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CTPYKTYPA U CBOMICTBA HAHOMOJJU®UITUPOBAHHBIX
MHOTI'OKOMITIOHEHTHBIX CIIJIABOB

En The influence of alloying elements on the structure and properties of nickel
and aluminum alloys is considered. The influence of nanomodification on the
macrostructure and strength properties of the alloys ZH3DK, AMg6 and 01570
and steels 09G2S and 10G2 are investigated.
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U Po3rnsiHyTO BIUJIMB JIETYIOUMX €JIEMEHTIB Ha CTPYKTYPY Ta BIACTUBOCTI Hi-
KEJICBHX 1 aJIFOMIHIEBHX CILIaBiB. J{OCTIPKEHO BIUIMB HAHOMOU(DIKYBaHHS HA Ma-
KPOCTPYKTYpY Ta MinHOcHi BiactuBocTi crutaBiB KC3AK, AMr6 i 01570 ta cra-
neit 0912C u 10I°2.

BBenenue

Co3nganue HaHOMAaTEPHUAJIOB HEMOCPEACTBEHHO CBSI3aHO C pa3pabOTKON U
MPUMEHEHUEM HAaHOTeXHoJoruidl. Ha ycTaHOBKax Mmia3MOXMMHUUYECKOTO CHHTE3a
MOXHO MOJYy4YaTh HNIMPOKUN CHEKTP HAHOJAMCIEPCHBIX COCIMHEHUH, a UMEHHO:
KapOMIbl, HUTPUIBI, KAPOOHUTPH I, CHIIMIUIABI PA3IUYHBIX diIeMeHTOB (Si, A1,
Ti,V, Mo w np.), a TaK)Ke HAHOIUCIIEPCHBIC MTOPOIIKH YUCTHIX METAILJIOB.

B MammHOCTpOCHMH M PAKETHOKOCMHUYECKOW TEXHUKE ITUPOKO MpUMeE-
HSAIOT KOHCTPYKIIMOHHBIC CTajIH, JUTCHHBIC U JehOpPMUPYEMbIC aTIOMHUHUCBBIC
CIUIaBBI, INTCHHBIC HUKEJIEBBIE CIUIaBhl. /{11 BHOBBL pa3pabaThiBaeMbIX MaTepH-
aJIOB U U3JICJIUA MOTYT OBITh IPUMEHEHBI IIEPCIIEKTUBHBIC HAIIPABIICHHS 110 MO-
TAGUITIPOBAHNIO HAHOYACTHUIIAMH CIUTABOB PA3JIMYHBIX CHCTEM JICTHPOBAHUSI.

ITocTanoBKka 3aga4uu

VYcaoBus paboThl JTONATOK ra30TypOMHHBIX JBUIaTelied HOBOTO MOKOJIE-
HUSI CTAHOBSITCS BCce OoJiee HAMPsHKEHHBIMH B CBSA3H C TIOBBIIIICHHEM TEMIIEpaTy-
pBI Ha BX0Jie B TypOUHY, YBEJIMUEHUEM CKOPOCTH TOJIETa, pecypca U MUKIUIHO-
CTH paboThl ABUTaTeNs. DTH IKCTPEMalbHBIC YCIOBUSA TPEOYIOT MPUMEHEHHS
MIEPCTIEKTUBHBIX CIUTABOB HA OCHOBE HUKEJS C MPUHIMITUATHLHO HOBOM CTPYKTY-
PO ¥ CBOMCTBAMH, OTJIMYHBIMH OT TPAIUIIMOHHBIX CIU1aBoB [1-3].

3amaya MaTepuaIoBECHUS 3aKII0YAETCSl B CO3/IaHUN COBPEMEHHBIX MHO-
TOKOMITOHEHTHBIX CIJIABOB CO CTaOMJIBHOM CTPYKTYpOHM, CIIOCOOHBIX pabOTaTh
MIPY BBICOKHMX TEMIIEpaTypax W HAMPSHKEHUSX.

