHEHHMM TIOBEPXHEBHM INApOM 3[iMiCHIOBaJacs 3 BHKOPHUCTaHHSIM
nporpamuoro nakera NASTRAN. BcranoBneHo, 110 3HaYHa YaCTHHA €KBIBAJICHTHUX HAIPy>KEHb CIIPUAMAETHCS
3MILHEHUM IIOBEPXHEBUM IIapoOM IpH 30EepeKeHHI HeCy4oi 34aTHOCTI OCHOBU. LluM miATBEpmIKYyETHCS
MI/IBUILEHHS ONOPY KOMIIO3ULIT “OCHOBA-NMOKPUTTS SIK 130TEpMIuHINi Tak 1 TepMOLMKIIUHII noB3ydocti. Kpim
TOrO, 3a JIOIOMOTOK0 METOAY KIHIEBO-CJIEMEHTHOIO aHali3y MOXKHa mependauutn poOoTy Jeraneit
IMJIIHIPOIIOPIIHBOBOI TI'PYIM, a caMe Yac 1 MICIle BHHHKHEHHS TpPINIMHU TPH 3MiHI HABaHTaKEHHS Ta
TEMIIepaTypHu.

Hanpy:KeHo-1egopMoBaHuii cTaH, MeTO/] KiHI€BO-eJIeMEHTHOI0 aHAJi3y, OCHOBA, MIOKPHUTTS, i30TepMiuHa
Ta TEPMOLMKJIIYHA MOB3YYiCTh

IMocranoBka npodiaemu. ONHUM 3 MPOTPECUBHUX METOJIIB IMiJBUIICHHS TEIJIOBOI
CTIWKOCTI OPITHIB IBUTYHIB BHYTPIIIHHOTO 3TOPAHHS € 10HHE a30TyBaHHS (10HHO-TJIA3MOBE
azotyBaHHs) [1]. Pa3om 3 TUM JOCHiIKEHHS HAmpyKeHO - 1eOpPMOBAHOTO CTaHy 3pa3ka 3
AITIOMIHIEBOTO CIIaBY 3 TEIIO3aXMCHUMHU JU(PY31HHUMH 10HHOA30TOBAHMMH IIapamMu B
YMOBaX TEPMOIMKIIYHOTO HAaBAaHTXKEHHS (0JHOYACHOT J1ii HABAHTAKCHHS Ta TEMIIEpaTypH) €
aKkTyaJbHOIO 3amauero. [Ipu 1boMy 3acTOCyBaHHS METOHY KIHIIEBO-€JIEMEHTHOIO aHalizy
Ha/la€ MOKJIMBICTh NepeadaynT poOOoTy AeTaneld HUIIHIPONOPIIHBOBOI IPYIH, a caMe 4ac 1
MicIle BAHUKHEHHSI TPIITUHU TP 3MiHI HABaHTa)XCHHS Ta TemMneparypu [2,3].

AHai3 ocTaHHIX JocailkeHb i myOJikamid. MerTon KIHIEBUX €JIEMEHTIB €
MOTY)KHUM YHUCEIHPHUM METOJIOM BHUPIIICHHS HAWPI3HOMAHITHUX 1HXEHEPHHUX 3a/ad Ta Mac
BUpIIIaTbHE MICIIE B MPOTHO3YBaHHI MpPAaIe31aTHOCTI KOHCTPYKTUBHUX €IIEMEHTIB MpHU il
eKcIuTyaTaiiuux daktopis [4].

