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PA3JEJ 1. PU3ZUKA KOHAEHCUPOBAHHOI'O COCTOsIHUSA

Hayunas cratbst

1.3.8. dusnka KOHACHCHPOBAHHOTO COCTOSHUS ((PH3UKO-MaTeMaTHYECKHIE HAYKH)
V]IK 669.112:539.4

doi: 10.25712/ASTU.1811-1416.2025.02.001

CTPYKTYPA U CBOMCTBA CIJIYMHHA, ITIOABEPTHYTOI'O
IJIEKTPOB3PBIBHOMY JIET'HPOBAHUIO ITIOPOLIKOM Y03

1 " 2
FOnus Angpeesna lllnsipoBa T IOpuii ®enoposny UBanos”,
Buranmii BnaguciaaBoBuu H.IJIﬂpOB3, JAmurtpuii BajepbeBu4 3armeeB4,
Buxrop EBrenbeBuu FpOMOB5

L34 3Cy6upckuii TocyIapCTBEHHBIN HHLYCTPHATBHBIH YHIBepcHTeT, yi1. Knposa, 42, 654007, HoBoxysHenk, Poccust
ZI/IHCTI/ITyT cuiibHOTOYHOH AnekTpornku CO PAH, np. Akagemuueckwuid, 2/3, 634055, Tomck, Poccust
Yrubannikova96@mail.ru, https:/orcid.org/0000-0001-5677-1427

2yufis5@mail.ru, https://orcid.org/0000-0001-8022-7958

Sshlyarov@mail.ru, https://orcid.org/0000-0001-8130-648X

“zagulyaev_dv@physics.sibsiu.ru, https:/orcid.org/0000-0002-9859-8949

Sgromov@physics.sibsiu.ru, https://orcid.org/0000-0002-5147-5343

Annoranusi. CruiaBel Al-Si He3aMEHHMBI B Pa3iIMuHBIX OTPACISX MPOMBIIIIEHHOCTH, TAKUX KaK a’dpPOKOCMH-
YyecKas U aBTOMOOMIIbHAS, 6J1aroiaps BEICOKOMY COOTHOIICHUIO IPOYHOCTH U Beca, OTIMYHON TEMJIONPOBOJHOCTH U
KOPPO3HOHHOM CTOMKOCTH. DTH CIUIaBBI YACTO COJEPXKAT TaKue 3JeMeHTH, kKak Si, Cu, Mg u Zr, ynydmaronme ux
CBOHCTBA, a CIEUAIbHBIE COCTABBI MO3BOJISIOT MOBBICUTH NMPOYHOCTH, M3HOCOCTOMKOCTh M YIIYUIIUTH 3€PHUCTYIO
cTpyKTypy. Llenbio HacTosmen paboThl ABJISIIOCH HCCIIEIOBAHUE CTPYKTYPHI M TPHOOJIOTHYECKUX CBOHCTB CHIIyMH-
Ha 3a9BTEKTHUECKOTO COCTaBa B JINTOM COCTOSHUH M IIOCIIE 3JIEKTPOB3PBIBHOTO JETMPOBaHMs opomkoM Y 03 Me-
TOJJAMH MHKPOPEHTI€HOCIIEKTPAIBGHOTO aHAIH3a BBISIBIEH MHOTORJIEMEHTHBIN COCTaB MOBEPXHOCTHOTO CIIOS CHIY-
MHHA, TIOIBEPTHYTOTO 3JIEKTPOB3PHIBHOMY JIETUPOBAHUH, TAaK)Ke YCTAHOBJIEHO, YTO JISTUPOBAHNE NPUBOAMT K (op-
MHUPOBAHHIO B TIOBEPXHOCTHOM CJIO€ MOP(OIOTHIECKH CI0KHOM MHOTOYPOBHEBOH MHOTro(a3HOM CTPYKTypHI, OC-
HOBHBIMU XUMHUYECKUMH DJIEMEHTAMH KOTOPOH SIBIISIIOTCS aJllOMUHUH, THTaH, UTTPUN U Kuciaopon. Tpubomornde-
CKHE HCTIBITAaHUSI CUJIYMUHA, BHITIOJHEHHBIE B YCIOBUSAX CYXOTO TPEHMS IIpH KOMHATHOM TeMmmepaType, IOKa3ajH,
YTO 3JIEKTPOB3PHIBHOE JIETHPOBAHNE IMPUBOJIUT K CHIDKEHHIO MapaMmeTpa M3HOca (YBEIWYEHUIO0 M3HOCOCTOMKOCTH)
CIITyMHHA B 2,2 pa3a; cpeHee 3HaueHHe Kod(HuIreHTa TpeHus Mateprana yseauansaercs ot 0,51 B iurom cocro-
saaun 10 0,6 — mocie 3JIeKTPOB3pBIBHOTO JerupoBanus. KoaddummeHT Tperns cuimymMuHa B JIMTOM COCTOSIHUM TIOCIIE
80 cex MCHBITAHUI BBIXOJUT Ha CTAllMOHAPHBIA YpOBEHb M IpPaKTHUECKU jAanee He u3MeHsaercs. Ilocie anektpo-
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Abstract. Al-Si alloys are indispensable in various industries such as aerospace and automotive due to their
high strength-to-weight ratio, excellent thermal conductivity and corrosion resistance. These alloys often contain el-
ements such as Si, Cu, Mg and Zr to improve their properties, and special formulations can increase strength, wear
resistance and improve the grain structure. The aim of this work was to study the structure and tribological proper-
ties of hypereutectic silumin in the cast state and after electroexplosive alloying with Y ,03 powder. Using micro-X-
ray spectral analysis, the multi-element composition of the surface layer of silumin subjected to electroexplosive al-
loying was revealed, and it was also found that alloying leads to the formation of a morphologically complex multi-
level multiphase structure in the surface layer, the main chemical elements of which are aluminum, titanium, yttrium
and oxygen. Tribological tests of silumin, performed under dry friction conditions at room temperature, showed that
electroexplosive alloying leads to a decrease in the wear parameter (increase in wear resistance) of silumin by 2.2
times; the average value of the material friction coefficient increases from 0.51 in the cast state to 0.6 after electro-
explosive alloying. The friction coefficient of silumin in the cast state after 80 seconds of testing reaches a stationary
level and practically does not change further. After electroexplosive alloying, the stationary state of the friction coef-
ficient is recorded only after 2000 seconds of testing. The first 2000 seconds of testing, the friction coefficient grad-
ually increases from 0.16 to 0.55.

Keywords: silumin, electroexplosive alloying, phase and elemental composition, structure, tribological proper-
ties.
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BBeaenue

B cBs3u ¢ pactymieil moTpeOHOCTBIO B JIETKUX
MaTepuajax B aBTOMOOMJIIBHOM M a3pOKOCMHUYE-
CKOM CEKTOpaxX BO3HHKJIA HEOOXOAMMOCTh B CyIIle-
CTBEHHOM IIOBBIIIEHUH HX MPOU3BOJUTEIBHOCTH.
JoOuThCs MOBBIIEHHUS IPOU3BOAUTEIBHOCTH 3THX
oTpacyieid BO3MOKHO 3a CYET MOBBIIICHHS JKCIITY-
aTaIOHHBIX CBOWCTB CYIIECTBYIOIINX MaTepHa-
JI0B, 1100 3a cYeT pPa3pabOTKH HOBBIX CIUIABOB M
KOMIIOHEHTOB Ha MX ocHoBe. Ha cerogHsmHui
JIeHb, BHUMaHHE HAay4HOH OOIIECTBEHHOCTH CO-
CPEI0OTOYEHO Ha YIIy4LIeHUH ¢du3uKo-
MEXaHUYECKUX CBOWCTB CYIIECTBYIOIINX MaTepHa-
JIOB C NOMOIIBI0 HHHOBAallMOHHBIX IPOLIECCOB U

TEXHOJOTUN. B kauecTBe yNpOUHSIOMIUX METOJ0B
JIOCTATOYHO YaCTO HCIIOJIB3YIOT, B TOM YHUCIE Me-
TOJIBI HEPAaBHOBECHO! MOBEPXHOCTHOM MOAU(DUKA-
MY, K KOTOPOM MO>XHO OTHECTH: JIa3epHYyI0 o0pa-
0otk [1], AIEKTPOHHO-ITYYKOBYIO OO0pabOTKY
(BIIO) [2-4], »IEKTPOB3PHIBHOE JIETUPOBAHUE
(BBJD [5] u 1.0