B pabote u3ydeHnl Takke KOHCTPYKIIMOHHBIE CTall M QJIIOMUHHUEBbHIC
criaBel cucteMbl Al-Mg. B kadectBe MOau(UKaTOPOB MPUMEHSIIA HAHOIMC-
NepCHbIC KOMIO3UIIMK Ha OCHOBE TUTaHa ¢ pa3mMepoM yactull 50 ... 100 am. Co-
eIMHEHUS TOJIYYCeHbI Ha CHEIUAIBbHON yCTAHOBKE TUIA3MOXHMMHUYECKOTO CHHTe-
3a [2, 4]. MenKo3epHHUCThIC CTAIN U CIUIABbI B CPABHEHUU C KPYITHO3EPHHUCTHIMU
UMEIOT TMOBBIIMIEHHBIC 3HAYCHUS TPOYHOCTH, TBEPIOCTU, CONPOTUBICHUS yCTa-
JocTd W TutacTUIHOCTH. (CJeoBaTeNbHO, B MEJKO3EPHUCTBIX MaTepuasax
HANPSDKEHUST PacTIpeAeITIOTCs Cpeay OOJBIIEro YUCIa TPaHHMIl, YTO MPUBOJUT K
MOHIDKEHHOMY YpPOBHIO JieopMaIiuu Ha KaKIOW rpaHulle. B KpymHO3epHUCTHIX
K€ MaTepuajax Ha OJHO 3€PHO MPUXOAUTCS OOJbINas JTOKadbHAs Harpy3Ka, uTo
SBJISICTCSI IPUYUHON MPEKACBPEMEHHOTO PACTPECKUBAHUS IO TPAHUIIAM 3€PEH.
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MarepuaJjibl 1 MeTOAbI HCCAECTOBAHUS

MarepranoM HCCIETOBaHMS CIYKWJI KApONPOUYHBIM HUKEJIEBBIM CILIAB
XKC3 (tabn. 1), mpUuMeHseMBbIi [JIs1 U3TOTOBJIECHUS pabOYUX JIOMATOK Ta3oTyp-
ounHOoro nasurareiss. CTpyKTypHblE U3MEHEHUS B MHOIOKOMIIOHEHTHOM HHUKE-
JIEBOM CIUIAaBE IOCJIE HAHOMOJIU(ULMPOBAHUS U3ydyald MeTajulorpaduye-cKkum
aHanm3oM Ha Mukpockore Neophot-2. [lns moarBepxaeHus 3PQEeKTUBHOCTH
HAaHOMOAM(DULMPOBAHUS IPOU3BENAECH MHKPOPEHTTEHO-CIIEKTPAIbHBIN aHaIu3
obpasioB criaBa JKC3JIK no u mocne monuduimpoBanus. Pactipenenenue co-
JepKaHUs JETUPYIOIUX U MOIU(DULIUPYIOLIUX 3JIEMEHTOB B CTPYKTYpPHBIX CO-
crapisomux cruiaBa JKC3 onpenensyivi Ha MHOTOLIEJIEBOM PacTpOBOM MHUKpPO-
ckorie JSM-6360LA, ocHaIeHHOM CHUCTEMOM SHEPTrOaUCIIEPCHOHHOTO MHUKPO-
ananu3a LED2200. Mexannyeckue CBOMCTBA CILJIaBa M3Y4Yalld HAa CTaHIApPTHOM
000py10BaHUM.

Tabauya 1.
XYUMHYECKUU COCTAaB HUKEJIEBOTO CIJIaBa

MapKa COI[ep)KaHI/IC XUMHUYCCKHX 3JICMCHTOB, %

CIiiaBa | N; Ti cr | Mo | W Co C Fe Al

25...110...38... 3,8... 80... 0,09... 40 ...
HKCE3 Ocuoma “35° 50 45 45 110 012 20 48
Tabnuua 2.
XUMHUYECKUI COCTaB aroMUHUEBOTO ciiiaBa Al-Mg
Mapka ConeprxaHne XUMHUYECKUX DJIEMEHTOB, %
CILtaBa Al Mg Mn Cu Si Zn Be
0,0002 ...
AMr6 OcuoBa 58...6,8 05...08 0,1 0,4 0,2 0,0050
Tabnuua 3.
XHUMHAYECKUN COCTAB HU3KOJIETMPOBAHHBIX CTaJIEN
Mapka ConeprkaHrue XUMUYECKUX DJIEMEHTOB, %
CTalln C Mn Si S P Al Ti
09172 <0,13 <1,7 <0,35 0,010 <0,05 <0,035

0,020
102 0,08...0,13 156...1,76 0,16 0,006 0,02 0,010
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Pe3yJIbTaTLI HCcjaeaJ0BaHuA