B 3anmexxHOCTi Bifg BHIy pO3paxyHKY, CKJIQJIHOCTI 3ajadi Ta HAMpPaBICHOCTI TOTO, YU
IHIIOTO MPOTpamMHOro 3a0e3Me4eHHs [N KOHKPETHOTO pPO3paxyHKy JIOCITiAHHUKAMU
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BUKOPHUCTOBYEThCS mporpamumii mpoxyKT NASTRAN, sikuii Mac CIibHY pO3paxyHKOBY 0a3y
Ha OCHOBI METOJy KIHIICBUX €JIEMEHTIB 1 C OJHIEIO 3 TIpOrpaM KiHIEBO-EIEMEHTHOTO aHai3y.
i mporpamu 0OyMOBJICHI BUKOPHCTAHHSM iX IS PO3PAXyHKY CKJIATHUX 3a7a4 MEXaHIKU
neopMOBaHOTO TBEPAOrO Tila, 3a7ad TEIUIONMPOBIAHOCTI, TeOpii KOJIMBaHb Ta IHIIHMX
crenuQiYHNX PO3PaXyHKIB TaKUX SIK PO3PAXYHOK €JIEMEHTIB KOHCTPYKIlii Ha MIIHICTh, 200
ONTHUMI3AIllsl KOHCTPYKII 3a TpaHUYHUMHU HANpPY>KEHHSMHU Ta MOMEPEYHUM MEPETUHOM
netani. [Ipy 1boMy € MOXKITUBICTH MOJICTIOBATH MIPAKTHYHO BCi THIH MaTepiaiB, BKIIOYAI0UN
KOMITO3UTHI. OCKUTBKA TIOPIIHI aBTOTPAKTOPHUX JBUTYHIB BHYTPIIIHBOTO 3TOPAHHS
MPALIOIOTh Y BAXKKHUX TEMIEPATyPHUX PEKUMAaX 1 CKIAQJHUX CTATHYHUX 1 TUHAMIYHHX YMOBax
HAaBaHTAKCHHS, Ta MAalOTh CKJIAIHI TeOMETpPUYHI (OPMH, TO JIs PO3pPaXyHKY HaIpPy>KEHO-
neOpMOBAHOTO CTaHy JOIUIBHO BHUKOPUCTOBYBATH NpOrpaMHUil kKoMmiuiekc — MSC
NASTRAN for WINDOWS [5, 6].

IHocTanoBka 3aBaaHHs. Ha 0CHOBI METO/y KiHIIEBO-€JIEMEHTHOTO aHANI3y 3MIHCHUTH
JIOCJIIJDKEHHS  HaNpy»XKeHO-1e(OPMOBAHOTO CTaHy 3pa3ka 3 allOMIHIEBOTO CIUIaBy 3
TEIUIO3aXUCHUMH JU(PY31HHUMH 10HHOA30TOBAaHUMH IIapaMH B YMOBAaX TEPMOLMUKIIYHOTO
HaBaHTa)KEHHS.

Bukiiaa ocHoBHOro martepiany. [Ipu po3paxyHKy Hampy)eHO-Ae(OPMOBAHOTO CTaHY
BPaxOBYBAJIHCSI OCOOJMBOCTI iX T€OMETPUYHHMX MapamMeTpiB, BIACTHBOCTI KOHCTPYKTUBHOTO
MaTepiany, BHJ PO3PaxXyHKy (CTaTUYHUN, TEIUIOBUMH, Ta 1H.), Ta yYMOBH CHIIOBOTO I
TEMIIEpAaTypPHOTO HaBaHTA)XCHHS, IO AiIOTh Ha HUX. Po3paxyHOK y poOOTI MpOBOIWIH 3
BUKOPHCTAHHSAM PEAIbHUX EKCTIEPUMEHTAIBHUX 3Pa3KiB.

Mertoanka po3paxyHKy HaIpyXeHO-Ie(hOpMOBAHOTO CTaHy KOMIIO3HIlli “OCHOBa -
MOKPUTTS 3 BpaxyBaHHSAM EKCIUTyaTal[iiHUX Ta TEXHOJOTIYHUX (DAKTOPIB CKIANAETHCS 3
JNEKUIBKOX €TalliB:  pO3B'SI3yBaHHS  3a7a4l  HECTAI[IOHAPHOI  TEIUIONMPOBITHOCTI  JJIst
BU3HAUCHHS 3QIMIIKOBUX HAIMPYXKEHb, Kl ¢ PE3yJIbTATOM HAHECCHHS MOKPUTTS; BUSHAUCHHS
HanpyXeHb BiJ CHJIOBOTO Ta TEMIIEpAaTYpHOTO HABAHTAXKEHHS; OTPHUMAHHS HaIPyKEHO-
1e()OPMOBAHOT'O CTAHY METOJIOM CYTIEPIIO3UIIi.