B wuactHocTH, amomuHueBbie (Al) craBer
IIMPOKO HCIOIB3YIOTCS B aBTOMOOWJIBHOHM Mpo-
MBIIUIEHHOCTH U3-3a UX BBICOKOM yIenbHOH mpou-
HOCTH, XOPOIIMX JIMTEHHBIX CBONCTB U KOPPO3H-
OHHOM CTOMKOCTH, YTO TOMOTaeT CHU3UTH BEC
TpaHcnoptHoro. CHMKCHHE Beca aBTOMOOWIIST —
BAKHEWINAS CTPATErUsl CHUXKEHMS pacxoa TOILIU-
Ba B aBTOMOOMILHOH TMPOMBITIUICHHOCTH. Mccme-
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JIOBaHMS TOKA3bIBAIOT, YTO MPU CHIKEHUU MacCChl
aBTomMoOmnss Ha Kaxaele 10% pacxonm TomuBa
MOJKET OBITh CHWKCH IpuMepHO Ha 4-7% [6]. Uc-
MOJIb30BAaHUE ATFOMHHHMEBBIX CIUIAaBOB, KOMIIO3H-
TOB W3 YTJIEPOJHOTO BOJOKHA M KOMIIO3UTOB W3
CTEKJIOBOJIOKHA, MOXKET 3HAYUTEIHHO CIIOCOOCTBO-
BaTh CHI)KCHHUIO BeCa TPAaHCIOPTHBIX CPEICTB U
TOBBIIIIEHUIO TOTUTMBHON KoHOMHMYHOCTH [7]. Hc-
ciemoBaHust OOEBBIX MAIIMH TIOKa3bIBAIOT, HYTO
CHIDKEHHE Macchl MamuHbI Ha 15% 3a cuer 3ame-
Hbl OOBIYHBIX MATCPUAIOB ATIOMHHAEM MOMXKET
MIPUBECTH K CYIIECTBEHHOW KOHOMHH TOIUIMBA Ha
13,36% [8]. Kpemuwii (Si) siBisiercst Hanbosiee ya-
cT0 no0asisieMbIM 3eMeHToM B cruiasbl Al. Korma
9TH CIUIaBbI 3aTBepAeBaioT, Si coemuusiercs ¢ Al,
o0pa3ys muOO TepBUYHBIEC, JHOO IBTEKTHUECKUE
daser Si. Kpome toro, Si B crmaBax Al oGpasyer
ocaJiku BO BpeMs crapeHus. COrIacHO JIUTEpaTyp-
HBIM JaHHBIM, B pa3indHbX cruiaBax Al-Si ¢ koH-
nenrpanueit Si 0,5%-1,5%, momuMo 0Opa3oBaHUs
MEPBUYHBIX/IBTCKTUUECKUX OCAJKOB, TOJBKO HE-
CKOJIBKO aTOMOB Si pacTBOPSIIOTCS B MaTpHIC B
BUJIE PAcTBOPEHHBIX BemiecTB. Co00mMIANoch, YTO
yBelW4YeHHe KoHueHTpaiu Si B pemietke Al
yJIydIaeT MpOYHOCTh Ha pa3phiB. [9-11].

Taxxe oTMeTHM, 4TO CIUIaBbl Al, B yromMsiHy-
THIX BBIIIE CEKTOpPaxX MPOMBIIUICHHOCTH, MOJBEP-
JKEHBI Pa3pyIICHUH B CIICICTBHUH KOPPO3UH, YCTa-
noctd W nu3HOca. OMHUM W3 TOTEHIHAIBHBIX pPe-
HICHUH [T yJOYYIICHUS WX TMOBEPXHOCTHBIX Xa-
PaKTEPUCTHUK SIBJIAETCS HAHECEHUE MOKPBITUN. Tak,
MIPOBEJICHHBIE HAIIUM KOJUIEKTUBOM HCCIIEZ0Ba-
Hus, nmokasanu, uro DBJI cruiaBos Al-Si crioco0-
CTBYET YBEJIUYCHHUIO SKCIUTyaTallMOHHBIX XapaKTe-
puctuk. B pe3ynbTare 3roro mpoiecca odOpasyercs
MHOTOCIIOWHASI CTPYKTYpa C MOBEPXHOCTHBIM CJIO-
€M U IPOMEKYTOYHBIM CJIOEM HE3aBUCUMO OT pe-
xuMa Momudukanuu. [loBepXHOCTHBIN  cioi
npencTaBisier co0oil  MHOTO(a3HBI  MaTepuan
TOJILIMHOM OKOJIO 1 MKM, a IPOMEXYTOUHBIN CION
COCTOMT U3 siYe€eK OBICTPOro 3aTBEpACBaHUs, pa3-
JICJICHHBIX TOHKUMH MPOCIIOMKAMH, COCTOSIIIIUMH B
OCHOBHOM M3 HaHOYAaCTHIl KpemHus. Monuduka-
111 IPUBOJIUT K CO3JaHHIO BBICOKOIIOPUCTOIO T10-
KPBITUS, KUIKO(DA3HOTO JISTHPYIOMIEro CJIOS U
TEPMHUYECKU TIOJBEPIKEHHOTO TEPMHUYECKOMY BO3-
JeiictBuio cnosi B ciuiaBax Al-Si ¢ pazmmuHON
TOJIIIMHON MOIU(DUIIMPOBAHHOIO CJIOS B 3aBUCH-
MOCTH OT cOcTaBa cimasa [12].

Takum 00pazoMm, LENBIO HACTOSIIEH pabOTHI
SIBTISLIOCH WICCIIEJIOBAHKE CTPYKTYPHI U TPHOOJIOTH-
YECKUX CBOWMCTB CHJIyMHHA 3a3BTEKTHUYECKOTO CO-

CTaBa B JINTOM COCTOSIHMM H TOCJIE 3JIEKTPOB3PHIB-
HOTO JIETHPOBaHUsI MOPOIIKOM Y,0s3.

MarepuaJjl 1 METOAUKH MCCJIEI0BAHUS

B xauectBe MaTepmana uccieqOBaHUS ObLIN
UCIIONIb30BaHbl  00pasibl cuiaymuHa Al-15%Si.
ONeMeHTHBII  CcOCTaB  CHIlyMHHa  (TIpuOOp
Shimadzu XRF-1800): Si — 15,9; Fe — 0,24; Cu —
0,07, Mn — 0,005; Ni — 0,005; Ti — 0,006; Cr —
0,001; V - 0,013; Mg < 0,001; S — 0,032; Pb <
0,001; Zn - 0,021, oct. Al B mac. %. O0pa3iisl cu-
JyMyHa umenu pasmepsl 15x15x10 mm. Dnekrpo-
B3pPBIBHOE JICTUPOBAHME IOBEPXHOCTH OOPa3LOB
OCYILECTBISUIN MOpomkoM Y,O; Ha ycTaHOBKe
OBY 60/10 (Cubupckuii TocyaapcTBEHHBIH HHAY-
CTpUaJbHBIN yHHBepcHUTeT, T. HoBoky3Henk) [13],
npu creayronmx mapamerpax: M(Al) = 0.0589 r;
m(Y,03) = 0.0589; U =2,8 kB.

UccnenoBanne CTPYKTypsl MOIU(HUIMPOBAH-
HOTO CIJIOSI CHJIyMHHa OCYILECTBIISUIM METOIaMH
onrtudeckoi (mpubop pVizo-MET-221), ckanupy-
tomieit (mpubop Philips SEM-515 ¢ mukpoananu-
3aropom EDAX ECON 1V) u mpocseunBaromeit
mudpakunonnoit (npubop JEOL JEM-2100 F)
aMeKTpoHHON MuKpockomuu [14-17]. CocrosHue
KPUCTAIIMYECKON pemeTkn Hu (a3oBbI COCTaB
MOIU(PHULIUPOBAHHOTO CJIOS M3YYald METOJaMH
PEHTTEHOCTPYKTYPHOTO U PEHTreHo(ha30BOro aHa-
nu3a (peHTreHOBCcKuid audpakrtoMeTp Shimadzu
XRD 6000). Tpubonorudeckne CBOWCTBA HCCIIE-
JlyeMOIr'0o MaTepualia XapaKTepu30BalH MapameT-
poM u3HOCa U Kod(h(duIHMEeHTOM TpeHus (Tpudo-
metp Pin on Disc and Oscillating TRIBOtester).
HcnpITanuss IpoBOAMIN NP CIEAYIOIUX yCIOBU-
sx: mapuk u3 Al203 nuamerpom 6 MM, paguyc
JIOPOXKKH TPEHUsSI 2 MM, CKOPOCTh BpallleHHs 00-
pasua 25 mm/c, Harpy3ka Ha uHgentop 10 H, Bpe-
M ucnblTaHuil coctaBirsuia 800 cex Ut JIUTOro
curymuHa 1 4000 cex s CHIIyMHHA TIOCIIE 3JIeK-
TPOB3PBIBHOI'O JIETHPOBAHHUS.

Pe3yabTaThl nccjienoBanusi U Mx o0CysKaeHne

UccnenoBannst CTPYyKTYphl TPaBIIEHOTO ILTHU-
¢a obpasuos cunymuna Al-15%Si B nurom cocrto-
SHUM BBISIBUJIM 3€pHa 3BTEKTHKH (puc. 1, a, 00o-
3Ha4eHO «1»), KPUCTAILTUTHI EPBUYHOTO KPEMHUS
(puc. 1, a, 0603Ha4YeHO «2») U BKIIOYEHUS UTOJb-
yaroii (TmacTuH4aTol) (GOpMBI, UMEIOLIE CPaBHU-
TEeTHLHO OOJiee CBETIBIM KOHTpacT (puc. 1, a, 060-
3Ha4YeHO «3» W YKa3aHO CTpenkaMu). Metomamu
MHUKPOPEHTTEHOCTIEKTPAJILHOTO aHANIN3a «II0 TOY-
KaM», pe3yJbTaThl KOTOPOTO MpeACTaBIeHbl B Ta0-
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nune 1, ycTaHOBIEHO, YTO BKIIIOUYEHUS TIacTHHYA-
Tol (hopMBI OOOTalIeHbl aTOMaMH >Keie3a, OTHO-
CHUTEJIbHOE COEPKaHUE KOTOPOro B CIIJIaBe HE3Ha-
YUTENBHO (TabJI. 1, CTOIOMK «C TITOMIAITI).
DJIeKTPOB3PBIBHOE JIETHPOBAaHUE KapAHHAIb-
HBIM 00pa3oM M3MEHHWJIO COCTOSIHME o0Opasna cu-
aymuHa Al-15%Si. IlpencraBneHable Ha puc. 2
3NEKTPOHHO-MUKPOCKOTINYECKUE n300paKeHus
CBUJICTENLCTBYIOT O (POpMUpPOBaHUU MOPQOIOTHU-
YECKH CJIOHOM MHOrOypOBHEBOU CTpyKTypbl. Ha
MaKpOMacIITaOHOM YpPOBHE Ha TMOBEPXHOCTH 00-
paboTKK BBISBISIIOTCS O0JIaCTH, MMEIOIIME CTia-
JKEeHHBIH penbed (puc. 2, a, 6; o0nacTh yka3zaHb
cTpesnkaMu). MOXHO NpPEeAIoNokKUTh, YTO JaHHbIE
00acTH SBIAIOTCS METAUIMYECKUMHU  KaIlIAMH,
pacTeKIMMHUCS 10 MOIUPHUIUPYEMOI MOBEPXHO-