CtpykTypa MHOTOKOMITOHEHTHOTO HUKEJIEBOTO CIUIaBa
JKC3 - rerepodasnas, mpencTaBisronas coO00i BBICOKOAUCTIEPCHBIC YACTHUIIBI
v'-ha3el  (popMuUpyIOIIECHCS Ha OCHOBE HMHTEPMETAJUIMUYECKOTO COCIUHCHHUS
Ni3A1), paBHOMEpHO pactpeeaEHHbIC B MaTPHIIC TBEPAOTrO Y-pacTBOpa JICTHU-
PYIOIIMX 3JIEMEHTOB B HUKeNe. Bece TyromiaBkue Jerupyronme 371eMeHThI CIiia-
Ba (W, Mo, Cr) yBeauuuBaroT 00JIacTh CyllecTBoBaHUs V'-(ha3wl. BeneacTeue
oOemHeHus: Y-¢ha3bl TYrolJIaBKUMHU 3JieMeHTaMHu 3(()EKTUBHOCTH TBEpAOpac-
TBOPHOTO YIPOYHEHUSI YMEHbBIIIACTCS, U, KaK CJIEJICTBUE, CHUKACTCS COMPOTHUB-
JICHUE CKOJIbKEHHUIO JTUCIIOKAIMi, YTO, B KOHEYHOM CU€Te, MPUBOJUT K MOHU-
KEHHUIO >KapOMPOYHOCTU. ANIOMHUHHM U THUTAH ABISAIOTCS 7Y'-00pa3yrolnMH,
BXO/JISIT B y'-TBEP/IbI paCTBOP U SBISAIOTCS OCHOBHBIMHU YIIPOUHUTEISIMH CILIABA.
Takum 00pa3oM, yIpoyHEHHE CIIOXKHOIeTupoBaHHOTO criaBa KC3 npoucxoaur
3a CUeT YNMPOUYHEHUS Y-TBEPJOTO pacTBOpa, HAIMUUS TUCHEPCHBIX (a3, yBemu-
YEHUsI KOJIM4ecTBa y'-(ha3bl Ipu pabodynx TemMnepaTypax.

W3ydenne BAUSHUS JETUPYIOMIUX 3JEMEHTOB Ha CTPYKTYpYy M CBOMCTBa
YKapONpoOYHOro HUkesneBoro cruiasa JKC3 uMeeT BaXHOE MPAKTUYECKOE 3HAYeE-
Hue. Tak, onTuMaIbHyI0 TeMIEepaTypy MOAUPUIIUPOBAHUS ONIPEAEIISIIN UCXOIS
u3 auarpamm coctossaust Ni-Cr u Ti-Ni [1].

B pabote nmpemioxxeHo mMoaupuuupoBaHue HccieayeMbiX ciuiaBoB. Co-
IJIACHO KJIACCUYECKOM TEOpHH, CYIIECTBYIOT TPU BHJIa MOAU(DUIMPOBAHUS: U3-
MeJIbYCHHE TIEPBUYHBIX 3€PEH MPHU KPUCTAILTU3AIUKA MAaTPUUHON (a3bl, U3MEHe-
HHE BHYTPCHHETO CTPOCHHUSI 3€pEH-IICHIPUTOB, U3MENIbYCHUE IBTEKTHUK [1, 5]. B
CTaTh€ PAaCCMOTPEH BUJ MOIUGUIIMPOBAHUS 32 CUET U3MEIbUCHHUS 3€PEH HUKe-
JIEBOTO TBEPAOIO PACTBOPA, UTO SIBISETCS PE3yJbTaTOM 3apOJIbIIIEBOTO JEH-
CTBHUSI TYTOIUIABKMX YacCTHUI] HAHOMOAM(PHUKATOpA, CHEIHAIbHO BBEICHHBIX B
pacruiaB. B kauectBe Moaudukaropa Obul BBIOpaH HAHOAUCIIEPCHBIM MOPOILIOK
kapOonutpuna tutana 7i (C, N), TOJIy4YEeHHBI METOJOM ILIa3MOXHMUYECKOTO
cuHTe3a [4].

Mexanu3M AeicTBUs HaHOMOAU(UKATOpa B paciulaBe 3aKIIoyYaeTcs B
TOM, 4T0 Ha moBepxHocTsX yactull 7i (C, N) mpoHCXOAUT 3apOoXKICHUE TICPBUY-
HBIX KPHUCTAJIOB ayCTeHUTHOU 7Y-(a3pl. Hanomomuduxatop nucneprupyet
JEHPUTHI TIEPBUYHOTO ayCTCHUTA B HUKEJIECBOM CIUIABE U HU3KOJIETUPOBAHHBIX
cranz[ 0912, 10I°2.