3 BUKOPHUCTAHHSIM METOAY KIHIIEBO-€JIEMEHTHOTO aHalli3y WIPOBEICHO OIIHKY
Hanpy>keHO-1e()OPMOBAHOTO CTaHy aJIOMIHIEBOIO 3paszka, sK 0e3 3MIIHEHHA, Tak i3
TEIJIO3aXUCHUM JTU(Y31HHUM 10HHOA30TOBAHUM IIOBEPXHEBHMM IIIAPOM BiJ OJHOYACHOTO
BIUTMBY HABAaHTA)XKCHHS Ta TEMIIEPATYPH, a caMe B YMOBaX TEPMOIMKIIYHOT MOB3y4ocTi. J{st
OLTBII TOYHOTO BW3HAYCHHsS CKBIBAJCHTHUX HANpPY)KEHb TMPOBEJICHHS PpO3pPaxyHKiB
npoBogwiacs  Ha 1/8 wactuni 3paska (puc. 1). IlopiBHsHA OIliHKA HAaMpyXeHO-
nedopmoBaHoro crany 1/8 3paska 3 amominieBoro crutaBy AJI21 Ta i3 3minfHEHUM
MOBEPXHEBUM IIAPOM 3J11HCHIOBANIACS 3 BUKOPUCTAHHAM nporpamHoro naketa NASTRAN.

-

= enswmmEm

Pucynox 1 — ITonst a) Ta 3mMiHa 0) eKBiBaJICHTHHX HaNpyXeHb B Mojeni 1/8 3pa3ka
0e3 3MilJHEHHs B YMOBaX TEPMOLMKJIIYHOTO HaBaHTa)xeHHsI, [1a

Loicepeno: pospobneno asmopamu
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B 4KOCTI MOYAaTKOBHX JaHUX 3aCTOCOBYBAJHCA (DI3MKO-MEXaHIUHI BIIACTHUBOCTI
aroMiHieBOTO criaBy AJ[21 # 3MIITHEHOTO MOBEPXHEBOTO MIAPY, OCHOBY SKOTO ckiamae AIN
[7, 8]: rycTuHa MaTepiany - p = 3,26 r/em’; KOEQIIIE€HT JIHIHHOTO PO3MHUPEHHS — o) = 5 107
K™'; koedirienT TemonposigHocti - A = 90 Br/(M K); muroma TemmoemHicTs - ¢ = 850 x/(kr
K); mozyns OHra - E = 3 10" Ia; momgyss 3cyBy - G = 1,5 10" ITa; koediuient [lyaccona -
p=0,2.

Monens HanpyxeHo-nedopmoBanoro ctany 18 3paska 3 amomirieBoro crary AJI21
0e3 3MIIHEHHs pO30MTO Ha KIHIIEBl €JIEMEHTH 3 MOJSMHU MEepPEMINIEHb Y HANPSIMKY Jii CHJIH,
sgKa TPHUKJIAZeHa 10 BEPXHbOI YAaCTHHM 3pa3ka, MPU OJHOYACHOMY BIUIUBI TeMIIEpaTypH.
Mogensb cknanaetses 13 12691 Bysna ta mae 10020 enementiB. Ha pucynky 1 mpencraBieHo
NOJIs1 €KBIBAJIGHTHUX HAIIPY KEHb B 111 MOJIENI B yMOBaX TEPMOLMKIIYHOTO HABAHTAXKCHH.

B pesynbraTti aHamizy oTpMMaHOi MOENI Ta 3HAYCHHs HAMPYXEHb MO TOBXUHI 1/8
3pa3ka croctepiraeMo (puc. 2), IO MaKCHUMallbHI E€KBIBAJIEHTHI HANpPYXEHHsS IIIOTh B
cepenrHi poOOYOT AUISHKU 3pa3Ka MO BCiM IUIONI TOmepeyHoro mepetuny. lle 3ymoBieHo
3HAYHUM BIUIMBOM TEPMIYHUX HAMPYKEHb, TaK SK I YaCTHHA 3pa3zKa MiAJSATac 3HAYHOMY
BIUTUBY TemmepaTypu. CTpuOKOMOMIOHWN XapaKTep KPHUBOi MOSCHIOETHCS 301IBIICHHSIM
HaNpy>kKeHHS B MICLSX MOXKJIMBOTO BUHUKHEHHs TpiliMH. PyliHyBaHHS 3pa3ka 0e3 3MilHeHs
MMOYHETHCS TPH HarnpykeHHi 1,99 10® Ia.

Mopnens HampyX)eHO-AeOpMOBaHOTO cTaHy 1/8 3pa3ka 3  aIIOMIHIEBOTO CIUIaBY
AJI21 13 nqudy3iiHIME 10HHOA30TOBaHUMH ImapaMu po30ouTo Ha 10020 KiHIIEBUX €IEMCHTIB
ta 12691 By3na, EneMeHTH 1110 3HaXO0AThCs HA TIOBEPXHI MAalOTh 3MIHHUIN MOAYJIb MPYKHOCTI
10 TOBIIIMHI €JIEMEHTa, TOYMHAIOYH BiJ a30TOBAHOI MOBEPXHIi 10 OCHOBHOTO MaTepiaiy.