cti. Pa3mepsl Takux oOmacTeii W3MEHSAIOTCS B
BechMa mMpokux mpeaenax (ot 200 mxm go 730
MKM). Ilpyn OonpmnxX yBEIMUEHMSAX BbIABISETCS
MOPHCTasi CTPYKTypa MOBEPXHOCTHOI'O CJIOSI CHITY-
MHHA, MOJIBEPTHYTOrO 3JIEKTPOB3PHIBHOMY JIETH-
poBaHuo0, (OPMUPYIOIIAS MHUKPOMACIITAOHBIN
ypoBeHb (puc. 2, B). PazMepsl mop M3MEHSIOTCS B
npenenax ot 5 MKM 10 65 mxM. K Mukpomacmra6-
HOMY YPOBHIO CIIEAyeT TakKe OTHECTH 00pa3oBa-
Husl chepuueckoir (rmoOymnsapHO) (opmbl, yka-
3aHHBIE HA pUC. 2, T CTpenkamu. Pazmepsl Takux
o0Opa3zoBaHMii U3MEHSAIOTCS B Mpejenax oT 6,5 1o
17,5 mxm. K cyOMukpomacmraGHOMY ypOBHIO MO-
JU(GHUUUPOBAHHOTO CJI0S CIIEAYEeT OTHECTH cepu-
yeckne 00pa3oBaHUs, pa3Mepbl KOTOPBIX M3MEHS-
10TCA B Iipeaenax oT 1 MM 110 2,3 MKkM (puc. 2, 1).

6 Al

9.3
7.0 —
KCnt

4.7

2.3

T T
4.00 5.00

Energy - keV

T
3.00

Pucynok 1. D1eKTpOHHO-MUKPOCKOIIMYIECKOE H300paXkeHne cTpyKTypsl cruryMuHa Al-15%Si B iuToM cocTosHUM
(a); 6 — sHEepreTHYECKUE CHEKTPHI, HOIyYSHHBIC C IUIOMAAN 00pa3ia, n300pakeHne KOTOPOH MpeACTaBlIeHO Ha (a).

Figure 1. Electron microscopic image of the structure of Al-15%Si silumin in the cast state (a); b — energy
spectra obtained from the area of the sample, the image of which is shown in (a).

Taoauua 1. Pe3ynbTarthl MUKPOPEHTTEHOCIEKTPAIBHOTO aHAIN3a Y4acTKa 00pasiia CHIIYMUHA B IATOM
COCTOSTHHMH, NPEICTABICHHOTO Ha pucC. 1, a.

Table 1. Results of micro-X-ray spectral analysis of a section of a silumin sample in the cast state,
shown in Fig. 1, a.

OO0JiacTh aHaIM3a
DaeMeHT 1 2 3 C wiomanu
Bec. % | at. % | Bec. % | at.% | Bec. % | ar. % | Bec. % | ar. %
Al 74.74 | 75.49 14 15 72,1 76,2 73,0 73,9
Si 25.26 | 2451 98,1 98,3 19,0 19,2 26,6 25,9
Fe 0,5 0,2 0,0 0,0 8,9 4,6 0,4 0,2
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Pucynok 2. CtpykTypa nmoBepxHoctu cuiaymuna nocie OBJI. M306paskeHus MoTyyeHbl IPH pa3nuIHOM
YBEJIMYECHUH.

Figure 2. Structure of the silumin surface after EEA. Images were obtained at different magnifications.

MeToiaMi  MHKPOPEHTI€HOCHEKTPAIBEHOTO
aHaJIM3a BBISABICH MHOT'ODJIEMEHTHBIN COCTaB I10-
BEPXHOCTHOTO CJIOS CHUJIYMHHA, TOJBEPIHYTOrO
AIIEKTPOB3PHIBHOMY  JITUPOBAaHMHU. Pe3yibTaThl,
npeJICTaBIeHHbIE Ha PHC. 3, MOKa3bIBAIOT, YTO OC-
HOBHBIM 3JIECMEHTOM aHAJM3UPYEMOro CJI0si 00pas-
na sBJISETCS ATOMHHUHA. B HECKOJBKO MeHbIIeM
KOJINYECTBE MPUCYTCTBYIOT MTTPUH, THTaH, KPEM-
HHUI ¥ KUCTIOPOJ. B OTHOCHTENBHO MaJloM KOJIMYe-
CTBe OOHAPYKHBAIOTCSI aTOMBI XKeJie3a, SBISIOLIe-
rocsi TPHUMECHI. MHUKPOPEHTI€HOCTIEKTPAIIbHBIH
aHaM3 MOJU(UITUPOBAHHOTO CJIOS, BBITIOJHEHHBIH
METOJIOM «II0 TOYKam» (pHc. 4), MOKa3bIBaeT, 4TO
o0nacTu, UMEIOIINE CTIIAXESHHBIN penbed (puc. 4,
00m1. 1) oboraieHpl MPEUMYIIIECTBEHHO aTOMaMH
TUTaHa. BrimrodyeHus rinoOymnsapHoO# ¢hopMbl obora-
HICHBI aTOMaMH WTTPHs, YIiepoja W KUCIopoJa
(puc. 4, 061. 2 u 3). ObnacTH MOBEPXHOCTHOTO

CJIOsI, IMEIONIHE TOPUCTYIO CTPYKTYPY, COJIEpIKaT
B MPUMEPHO PaBHOM COOTHOIIEHWM aTOMBI BCEX
o0HapyKEHHBIX B MaTepualie dJIeMeHTOB (puc. 4,
0011. 4).

MeTon «KapTUPOBAaHUSD) TO3BOJISIET BU3YyasH-
3UpOBaTh paclpesielieHue XUMHUIECKUX 3JIEMEHTOB
B IMOBEPXHOCTHOM CIIO€ Marepuaia. Pe3ynmbTaTsl
TAKOTO aHAJIM3a MOJU(PHUIUPOBAHHOTO CIIOSI CHITY-
MHWHA TPE/ICTaBIICHBI HA pHUC. 5. OTYETIINBO BUIHO,
YTO OCHOBHYIO IUIOIIAb aHATU3UPYEMOW MOBEPX-
HOCTHU, UMEIOIIEH MOPUCTYIO CTPYKTYPY, 3aHUMAET
o0acTe, oborameHHass aToMaMu AJIIOMHHMS, WT-
Tpus U KpeMHus (puc. 5, 6, B, €). Odnactu, uMero-
¥e TIaAKui penbed), 00orameHpl aTOMaMH THUTa-
Ha (puc. 5, n) uinu urTpus (puc. 5, B). ATOMaMu
JKene3a 00OTralleHbl BKIIOUEHHS CYOMHKpPOHHBIX
pasmepoB (puc. 5, x).
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Pucynox 3. DHepreTuueckue CekTpsl (a), NoJTyueHHbIE ¢ ydacTka o0pasla CHIIyMUHa, TT0JIBEPTHYTOTO
3JIEKTPOB3PBIBHOMY JIETHPOBaHuIo (0). B Tabnuie npencraBiaeHsl pe3yabTaThl aHAIN3a 3J1€MEHTHOTO
cOCTaBa JAHHOTO y4acTka o0pasia.

Figure 3. Energy spectra (a) obtained from a section of a silumin sample subjected to electro-explosive alloying (b).
The table presents the results of the analysis of the elemental composition of this section of the sample.

DIJIEMEHT, OO0J1acTh aHaIM3a
Bec.% 1 ) 3 4
CK 0,0 2242 | 1641 14.17
OK 0,0 07.76 | 18.19 | 14.94
AIK 05.95 | 12.52 |20.82 | 20.28
SiK 01.12 | 01.86 | 03.04 | 02.57
YL 02.77 | 51.39 |20.18 | 04.65
TiK 87.71 |02.63 | 19.44 | 13.18
CrK 0,0 0,0 0,0 04.56
Felq 0245 0143 |01.92 |25.66

Pucynok 4. DeKTpOHHO-MUKPOCKOTIHUECKOE M300paskeHne CTpyKTyphl cimymuna Al-15%Si mocie
AJIEKTPOB3PBIBHOTO JIETHPOBAHMS; 0003HAYEHBI 00JACTH ONPEEICHHUS JIIEMEHTHOTO COCTaBa MaTepHaia; B Tabiuie
NPUBEJICHBI PE3YJIbTaThl MUKPOPEHTI€HOCIIEKTPAJIBHOTO aHAJIN3a AIIEMEHTHOTO COCTaBa 00JIacTel, yKa3aHHbIX Ha
Mukpodororpaduu.