HccnenoBanne MakpOCTPYKTYphl CTajeil U CIUIaBOB B MCXOJHOM COCTOSI-
HUM TI0Ka3aj10, YTO CTPYKTypa CIljIaBa KpaiiHe HeoJHOpoJHa Mo ceueHuto. Mc-
XOJIHbIE 00pa3lbl UMEIU KPYMHOKPUCTAIMYECKYIO CTPYKTYPY C pa3MEpoM 3e-
peH 5...8 MM. MoaudunrpoBaHHbie 00pa3iibl UMEIU 00JIee OJHOPOJIHYIO MEJ-
KO3EpHHUCTYIO CTPYKTYpPY € pa3zmepoM 3epeH a0 1 mm. Takum oOpazom, Bcien-
CTBHE HAaHOMOIU(UIIMPOBAHUS CpPEAHWA pa3Mep 3epHa YMEHBIIWICS B
5...8pas.



135
Mexanika enemenmie KOHCMPYKUIU

HccnenoBanre MUKPOCTPYKTYPHI CTaJIeH W CIUIABOB MOKA3aj0, YTO B He-
MOAU(UITUPOBAHHBIX 00pa3Iax MPUCYTCTBYIOT JOCTATOYHO KPYIMHBIC BKIIFOYE-
HUS, KOTOPBIE PaclojiaraloTCs M0 TpaHMIaM 3epeH. B MoauduimpoBanHbx 00-
paslax BKJIIOYECHHS 3HAUMTENIBHO JUCIIEPCHEE U PACIIONIararoTCsl KakK Mo rpaHu-
11aM 3epeH, TaKk U BHYTpH 3epeH (puc. 1).

Puc. 1. Mukpoctpykrypa cruiasa XKC3, x1000:
a — 10 MoAUGUUHUPOBAHUS; 6 — TTOCIIE MOTU(DUIIUPOBAHUS

dopmupoBaHUE TPU MOIUPUIMPOBAHUU YIPOYHEHHOTO HHUKEIEBOTO
TBEPJIOTO pacTBOpa M 00Jiee pa3BUTON 3ePHOTPAHUYHOU CTPYKTYPHI TPUBEIIO K
MOBBIIICHUIO KOMIIEKCa MEXaHHYECKUX CBOMCTB MOAM(PHUIIMPOBAHHOTO CILIaBa
KC3 mo cpaBHeHHIO ¢ HEMOAUDHUIIMPOBAHHBIM COCTOSTHUEM. MeXaHHYECKHe
CBOICTBa OMpeAesIN Ha MaJbUMKOBBIX 00paslax Mocie CTaHIapTHON TepMoO-
yOpoyHsitomeid 00padoTku. JIOCTUTHYTO 3HAYUTENbHOE MOBBIILIEHNUE MPOYHOCT-
HBIX U IUIACTHYECKHUX CBOMCTB: G, mnosbimieH Ha 10 %; o, — Ha 11%; 6 — Ha

23%; 3HAUMTETHLHO MOBBICKJIACH YapHas BI3KOCTh — Ha 31%.

Jiis moarBepxaenus ¢ dexkruBHocTr AerictBus T1 (CN) kak HaHOMOIH-
¢ukaTopa MPOBEAEH MHUKPOPEHTTEHOCTIEKTPAIbHBIA aHaIu3 O0pas3IoB CIUIaBa
KC3. CpaBHUTENbHBIN aHAIW3 MOJYYEHHBIX JAHHBIX MOKa3aJl HaJU4YHe B MO-
TUGUIMPOBaHHOM 00pasiie Beruiecka nHTeHcuBHOCTeH T1, C u N, uTo moaTeep-
xnaet moauduumpyrommii a3gpdext Ti (C, N).

Hannune moBBIIEHHOTO COAEpKaHMS TUTaHA U YIJIEpOoJa W OTCYTCTBHE
a30Ta B HEKOTOPBIX yYaCTKaX CTPYKTYPhl CBUAECTEIBCTBYIOT O IUCCOIMALINN Ya-
cturr TI(CN) — TiC+N. MuKpOpeHTIeHOCTIEKTPAIbHBIM aHATU30M JOKa3aHa
3¢ (HEeKTUBHOCT, HAHOMOAU(DUIIMPOBAHUST KapOOHUTPUAOM THTaHA HUKEJIEBOTO
crutaBa JKC3, amomuuueBoro criasa AMro6 u cranei 0912, 10172 [6 ... 8].