Ha mouarky OIlIHKM BCTaHOBIEHO pO3MOMLT TEMIEpaTypu IO IJIONI 3pa3ka
MpOTATOM dYacy HarpiBaHHs (puc. 2,a), MPUKIAI PO3MOMLITY TeMmrepatypu Ha 4 ¢
HarpiBaHHsA) Ta OXOJOPKEHHs (puc. 2,0), HpUKIaX PO3NOALTY TeMmoepaTypu Ha 4 ¢
OXOJIOJKEHHS) B yMOBaX TEPMOIUKIIIYHOT TTOB3Y4OCTI.

a 0

Pucynok 2 — Posnozin temnepatypu mo ot 18 3paska i3 3minHeHHsM icist 4 ¢. HarpiBanus “C a)
Ta oxonomkeHas “C 0)

Loicepeno: pospobneno asmopamu

[Tpu ananizi Mogeni 3paska Micis BAKYYMHOT'O a30TyBaHHS Y MYJIbCYIOUOMY YUKy
IUIa3MHU  PO3paxOBaHO IIOJS EKBIBAJEHTHUX HANpPYXEHb IPU OJHOYACHOMY BIUIMBI
HaBaHTAXXCHHS Ta TemrepatypH (puc. 3 Ta puc. 4) B yMOBaX TEPMOLUKIIIYHOT TOB3yYOCTi.

B pesynbrati aHanizy oTpMMaHOI MOl Ta 3Hau€Hb HANpPY)KEHb MO JOBXHHI Ta
norepeyHomMy Tiepepizy 1/8 3pa3ka BCTaHOBIEHO, IO 3MINIHCHWW ITOBEPXHEBHUU IIap
crpuiiMae 3HauH1, B MOPIBHSAHHI 3 OCHOBOIO, €KBIBAJICHTHI HANIPYKEHHSI BiJ] OTHOYACHOT Ail
HaBaHTaXXCHHs Ta TeMmmnepaTypu. Crocrtepiraemo, mo B CepeHiil dYacTHHI 3pas3ka (1o
TMepeTnHy) 3HaueHHs ix 30impmyrotses Bix 1,9 10° Ila B ocmosi, mo 10,8:10° Ila y
3MIIIHEHOMY TIOBEpXHEBOMY IIapi. BHCOKI 3Ha4YeHHS EKBIBAJICHTHHX HANpPYXEeHb Y
3MIITHEHOMY IIapi, MOXKIIMBO, MOYKHA MOSCHUTHU PI3HUM 3HAMEHHS KoedillieHTa JIiHIHHOTO
po3mupeHHs amoMiHieBoro craBy AJI21 Ta a30TOBaHOTO TOBEPXHEBOTO MIAPY.
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Pucynoxk 3 — Ilosnst ekBiBaJICHTHHX Harpy>keHb y Mozeni 1/8 3paska i3 3MinHeHsIM

MIpY OHOYACHOMY BIUTMBI HaBaHTaKCHHS Ta TeMIeparypu, [1a
Licepeno: pospobreno asmopamu
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Pucynok 4 — Ilonst eKBiBaJICHTHHX Hanpy>keHb B Mozei pobodoi uactuau 1/8 3pa3ka

13 3MIIIHEHHSAM B yMOBAaX TEPMOLMKJIIYHOI TOB3y4oCTi, [1a.
Locepeno: pospobaeno agmopamu

Ha puc. 5,a Ta pucy. 5,0 nmpeacTaBieHo XapakTep 3MiHU €KBIBaJICHTHUX HAIPYKECHb
B OCHOBI Ta Y 3MIIHEHOMY [TOBEpXHEBOMY IlIapi MO BCii 1OBXHUHI 1/8 yacTuHu 3pa3ka.
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PucyHoxk 5 — 3miHa Hanpy>keHb B OCHOBI a) Ta 3MILHEHOTO 3pa3ka 0) mo nomxuHi 1/8 3paska
[PH OAHOYACHOMY BILTHBI HABAHTAXKCHHS Ta TEMIICPATyPH
IDicepeno: pospobneno asmopamu
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CrnocrepiraeMo, 10 B MICIi BHUHUKHEHHS TPIIIMHU 30UIBIIYETHCS BEIMYMHA
CKBIBaJICHTHHX HAIPYXXCHb Y I0HHOA30TOBAHOMY IIapi i mpH 3HadeHHi 6inbire 1,09 10° ITa
NPOXOIUTh PYWHYBaHHS 3pa3ka B yMOBaX TEPMOIMKIIYHOTO HaBaHTaXeHHS. T00To,
3MIITHEHUH 3pa30K MOXKE BUTpUMATH B 1,5 pa3u OUTbI €KBIBAJICHTHI HANIPY>KECHHS HIXK 0e3
3MIITHEHHS.