Figure 4. Electron microscopic image of the structure of Al-15%Si silumin after electroexplosive alloying; areas of
determination of the elemental composition of the material are indicated; the table shows the results of the
micro-X-ray spectral analysis of the elemental composition of the areas indicated in the micrograph.
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PucyHok 5. DneKTpOHHO-MHUKPOCKOTTMUECKOE H300pakeHNne CTPYKTYphl 00pasiia CHIIyMUHa, MOTUPHUITUTPOBAHHOTO
METOJIaMH 3JIEKTPOB3PBIBHOTO JIETHPOBaHUS (a); 6-3 — n300pakeHne ydacTka (a), moJydeHHOe
B XapaKTePUCTHIECKOM PEHTreHOBCKOM m3myuenun atomoB Al (6), Y (8), O (1), Ti (1), Si (e), Fe (x), Cr (3).

Figure 5. Electron microscopic image of the structure of a silumin sample modified by electroexplosive
alloying methods (a); b-z — image of section (2) obtained in the characteristic X-ray radiation of atoms of Al
(b), Y (c), O (d), Ti (d), Si (f), Fe (g), Cr (h).

®a30BbIN COCTaB CHIYMHHA B JIUTOM M MOJH-
(ULMPOBAaHHOM COCTOSIHUSIX H3y4ald METOJaMH
pentrenodaszoBoro ananmza. [lomydeHHBIE peHT-
TeHOrpaMMBbl TIPUBEACHbI Ha pHUC. 6. Pe3ympTaThl
aHanu3a (a3oBOro cocTaBa U COCTOSIHUSL KpUCTAJI-
JUYECKON pEIIEeTKH HCCIEAyEeMBIX MaTepraioB
MIPEJICTaBJIEHBI B TA0M. 2.

OT4eTnMBO BHJHO, YTO B IIOBEPXHOCTHOM
CJI0€ CWIIyMHMHA B pE3yJIbTaTe 3JIEKTPOB3PBIBHOTO
JerupoBaHus (GopMHpyeTcs MHOTO(A3Has CTPYK-
Typa. OCHOBHBIMH (ha3zaMH HCCIIEAYEMOT0 MaTepu-
ana SIBJSIIOTCS TBEPABIN pacTBOpP Ha OCHOBE allo-
MUHHUS U okcupa UTTpust Y,03. B MeHbieM konu-
YECTBE MPHUCYTCTBYIOT OKCHATIOMUHHI UTTPHUS U
ATFOMHUHM/]] TUTAHA.

Heranuzanuio pacrpenenenus a3, ux Mop-
¢domnoruo U pa3Mepbl U3ydyalli METOJIaMH ITPOCBE-
YHMBAIOUICH JCKTPOHHON TUPPAKIHOHHONH MUKPO-
CKOMUU TOHKHUX (poner. Donbru HM3roTaBIMBAIH

METOJaMHi MOHHOTO YTOHEHHWS IUIACTHHOK, BBIpE-
3aHHBIX B IIONIEPEYHOM CEYCHHH OOBEMHOro 00-
pasma. DTO MO3BOJSJIO MPOCIEAUTh W3MEHEHHUE
CTPYKTYpBI MaTepHalia B 3aBUCHMOCTH OT PaccTo-
SHUS 10 TTOBEpXHOCTH 00padotku. [Ipencrasien-
HOE Ha pHUC. 7, DIEKTPOHHO-MHUKPOCKOIUYIECKOE
n300paKeHUe CBUJIETENILCTBYET O TOM, YTO IIO-
BEPXHOCTHBIM CJIOH MOAWGHUIMPOBAHHOTO CHIY-
MHHA UMEET CToJI0uaToe crpoeHue. Yepemyrorime-
cs cTONOMKYM 0OOoTaIIeHbl aTOMaMu TUTaHa (puc. 7,
0) 1 aToMaM¥ TBEPAOI0 PacTBOPa Ha OCHOBE aJII0-
MUHHA (CyAs MO pe3ysibTaraM PEeHTreHO(a30BOTO
aHanm3a), o0OTameHHOro0 aTOMaMu MeNH, jKeJe3a
u xpoma (puc. 7, a-3). IloBepXHOCTHBIH CIIOH co-
JEPKHUT BKIIOUYEHHUsS] OKPYriIod (rioOyssipHOMN)
¢dopMmbl, oboraiieHHbIE aTOMaMH UTTPHS U KpeM-
Hus (puc. 7, B, T).
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Taﬁ.lmua 2. Pe3yﬂLTaTLI peHTFeHO(l)a?)OBOFO aHaJIn3 CJIOS CUJIYMHHA, IOJABEPTHYTOr'0 3JICKTPOB3PHIBHOMY
JICTUPOBAHUIO.

Table 2. Results of X-ray phase analysis of a silumin layer subjected to electroexplosive alloying.

Ad/d,
CocrosiHHe 00pas3- O ———— Coneprxanue [MapameTpsl Pa3mep
na Py a3, mas. % pEIeTKH, OKP, um 10°
. Al 51 a =4.0355 81 1.1
JUTOM -
Si 49 a=>5.4115 89 0.5
Al
[MpeumyriecTBeHHAS 39 a=4.0400 55 0.7
opuenranms (200)
~69%
a=3.8009
Y205 37 14 1.6
[Tocne moguduka- € =6.0357
JR0% 051 YAIO;
[MpeumyriecTBeHHAS 10 a=3.6726 16 2.1
opuenrarms (111)
~46%
a=2.9539
TiAl 14 38 1.0
c =4.8905
8000 - 300 Al
a o 6 ¢
] ® B -Y0s
6000 @ -Al vV A -YAIOs
H-Si 200+ V -TiAl
& 2000 3 i \ ®
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PucyHnok 6. ®parMeHTbl pEHTTeHOTPaMM, TIOJIyYSHHBIX C CHIIyMUHA B JIATOM COCTOSIHUH (@) ¥ CHIIyMHHA 110CiIe
3JIEKTPOB3PBIBHOTO JIETHPOBaHUA (0).

Figure 6. Fragments of X-ray patterns obtained from silumin in the cast state (a) and silumin after
electroexplosive alloying (b).
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PucyHOK 7. DIEKTPOHHO-MHKPOCKOIINYECKOE H300paKeHNE CTPYKTYPhI OIIEPEYHOT0 CeYeHHs 00pa3ia CHITyMHUHA,
MOTU(PHUIIIPOBAHHOTO METOIAMH AJIEKTPOB3PBIBHOTO JETHPOBAHUA (a); 0-3 — n300pakeHne yJacTka (a),
HOJIyYEHHOE B XapaKTePUCTHUECKOM PEHTTCHOBCKOM H3JIyY€HHH aTOMOB
Ti (6), Y (8), Si (r), Al (n), Cu (e), Fe (x), Cr (3).

Figure 7. Electron microscopic image of the cross-sectional structure of a silumin sample modified by
electroexplosive alloying methods (a); b-z — image of section (a) obtained in the characteristic X-ray radiation
of Ti (b), Y (c), Si (d), Al (d), Cu (f), Fe (g), Cr (h) atoms.

Tpubosiornyeckre HUCIHBITAHUS  CHIIyMHHA,
BEHITIOJTHEHHBIE B YCIOBHSX CYXOr'O TpPEHHUS NpHU
KOMHATHOH TeMIepaType, MoKa3aiH, 4To JIIEKTPO-
B3PBIBHOE JIETUPOBAHHUE NPUBOIUT K CHIDKEHUIO
mapameTpa u3Hoca (YBEIMYCHHUIO H3HOCOCTOMKO-
CTH) CWIyMHUHa B 2,2 pa3a; cpelHee 3HaueHHE KO-
s unmenTa TpeHUs MaTepUaia yBEIIMIUBACTCS OT
0,51 B mutom coctostHum 70 0,6 — mOCIe AIIEKTPO-
B3PBIBHOT'O JICTUPOBAHUSL.

Koaddunment TpeHus CHIlyMHHA B JIUTOM CO-
crostuun mnociie 80 Cek WCIBITAaHWH BBIXOAWT Ha
CTaIlIOHAPHBIN YPOBEHb U MPAKTHYECKU Jaliee He
u3Mmensiercs. [locne 3neKTpoB3pbIBHOTO JErUpoBa-
HUS CTAllMOHAPHOE COCTOsSHHE KO3 QHIMeHTa
Tpenus puxcupyercs aumib mocite 2000 cex uctbI-
tanuil. [lepseie 2000 cex BpeMEHU UCIBITAHUM KO-
3 PUIMEHT TpEeHUs IOCTETICHHO YBEIUIHBACTCS
or u=10,16 1o un=0,55. MOXHO TPEITIOIOKUTD,
YTO yBeNTWUICHHE KOA(P(PUIMEHTA TPSHHUSI 00yCIIOB-
JIEHO TIOCTENEHHBIM HCTUPAaHUEM MOIUPHUIIPO-

BAaHHOTO CJI0d CHUJIYMHHa C IMOCICAYIOINUM OOCTHU-
JKCHHUEM CTPYKTYPHI JIUTOI'O COCTOSAHUS CUITYMHHA.