OCHOBHOM MeXaHU3M BJIMSIHHMSI HAHOJUCIIEPCHBIX YacTUIl Ha (popmHpoBa-
HUE CTPYKTYpbhl QJIIOMHUHHMEBOIO CIUIaBa U HHU3KOJIETUPOBAHHBIX CTaled INpHU
KPUCTAJIIM3ALMU COCTOUT B TOM, YTO OCHOBHAsI X Macca BBITAIKUBAETCS (POH-
TOM KpPUCTAJJIM3ALUU B KUAKYIO (pasy M NPUHUMAET y4acTHE B M3MEJIbUYECHUU
CTPYKTYPHBIX COCTaBIISIOLIHX.
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[Ipy cpaBHEHUM XAPAKTEPUCTUK AIFOMUHHUEBBIX CI1TaBOB AMr6 u 1570
M0 Mpeaeny TEKYy4eCTd M Mpeaeay MPOYHOCTH HAOMIOJAeTCs MOBBIINICHUE J1aH-
HBIX XapakTepucTuk B cruiaBe AMr6 c 0,5% ckanaus [5, 6]. Jns cinmasa 1570
npenen tekydect Boiie Ha 40%, a npeaen nmpoyHocTH Beiie Ha 20% B cpas-
HEHUU co ciuiaBoM AMr6. Ilnactuynocth cruiaBa 1570 HaxoauTcd Ha JocTa-
TOYHO BBICOKOM YypoBHE (0=16%). MexaHuM4ecKue CBOMCTBA aJTFOMHHHUEBBIX
CILJIAaBOB NPUBECHBI B Ta0I. 4.

Tabauya 4.
MexaHn4ecKre CBOMCTBA AIFOMUHHUEBBIX CILJIABOB
Cnnas Gy, Mlla o, , MIla 0, %
AMTI6 315 154 15
1570 434 341 16

PesynbraThl uccienoBanus MOAUPUIIMPOBAHHONW CTPYKTYphI TMOKa3allH,
yTo ciiaB 1570 uMeeT MEeIKO3epHUCTYIO CTPYKTYPY C MEPBUYHBIMH MHTEpMeE-
tayuaamu AlzSC BHYTpH 3epeH.

MuUKpoCTpyKTypa CBapHBIX coequHeHud craBa 1570 xapakrepusyercs
MEJIKOAUCTIEPCHBIMU BBIJICJICHUSIMA UHTEPMETAUIUIHBIX (a3 B METajie 1IBa U
30HE CIUIABJICHUS, YTO OJIATONPHUATHO CKA3bIBACTCA HA XapaKTEPUCTUKAX BS3KO-
CTH pa3pyIIcHUS.

BrIBOALI

Ha ocHoBe kiaccuueckoi Teopuu MOJIU(DUIIMPOBAHUS JI1 MHOTOKOMIIO-
HEHTHBIX CIUIABOB HAa OCHOBE HUKEIS, aTIOMUHHS U JKeje3a BbIOpaH HAHOMC-
nepcHbId Monugukatop — kapoonutpua turana 11 (CN) ¢ pasmepom yactuir 10
100 aM, momyyaemblii METOAOM IIa3MOXHMHUYECKOTOo cuHTe3a. lccriemoBaHo
BIHMSIHUE MOIUGUIIMPOBAHUSI HA CTPYKTYpy M CBOWCTBA HHKEJIEBOIO CIIJIaBa
KC3, amomunueBbix criaBoB AMr6 u 1570 u craneir 0912, 10I'2. Muxkpo-
CTPYKTYypa BCEX CIUIaBOB IOCJIE€ MOAU(PHUIIMPOBAHUS O0JIee OJHOPOIHA U MEJIKO-
nucrnepcHa. JIocTUrHyTO M3MelbYeHHe 3€pHa CIUIaBOB MOcie MOIUPUIIMPOBA-
HUS B 3 ... 8 pa3, BCIEACTBUE YEro 3HAYMTEIHHO MOBBICHJIMCH MPOYHOCTHHIE
CBOMCTBA. YCBOSEMOCTh HaHOMOJU(UKATOpa B CIUIaBax JOKa3aHa METOJIOM
MUKPOPEHTI€HOCIEKTPAIHLHOTO aHAJIH3a.
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