BucHoBok.TaknM YWHOM, Ha OCHOBI TIPOBEICHOTO aHAJI3y HaNpPy>XKEHO-
nehOpMOBAHOTO CTaHy 3pa3ka 3 AFOMIHIEBOTO CIUIABY 3 TEIUIO3aXUCHUMH TUQY3IHHUMEI
10HHOQ30TOBAaHUMHU IIIApaMHU B YMOBAaX TEPMOIMKIIYHOTO HABAaHTAXKEHHS (OAHOYACHOT il
HABAaHTA)XCHHS Ta TEMIIEpaTypu) BCTAaHOBIEHO, IO 3HAYHA YaCTHHA EKBIBAJCHTHUX
HaIpY>XeHb CIHPUHUMAETHCSA 3MIIHCHHM IOBEPXHEBUM IApOM TpH 30epekeHHI Hecydoi
3IATHOCTI OCHOBH. LlMM mMiaTBEpPKYEThCS MiABUILEHHS ONOpPY KOMIIO3UIT ‘“‘OCHOBa-
MOKPUTTS SIK 130TEPMIUHIA TaK 1 TEPMOIMKIIYHIN moB3y4ocTi. KpiM TOro, 3a J01MOMOTOI0
METOAY KIHIIEBO-€JIEMEHTHOTO  aHali3y MO)XKHa MepeadayuTu poOoTy  Jeranei
MWTIHAPONOPIIHEOBOI TPYMH, a caM€ Yac 1 MiCIle BUHUKHEHHS TPINIMHU TPU 3MiHI
HABAaHTa)KCHHS Ta TEMIIEPaTypH.
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Investigation of the Stress-strain State of Ion-nitrogen-coated Specimens Under

Conditions of Isothermal and Thermocyclic Creep by Finite Element Analysis

One of the advanced methods of increasing the thermal stability of the pistons of internal combustion
engines is ionic nitriding (ion-plasma nitriding). At the same time, the study of the stress - strain state of a
sample of aluminum alloy with heat - protective diffusion ion - nitrided layers under conditions of thermocyclic
loading (simultaneous action of load and temperature) is an urgent task. The application of the finite element
analysis method makes it possible to predict the operation of the parts of the cylinder-piston group, namely the
time and place of the crack when the load and temperature change.

When calculating the stress-strain state, the peculiarities of their geometric parameters, properties of
structural material, type of calculation (static, thermal, etc.), and conditions of force and temperature load acting
on them were taken into account. The calculation was performed using real experimental samples. The method
of calculating the stress-strain state of the composition "base - coating" taking into account operational and
technological factors consists of several stages: solving the problem of non-stationary thermal conductivity to
determine the residual stresses resulting from coating; determination of stresses from power and temperature
load; obtaining the stress-strain state by the method of superposition. Using the finite element analysis method,
the stress-strain state of the aluminum sample was evaluated, both without hardening and with a heat-protective
diffusion ion-nitrided surface layer from simultaneous exposure to load and temperature, namely under
conditions of thermocyclic creep. To more accurately determine the equivalent stresses, the calculations were
performed on 1/8 of the sample. Comparative evaluation of the stress-strain state of 1/8 of the sample of
aluminum alloy AL21 and with a reinforced surface layer was performed using the software package NASTR.

Thus, based on the analysis of the stress - strain state of the aluminum alloy sample with heat -
protective diffusion ion - nitrided layers under thermocyclic loading (simultaneous action of load and
temperature) it is established that a significant part of equivalent stresses is perceived by the strengthened surface
layer. This confirms the increase in the resistance of the composition "base-coating” of both isothermal and
thermocyclic creep. In addition, with the help of the finite element analysis method, it is possible to predict the
operation of the parts of the cylinder-piston group, namely the time and place of the crack when the load and
temperature change.
stress-strain state, method of finite-element analysis, base, coating, isothermal and thermocyclic creep
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