3aka0ueHne

BrinonHeHsl MccIeNOBaHUA CTPYKTYpPBl H
TpUOOJIOTHYECKNX CBOWCTB CHIIYMHHA 3a3BTEKTH-
YEeCKOr0 COCTaBa B JIUTOM COCTOSHUM M IIOCIE
AIIEKTPOB3PBIBHOTO JIETUPOBaHMUS TTOPOIIKOM Y ;03.
IToka3aHo, 4TO B IUTOM COCTOSIHUU CTPYKTypa CH-
nymMuHa c()OpMHUPOBAHA 3€PHAMU IBTEKTHUKHU, KPH-
CTAJUINTaMU MEPBUYHOTO KPEMHUS U BKIIOUECHUS-
MU HUrojipuaToi (ruiactuHuaToi) (opmbl, oOora-
IICHHBIMM aTOMAaMHM elie3a. Y CTaHOBJIEHO, YTO
3IIEKTPOB3PHIBHOE JIETMPOBAaHHUE MPUBOAUT K Hop-
MHPOBAaHUIO B IOBEPXHOCTHOM CJIO€ CHIyMHHA
MOP(OJOTHYECKH  CIIOKHOH  MHOTOYPOBHEBOI
CTPYKTYpBI, XapaKTEpHbIE 3JIEMEHTHl KOTOPOU H3-
MEHSIOTCSl B IIpeliesaXx OT €IWHHUIl 10 COTEH MHK-
pomMeTpoB. BeisiBiieH MHOrO(a3HbIN COCTaB CTPYK-
Typbl TIOBEPXHOCTHOTO CJOA CHJIyMHHa IOCIE
3IIEKTPOB3PHIBHOTO JIETUPOBAHUS, OCHOBHBIMH (a-
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3amu kotoporo seistorest Al, Y,03, YAIO; u TiAl
[loka3zaHo, YTO 3JIEKTPOB3PHIBHOE JISTMPOBAHUE
MPUBOJUT K YBEITMUCHHUIO U3HOCOCTOWKOCTH CHITY-
MHHA B 2,2 pa3za. YCTaHOBIEHO, 9TO KOd(PHuImeHT
TPeHHUS CHIIyMHHA, MOAM(PHUIIMPOBAHHOTO 3JICK-
TPOB3PHIBHBIM METOJOM, 3aBHUCHT OT BPEMCHU
TPUOOJIOTHYECKUX HCIBITAM, MMOCTEIICHHO YBENH-
guBasgch oT W = 0,16 o p = 0,55. BrickazaHo
MIPEIMONI0KEHNE, YTO yBEIHMUeHHe Kod(HIIeHTa
TpeHHusT 00YCIIOBJICHO MOCTEIICHHBIM HCTUPAHUEM
MOJU(PHUIIMPOBAHHOTO CIIOSI CHUTyMHUHA C TIOCIEAY-
IONIMM JOCTHKCHUEM CTPYKTYPBI JIUTOTO COCTOSI-
HUS MaTepUaa.
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AnHoTanusi. B Hacrosmed cratbe 00CYKHArOTCSA BOIMPOCH! (POPMHUPOBAHUS KOMIIO3HIIMOHHOTO TOKPBITHS Ha
OCHOBe nuOopHuIa THTaHa, cepedpa W HHUKENs, a TAKKe UCCICHOBAHUS CTPYKTYPHI MOKPHITHS Ha MUKPOKPHCTAIIIHU-
YECKOM W HAaHOKPHUCTAJUTUYECKOM YpoBHE. McciaenyeMoe MOKPRITHE MOTyY4eHO Ha METHOM ITOAJIOKKE 33 CYET OJHO-
BPEMEHHOI'0 3JIEKTPUUECKOT0 B3pbIBa CEPEOPSHOM U HUKEIEBOW (OJIBbIH, a TAK)KE PACIOI0KEHHBIM Ha TTIOBEPXHOCTH
¢donbr nmopomkom aubopuaa Tutana. VccnenoBaHus CTPYKTYpPbI PABEIHbI C UCIIOJIb30BAHUEM METO/IOB CKAaHHUPY-
IOIIEeH M MPOCBEUNBAIOIIEH 3JIEKTPOHHOW MHKPOCKOITHH, TakkKe MCCIEeI0BaHA MepexoHast 001acTh MEXy MOKpHI-
THEM W METHOW MOANOXKKOH. IToKkpeITHE MMeeT CpenHIor TOMmuHY 160 MKM M XapaKTepusyeTcsl CTPYKTYpOH C
BKJIFOUCHHUSIMH IMOOpHUIa TUTAHA MUKPOKPUCTAIIIMYECKOTO U HAHOKPUCTAIIMYECKOTO pa3Mepa, PacloIoKeHHBIMU
B MaTpHIie Ha OCHOBe cepeOpa M Hukens. HaHokpucTamaudeckas CTpyKTypa HMOKPBITHS IPEACTaBIsieT co00i TBep-
JIBIe PAcTBOPHI HAa OCHOBE MEJH, HUKEI U cepedpa B KOTOPHIX PacIoNararoTcs HaHOPa3MEePHBIe YaCcTHIIRI AHOOPH A
TuTaHa. JIOKambHO YCTaHOBJICHA HavaJbHAs CTagUs paclaja TBEPIBIX PacTBOPOB IpH 00pa30BaHWM KaKHUX-ITHOO
npyrux ¢da3. B mepexomHoi 00iacTH MEXIy MOKPBITHEM U TOIJIOKKOW HAHOKPHCTAIINYECKAss CTPYKTypa TMOKPBI-
THS TaKKe MPEACTaBIsIeT cOO0M HaHOPa3MEpHBIE YaCTHUIIBI, IPEICTABICHHBIC TBEPIBIMI PACTBOPAMHU Ha OCHOBE Me-
I, cepeOpa U HuKens. Takke TUTaH, KOTOPBIA 00pa3oBajcs MOCie YaCTHYHOTO pacmana ¢a3sl TuOopuaa TUTaHA
NPH 3JIEKTPOB3PHIBHOM HAIBUICHUH, BXOAUT B TBEPJbIH pacTBOp (a3bl Ha ocHOBe HuKels. Pa3a Ha OCHOBe cepedpa
3aIoJIHSET MPOMEXYTKH Mexay (a3oi Ha OCHOBE HHUKENsl M THTaHA. B mepexoiHoW 00JacTH Takke BBISBIICHBI
KPYIHBIE YaCTHUIIbI, NPAKTHYECKHU TTOJHOCTHIO COCTOSIIIME U3 JUOOPUIa TUTAHA.
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Abstract. This article discusses the formation of a composite coating based on titanium diboride, silver and
nickel, as well as studies of the coating structure at the microcrystalline and nanocrystalline levels. The coating un-
der study was obtained on a copper substrate by simultaneous electrical explosion of silver and nickel foil, as well as
titanium diboride powder located on the surface of the foils. The structure was studied using scanning and transmis-
sion electron microscopy, and the transition region between the coating and the copper substrate was also studied.
The coating has an average thickness of 160 um and is characterized by a structure with microcrystalline and nano-
crystalline titanium diboride inclusions located in a silver- and nickel-based matrix. The nanocrystalline structure of
the coating is solid solutions based on copper, nickel and silver in which nanosized particles of titanium diboride are
located. The initial stage of decomposition of solid solutions during the formation of any other phases is locally es-
tablished. In the transition region between the coating and the substrate, the nanocrystalline structure of the coating
also represents nanosized particles represented by solid solutions based on copper, silver and nickel. Also, titanium
which was formed after partial disintegration of the titanium diboride phase during electro-explosive spraying is in-
cluded in the solid solution of the nickel-based phase. The silver-based phase fills the gaps between the nickel-based
and titanium-based phases. Large particles consisting almost entirely of titanium diboride were also detected in the
transition region.

Keywords: composite coating, electro-explosive spraying, microstructure, nanostructure, titanium diboride,
nickel, silver, copper substrate, phase, scanning electron microscopy, transmission electron microscopy.
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Introduction

Electrical contacts are important components
of electric switches in electric circuits that allow
current to pass through a contact between two con-
ductors. Electrical contacts are in charge of con-
necting, conducting and interrupting normal and
fault current. Their quality and lifetime are directly
related to the characteristics of a particular switch-
ing device of a particular electric circuit. Electrical
contacts are mainly used in relays, contactors, air
circuit breakers, current-limiting switches, motor
protection devices, micro switches, protective in-
struments, computer keyboards, portable machines,

home appliances, automotive equipment (window
lifters, rear-view mirrors, light switches, motor
starters and other load interrupter switches), leak-
age protection switches [1], etc. There are many
materials for making electrical contacts, the fol-
lowing being mainly used for arc-resistant electri-
cal contacts: silver, silver-nickel [2], silver-copper
oxide, silver-cadmium oxide, silver-tin oxide, sil-
ver-tin oxide and indium oxide, silver-zinc oxide
[3], red copper, brass, phosphor copper, bronze, tin
copper, beryllium copper [4], copper-nickel alloys,
zinc-nickel copper, stainless steel [5] and so on.
However, modern metal contacts have problems
such as chemical corrosion resistance, poor arc ab-
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lation resistance and high manufacturing costs,
which limits their application [6]. In the atmos-
phere, switching components often generate sparks
or arcs when connecting or breaking a circuit. The
occurrence of an electric arc during switching of
electrical contacts inevitably leads to oxidation and
ablation of the contacts, and can also lead to car-
bonization of organic substances in the air with the
formation of carbon deposits which will gradually
increase the contact resistance of the switch or can
lead to an open circuit. The main contacts of low-
voltage contactors are usually made of a silver-
nickel alloy or an alloy based on silver and tin ox-
ides, with the silver content being more than 90%,
and the rest is nickel or tin oxide [7]. Silver has
good electrical conductivity which ensures low
contact resistance and prevents overheating of the
contacts while nickel or tin oxides have good re-
sistance to arc ablation which increases the lifetime
of the main contacts of the contactor.

The above-described electrical contact materi-
als are obtained by bulk production methods, such
as:

1. Liquid-phase methods for producing metal-
matrix composite materials:

— method of mechanical mixing of reinforcing
particles into the melt [8];

— blotting method [9].

2. Solid-phase methods for producing metal-
matrix composite materials [10]:

— mechanical processing of powders in high-
energy ball mills [11];

— methods for sintering metal-matrix compo-
site materials [12];

— methods of powder metallurgy [13];

Methods for producing composite arc-resistant
coatings on contacts of switches of powerful elec-
trical networks include:

— surfacing methods [14];

— spraying methods (gas flame [15], plasma
[16], detonation [17], high-speed gas flame [18],
cold gas-dynamic [19] and electric explosive [20]).

The above-mentioned literature outlines the
existing scientific problem of increasing the life-
time of electrical contact materials, as well as their
restoration by forming new structures and phase
compositions of bulk electrical contact materials or
by forming arc-resistant coatings on the surface of
electrical contacts.

The purpose of this research paper was to
study the structure of the electrical erosion-
resistant composite coating of the TiB,—Ni—-Ag
system obtained by electro-explosive spraying.

Material and research methods

The coatings were sprayed onto samples of
electrical copper grade MO0 (chemical composi-
tion, mass %: Cu 99.99; Fe 0.001; Ni 0.001; S
0.001; P 0.001; As 0.001; Pb 0.001; Zn 0.001; Ag
0.001; O 0.0005; Sb 0.0005; Bi 0.0005; Sn
0.0005), having the shape of a parallelepiped with
dimensions of 25x25x5 mm. Electro-explosive
spraying was carried out using silver foil (chemical
composition, mass %: Ag 99.9; Pb 0.003; Fe
0.035; Sb 0.002; Bi 0.002; Cu 0.058) weighing 400
mg and nickel foil (chemical composition, mass %:
Ni 99.99; Co 0.004; Al 0.0006; Bi 0.0001; Fe
0.002; Cd 0.0003; Si 0.001; Mg 0.001; Mn 0.001)
weighing 20 mg. Titanium diboride powder TiB2
(particle dispersion 1-5 um) weighing 200 mg was
placed on the surface of the foils. The process was
carried out with a plasma action time on the sam-
ple surface of ~ 100 ps and an absorbed power
density at the jet axis of ~ 5.5 GW/m* Electro-
explosive spraying of coatings was carried out on
an EESM (Electrical explosive spraying machine)
electric blasting unit at Siberian State Industrial Uni-
versity (Novokuznetsk, Russia).

Analysis and determination of the coating mi-
crostructure, distribution of elements were carried
out using a KYKY-EM 6900 scanning electron
microscope (made in China). The microstructure of
the samples was also analyzed using a JEOL JEM-
2100 universal thermal-field transmission electron
microscope (made in Japan) with Oxford Instru-
ments INCA Energy hardware for X-ray microa-
nalysis. To conduct studies using the transmission
electron microscopy method, samples were pre-
pared in the form of thin “cross-section” foils. For
this purpose, workpieces measuring 4x1x1 mm
were cut out from the original samples. The cut
workpieces were mechanically ground to 160 um
and then glued with epoxy resin to the treated sur-
faces. Then the blanks were placed in the lon Slic-
er EM-09100 IS ion thinning system and prepared
at an accelerating voltage of 7 kV until perforation
occurred in the gluing area. Thin areas suitable for
transmission electron microscopy (TEM) studies
were located along the edges of the resulting perfo-
ration.

Results and discussion

The structure of the TiB,-Ni-Ag coatings after
electro-explosive deposition is represented by a
silver matrix with inclusions of the strengthening
phase consisting of TiB, and Ni (Fig. 1).
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The average coating thickness is 160 pm.
Their surface has a developed relief formed as a
result of melt flows and hydrodynamic instabili-
ties. At the boundary between the coating and the
copper substrate there are periodic wave-like struc-
tures with micrometer-sized waves formed as a re-
sult of hydrodynamic instabilities during the coat-
ing application process.

The strengthening phase is represented by two
types of inclusions. Large inclusions have an elon-
gated shape. Their average length is 43 pum. It is
worth noting that the largest elements can reach
100 pum in length. Their structure is represented by

a nickel matrix with small inclusions of silver into
which TiB, powder particles are fused. Large in-
clusions are located mainly in the upper and mid-
dle parts of the coating. Small inclusions with an
average size of 8 um are shifted closer to the
boundary with the substrate. Elemental analysis
showed that such inclusions consist of TiB, pow-
der particles around which a thin nickel layer is
formed.

In the copper substrate, cracks along the grain
boundaries formed as a result of the impact of the
shock-compressed layer extend from the interface
with the coating.

d)

Puc. 1. COM wu3o6paskeHust CTpyKTypbl TOKpBITHS cucTeMbl TiBy—Ni—Ag, HaHECEHHOTO IIEKTPOB3PHIBHBIM
METOZOM, ¥ MEeTHOH TIOAJIOKKH (), cepedpsHas Marpuiia ¢ BkioueHusMHu TiB,—Ni (0) u kapThl pactpeeneHus
atomoB Ag, Ti, B u Ni, noxy4eHHBIe ¢ HCTIOIB30BaHIEM YHEPTOANCTIEPCHOHHOMN
PEHTI€HOBCKOW CIIEKTPOCKOIHH (B, T)

Fig. 1. SEM images of the structure of the TiB,—Ni—Ag coating system deposited by the electro-explosive method
and the copper substrate (a), the silver matrix with TiB,—Ni inclusions (b) and the distribution maps of Ag, Ti, B and
Ni atoms obtained using energy-dispersive X-ray spectroscopy (c, d)

The microstructure of the silver-nickel matrix
is shown in Fig. 2. It contains many titanium dibo-
ride particles with an average size of 0.36 pum,
formed as a result of nonequilibrium crystallization

conditions. In areas with reduced gas solubility and
cooling rate some particles consolidated into larger
ones with a size of ~2 um.
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b)

Puc. 2. COM u300pakeHHsS MUKPOCTPYKTYPBI MaTPHUIIBI
cucremsl TiB,—Ni—Ag, mony4uenHoro
JIEKTPOB3PBIBHBIM MeTOJI0M. (a) — SE pexnm
ckanupoBanusi; (0) — BSE pexxum ckaHUpOBaHUS

Fig. 2. SEM images of the microstructure of the matrix
of the TiB,—Ni—Ag system obtained by the
electro-explosive method. (a) — SE scanning mode;
(b) — BSE scanning mode

The diffraction pattern (Fig. 3) shows practi-
cally ring-shaped electron diffraction patterns rep-
resented by at least three fcc lattices. These reflec-
tions are probably produced by submicron particles
being solid solutions based on Cu, Ni and Ag
which is confirmed by the elemental analysis data.
The bright-field (BF) and dark-field (DF) images
show particles of various shapes (round, rectangu-
lar, irregular, in the form of shells) (Fig. 4).

When comparing the elemental analysis data
(Fig. 5), the diffraction pattern (Fig. 4, d) and the
TP images in reflections 9 (Fig. 4, b) and 11 (Fig.

4, c), the “gray” phase in the SP image (Fig. 4, a)
including in the form of “shells” on rectangular
particles belongs to the fcc solid solution based on
Ag. While the “white” phase is the fcc solid solu-
tion based on Cu (the phases are indicated by the
same colors as the element maps during mapping).

Puc. 3. YBennueHHOE M300pakeHNE
MUKPOH(PAKINOHHON KapTHHBI, HOTy4YCHHON
¢ y4acTka mokpbITusi cuctembl TiB,—Ni—Ag mocine
3JIEKTPOB3PBIBHOTO HABLICHUS

Fig. 3. Enlarged image of the microdiffraction pattern
obtained from a section of the TiB,—Ni—Ag coating
system after electro-explosive spraying

It should be borne in mind that the fcc solid
solutions also contain Ni and Ti phases. Rounded
nanosized particles are observed inside the rectan-
gular particles, which are probably TiB, borides.
The fact that the spectra from such particles in the
elemental analysis differ slightly from the sur-
rounding volume may be due to the fact that the fi-
nal spectrum is provided by the volume located
under the rounded particle. A detailed analysis of
the diffraction pattern (Fig. 6) also reveals a Ni-
based fcc phase (a Ni-based solid solution). The
zone axis of this phase is close to [110]. In addition
to this fcc phase, the microdiffraction pattern (MD)
also contains reflections from another phase (prob-
ably fcc), which is not in a precise reflecting posi-
tion.

Oyna. npobi. coBp. Marepuanosen. 2025. T. 22. Ne 2. C. 142-152
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c) d)

Puc. 4. XapaktepHoe CBETJIONIONEHOE H300pakeHHE (a)
[I3M-ctpykTypbl nokpbiTus cuctembl TiB,—Ni—Ag
MOCIIE DIICKTPOB3PHIBHOTO HAMBUICHHS M TEMHOTIOIBHEIE
n3o0paxkenus B pedaexcax 9 (0) u 11 (B), a Takxke
MUKpoAu(PAKIIHOHHAS KapTHHA (T)

Fig. 4. Typical bright-field image (a) of the TEM
structure of the TiB,—Ni—Ag coating system after
electro-explosive spraying and dark-field images
in reflections 9 (b) and 11 (c), as well as a
microdiffraction pattern (d)

Figure 7 shows rounded nanosized particles
embedded in the “matrix”. Dark-field analysis
(Fig. 7) to the MD of Fig. 6 shows submicron par-
ticles of the “matrix” of the Ni-based fcc phase
with a characteristic contrast within the particles.
The contrast is associated with the initial stage of
solid solution decomposition during the formation
of some other phases. Judging from the results of
elemental analysis (Fig. 8), large rounded particles
are enriched in Ti and N, while other rounded par-
ticles are enriched in Cu. The areas containing the
Ag-based solid solution generally do not coincide
with the areas enriched in Ti, Ni and Cu.

Mikat Cukal

Ag Lat

e)

Puc. 5. DeMeHTHBIN aHaNHU3 yJacTka (a) K puc. 4, T
B XapaKTEepUCTUUECKUX PEHTTCHOBCKHUX N3ITyUCHHAX
tuTaHa (0), HuKes (B), Meau (T) U cepedpa (1)

Fig. 5. Elemental analysis of section (a) in Fig. 4, ¢
in characteristic X-rays of titanium (b), nickel (c),
copper (d) and silver (d)

BPMS. 2025; 22(2): 142-152
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Puc. 6. M300paxxenne MUKpoau(paKImOHHON KapTHHEI,
MIOJTYYEHHON C yJacTKa MOKPBITHS CHCTEMBI
TiB,—Ni—Ag u cxema ee pacumppoBKu

Fig. 6. Image of the microdiffraction pattern
obtained from a section of the TiB,—Ni—Ag system
coating and a diagram of its interpretation

Tikal Mi Kal

b) c)

g TTHXTEY] Pos
150000 0,95 0~ lss.

Cu Kat Ag Lat

d) )

Puc. 8. DneMeHTHBII aHAN3 YBETMYEHHOTO YJacTKa (a)
K pPHC. 7. B XapaKTEPUCTUIECKUX PEHTT€HOBCKUX
U3Iy4YCHUsX TUTaHa (0), HuKens (B), Mmeau (T)

u cepebpa ()

Fig. 8. Elemental analysis of the enlarged section (a)
of Fig. 7. in the characteristic X-ray radiation
of titanium (b), nickel (c), copper (d) and silver (d)

Puc. 7. CetnononbHOe n300pakenue (a),

MHUKpOAM(ppaKLMOHHAs KapThHa (6) ¢ OTMEYEHHBIMU Figure 9 shows a diffraction pattern with an
pediiekcamMy M TEMHOIIOJIBHBIE H300pakeHus (¢ analysis that allows the determination of fcc phases
OobIIMM yBeJTHUeHHEM) B pedurekcax (28 — B) based on Cu, Ag and Ni.

1 (29 — 1), cOOTBETCTBEHHO (pasbl Ha OCHOBE Ni The diffraction pattern was obtained from the

, . L L . transition region (Fig. 10) where the copper sub-
Fig. 7. Bright-field image (a), microdiffraction pattern strate is in the upper part of the frame, and na-

(b) with marked reflections and dark-field images (with nosized particles represented by solid solutions

high magnification) in reflections (28 — c¢) and (29 — d), . . .
respectively, of the Ni-based phase based on Cu, Ag and Ni are in the lower part. Tita-

Oyna. npobi. coBp. Marepuanosen. 2025. T. 22. Ne 2. C. 142-152
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nium is included in the solid solution of the nickel-
based phase. The silver-based phase fills the gaps
between the nickel-based and titanium-based phas-
es.

Ni [-110]

Puc. 9. Cxema pacumppoBKr MUKpOJH(PAKIINOHHO
KapTHHBI OT pHC. 8

Fig. 9. Scheme for decoding the microdiffraction
pattern from Fig. 8

In other areas of the foil, a structure is ob-
served that differs in morphology from those pre-
sented above (Fig. 11, Table 1). On the right in this
figure, there are large particles consisting almost
entirely of titanium (boron is not shown due to a
significant error in this element, spectra 4, 5, 8).
The absence of extinction contours in these parti-
cles suggests that these particles are practically not
deformed and are probably titanium-based borides
(TiB,). On the left, a structure similar to a "eutec-
tic" is observed containing “dark" and "light"
phases. The "dark™ phase can be either separate
relatively large particles or relatively thin plates in
the "light" phase (pearlite-like structure). The
"dark™ phase is a solid solution of Ti-Ni-Cu. The
"light" phase apparently has a different content of
the main elements than the "dark" phase. Presuma-
bly, the left part of the image shows the decompo-
sition of the solid solution with the formation of
new phases. In addition, the diffraction patterns
contain many reflections that may belong, among
other things, to an intermetallic compound based
on Ti-Ni-Cu.

200 nm

Hi ka1l Cu Kal

AglLal

9)

Puc. 10. CeeTionosisHbIe H300paKEeHUS TEPEXOTHON
30HBI y9acTKa MOKpITHs cucteMbl Ti1B,—Ni—Ag mocie
3NIEKTPOB3PHIBHOTO HANBUICHUS (a—B) U 3JI€MEHTHBINA
aHau3 (r—XK)

Fig. 10. Bright-field images of the transition zone of the
TiB,—Ni—Ag coating system after electro-explosive
spraying (a—c) and elemental analysis (d—g)
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Puc. 11. STEM wuzo06pakeHue ¢ OTMCUCHHBIMH
TOYKAMH 3JIEMEHTHOTO aHaJi3a

Fig. 11. STEM image with marked elemental analysis
points

Tadauua 1. DeMeHTHbIN aHaIN3 110 TOYKaM K puc. 11.

Table 1. Elemental analysis by points to Fig. 11.

Spectrum B Ti Ni Cu Ag Total
statistics.

Spectrum 1 Yes 12.67 1880 1725 51.28 100

Spectrum 2 Yes 25.06 8.59 20.75 4560 100

Spectrum 3 Yes 1474 674 2240 56.11 100

89.85 1.23 517 3.75 100
90.30 151 5.09 3.10 100
4294 3502 1576 6.28 100
5151 3095 11.71 584 100
80.39 9.60 6.33  3.68 100

Spectrum 4 Yes
Spectrum 5 Yes
Spectrum 6 Yes
Spectrum 7 Yes
Spectrum 8 Yes

Conclusion

For the first time, a composite coating of the
TiB2-Ni-Ag system was obtained by the electro-
explosive spraying method and its structure was
studied at the micro- and nanolevels. The coating
has an average thickness of 160 um and is charac-
terized by a microstructure representing a silver
matrix with inclusions of strengthening phases
consisting of titanium diboride and nickel. The
nanocrystalline structure of the coating represents
solid solutions based on copper, nickel and silver,
in which nanosized particles of titanium diboride
are located. The initial stage of decomposition of
solid solutions during the formation of any other
phases was locally established. In the transition re-
gion between the coating and the substrate, the
nanocrystalline structure of the coating also repre-
sents nanosized particles represented by solid solu-
tions based on copper, silver and nickel. Also, tita-
nium which was formed after partial decomposi-
tion of the titanium diboride phase during electro-
explosive spraying is included in the solid solution
of the nickel-based phase. The silver-based phase

fills the gaps between the nickel- and titanium-
based phases. Large particles consisting almost en-
tirely of titanium were also detected in the transi-
tion region, and since boron was not determined
due to a significant error in this element during
TEM studies, as well as the absence of extinction
contours in these particles, this proves that these
particles are practically not deformed and are tita-
nium diboride. In general, the formed structure
with microcrystalline and nanocrystalline titanium
diboride inclusions located in a silver- and nickel-
based matrix suggests high mechanical properties
and high electrical erosion resistance of the formed
coatings.
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AnHoTanus. [IpoBeseHo uccneq0BaHNe I'PaAUEHTHON CTPYKTYpbI, BO3HUKAIONIECH MPU UMIUIAHTAI[IM HOHAMH
amomuHUS ciutaBa BT1-0 (TeXHUYECKH YMCTOTO THUTaHA) B YIbTPAaMEIKO3EPHUCTOM COCTOSHHH. [ ¢opmupoBa-
HHS YJIBTPAaMEJIKO3EPHUCTOIO COCTOSIHHS ObLI NMPHUMEHEH KOMOMHHUPOBAHHBIN METOJ MHOTOKPAaTHOTO OJHOOCHOTO
npeccoBanus (abc-TipeccoBaHue) ¢ MOCIEAYIOMEH MHOIOXOJOBOW MPOKATKOI B py4YbEBBIX BaJKaX NMPH KOMHATHOH
TeMmIeparype u nocienyoumm omkurom 673 K, 1 gac. MoHHas UMIUTaHTanus IPOBOIMIACE IIPU 033X OOJIyUEHHS:
1><1017, 5x10Y u 10x10% mon/cm>. HccnenoBanne BBITOTHEHO METOIOM MPOCBEYHBAIOIICH MIICKTPOHHOW TU(paK-
IMOHHOW MMKPOCKOITMHM U 3HEPTrOJUCIIEPCHOHHON PEHTTEHOBCKOI CHEKTPOCKONHMK Ha (hoJbrax, BHIPE3aHHbIX Mep-
MEeHUKYJISIPHO 00paboTaHHON MTOBEPXHOCTH 00pasia. YCTaHOBICHO, YTO c(hOPMHUPOBAHHAS MMILIAHTALUEH Tpay-
€HTHas CTPYKTYpa, COCTOUT U3 5 cioeB: 1 — oKCuIHbIN cI0M; 2 — HOHHO-UMIUIAaHTHPOBAHHEIH cIoi; 3 — cnoif ¢ pas-
PYLIEHHOW 3€pEHHOM CTPYKTYpOM; 4 — CJIOM OCTATOYHOTO BIMSHUS UMIUIAHTALMU; 5 — CIIOM, COOTBETCTBYIOIUI HE
MMILIAaHTHPOBAaHHOMY COCTOSIHHIO CIUIaBa. B kaxkaom ciioe ompezeneH (a3oBblil cocTaB, GpopMa M pacloyoKeHUe
YaCTHUI[ BTOPBIX (a3, M3MEPEHBI pa3sMepbl 3epeH o- i, pa3Mepsl, IIOTHOCTh PACIpeesICHUs] U 0OBEMHbIE JIOJIU BbI-
JIENUBIINXCS YacTHUI], IPOAHAJIU3UPOBAHO COCTOSHME TBEpAOro pacTtBopa. llpum kaxmoit no3e oOIydeHus
WCCIIEZIOBAHO paclipeieeHie TIOMHHUS 110 NIyOMHE MOANGHUINPOBAHHBIX CIIOEB. YCTAHOBJIEHO, YTO B cloe 2
HE3aBUCHMO OT J03BI OOJyYeHMs JIIOMHUHHUI NMPEUMYIIECTBEHHO y4acTBYeT B 0Opa30BaHHM TBEPJOrO PacTBOpA,
OCTaBIIMKCS aOMUHUNA — B OOpa30BaHWM HWHTEpPMETAIUTHAHBIX (a3. B cioe 3 Bech BHEOPEHHBIA aNMIOMUHUMA
HAXOJIUTCS B MHTEPMETALTUAHBIX (ha3ax. [To Mepe ynaneHust oT 00paboTaHHON MOBEPXHOCTH 00pasiia CoaepKaHue
QITIOMHHUS YMEHbBILIAETCSI, YTO IPUBOAUT K YMEHBILICHUIO 00BEMHBIX JI0JIe HHTEPMETALTUIAHBIX (a3.
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Abstract. A study of the gradient structure arising from aluminum ion implantation of VT1-0 alloy (technically
pure titanium) in the ultrafine-grained state has been carried out. To form the ultrafine-grained state, a combined
method of multiple uniaxial pressing (abc-pressing) followed by multi-pass rolling in stream rolls at room tempera-
ture and subsequent annealing at 673 K, 1 h was applied. lon implantation was carried out at irradiation doses:
1x10Y, 5x10" and 10x1017 ion/cm? The study was carried out by transmission electron diffraction microscopy and
energy-dispersive X-ray spectroscopy on foils cut perpendicular to the treated surface of the sample. It is established
that the gradient structure formed by implantation consists of 5 layers: 1 — oxide layer; 2 — ion-implanted layer; 3 —
layer with destroyed grain structure; 4 — layer of residual influence of implantation; 5 — layer corresponding to the
non-implanted state of the alloy. n each layer, the phase composition, shape and location of particles of second
phases were determined, the grain sizes of a-Ti, the sizes, distribution density and volume fractions of released par-
ticles were measured, and the state of the solid solution was analyzed. At each irradiation dose, the aluminum distri-
bution along the depth of the modified layers was investigated. It was found that in layer 2, irrespective of the irradi-
ation dose, aluminum is mainly involved in the formation of solid solution, the remaining aluminum - in the for-
mation of intermetallic phases. In layer 3 all embedded aluminum is in intermetallic phases. The aluminum content
decreases with distance from the treated surface of the sample, which leads to a decrease in the volume fractions of
intermetallic phases.

Keywords: ion implantation, transmission electron diffraction microscopy, modified layer, gradient structure,
alloying, layer, grain, phase, particle, solid solution, volume fraction.

Acknowledgements: The research was carried out within the state assignment of Ministry of Science and
Higher Education of the Russian Federation (theme No. FEMN-2023-0003). The authors would like to thank Dr.
Phys.-Mat. Scie. Y. P. Sharkeyev for providing the samples and M. P. Kalashnikov for his assistance in electron mi-
croscopic studies at the Nanocenter of the National Research Tomsk Polytechnic University.

For citation: Nikonenko, E. L., Popova, N. A. & Nikonenko A. V. (2025). Distribution of chemical elements in the
modified layer of UFG-alloy WT1-0 under the action of implantation with aluminum ions. Fundamental nye
problemy sovremennogo materialovedenia (Basic Problems of Material Science (BPMS)), 22(2), 153-163. (In
Russ.). doi: 10.25712/ASTU.1811-1416.2025.02.003.

Beenenne pasBuTHs B 00JacTH (HOPMHPOBAHUS IMOBEPXHOCT-

HOTO CJIOSi: BO3JEHCTBHE JIAa3ePHBIM JIy4OM, 00Iy-

B OonpmrHCTBE CIy4daeB IKCIIyaTallHOHHBIC
XapaKTEPUCTUKU METANIMYECKUX U3IETUN 3aBUCIT
OT MOBEPXHOCTU MaTepuana. JJia Takux u3aeauil
JUIST HYXKI MaIlHHOCTPOCHUS HEOOXOAMMO IIONTY-
YUThH OMpeAeNieHHbIC MPOYHOCTHBIE W JKCIUIyaTa-
LIMOHHBIE XapaKTEPUCTUKH, KOTOPHIM COOTBET-
CTBYET BBICOKAsl MPOYHOCTh. OAHUM U3 OCHOBHBIX
HalnpaBJICHUN HCCIEIOBAaHUN B MAaIIMHOCTPOEHUU
SIBJIIETCS. CO3J[aHME ITOBEPXHOCTHBIX CJIOCB, 00Ja-
JAIONMX TPeOyeMBIMU SKCIUTYaTallMOHHBIMU T10-
Ka3aTesIMU MPU COXPAHEHUU IMOJIE3HBIX CBOWCTB
ocHOBHOT0 Marepuana [ 1-6]. B aToM HanpaBieHn#
B MOCIEIHUE TOJIbl BEAYTCS MHTEHCHUBHBIE HCCIIE-
JIOBaHMS, BKIIOYAIOIIME METOALI M TEHICHIIUH

YeHHE CHJIBHOTOYHBIMH SJICKTPOHHBIMH ITyYKAMH,
00paboTKa MOIIHBIMH WMITYJIbCHBIMU HOHHBIMH
My4YKaMH U MOAH(UKAIUS TIOBEPXHOCTH M3/ICIHN C
MOMOIIBIO0  BBICOKOIHEPTETHUECKUX IITa3MEHHBIX
CTpyH, YTO TO3BOJIIET YMPaBISTh HEKOTOPHIMH
cBoiictBamu TBepabIx Ten [2, 4]. Ilpu obpaboTke
BBICOKODHEPreTHUECKUMH METoJlaMH ObLTH OOHa-
pyxeHbl 3Q(eKThl TOBEPXHOCTHOTO U TTyOUHHOTO
YIPOYHEHUS] METAILIOB.

OgHuM W3 BaXXHEWIIUX  CTPATETHUECKUX
HaIpaBJIECHUH o YITYHIICHUIO (m3uKo-
XUMHYECKUX M DKCIDTYyaTallHOHHBIX CBOWCTB THTa-
Ha W €ro CIUIABOB SBJSIETCS MPHUMEHEHHE METOJIOB
MTOBEPXHOCTHOTO yrpouHeHus [7-9]. Hayka u Tex-
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HHUKa pPacrojaraeT 3HAYUTEJIbHBIM YHCIIOM METO-
JIOB MTOBEPXHOCTHOT'O YIIPOYHEHUSI U JIETUPOBAHUS,
KaXIbli U3 KOTOPHIX MMEET CBOU JOCTOMHCTBA U
HEIOCTaTKH.

B mocneanue ronbl 3HAYUTEIBHOE YUCIO HC-
CIIeZIOBaHHH MPHUBIEYEHO K Mpo0ieMe HOHHOW UM-
IUTAHTALUU [TOBEPXHOCTHBIX CBOMCTB KOHCTPYKLIU-
OHHBIX MaTepuanoB. MloHHas UMIUIaHTaLuUs I03BO-
JSIeT HM3MEHATHh CTPYKTYPHO-()a30BOE COCTOSIHUE
MOBEPXHOCTHOTO CJI0sI 00padaThiBaEMOTr0 U3AEIIHS
myTeM «OOoMOapIUpOBKI» TOBEPXHOCTH HOHAMHU
MeTaiga BeICOKOW sHeprum (Bwimie 15-20 kaB).
ITpu 3TOM HMeeT MeCTO BHEAPEHHE UMILUTaHTHPYe-
MBIX HOHOB B [IOBEPXHOCTh Ha IIIyOUHY 10 1 MKM B
3aBUCHUMOCTH OT WX DHEPTUH, YTO U SBJISIETCS TPH-
YMHOW W3MEHEHUS! CTPYKTYPHO-()a30BOTO COCTOSI-
HUS TTIOBEPXHOCTHOTO CJI0A 00pabaTbiBaeMOro Ma-
tepuana. Ilpn uMmmantauun Gopmupyercs TBep-
OBl pacTBOp BHEAPCHHUS, MEHSIETCS Mapamerp
KPUCTAIUTMYECKON PEelIeTKH U 00pa3yloTcsi HOBBIC
¢a3el Ha ocHoBe MaTepuana mumenu [10, 11]. B
OCHOBE 00pa0OTKM MOHHBIMHU ITyYKaMH JIeXKaT JIBa
nporiecca, KOTOpbIE IOMOJHSIIOT JAPYr JApyra H
OTIPEJICIISIIOT BCIO TaMMY CBOWCTB, MOJy4aeMbIX
MIOBEPXHOCTBIO B Ipolecce ee 00padoTku. I1o 1)
JIETUPOBAaHNE MOBEPXHOCTHOIO CJIOS Marepuaia u
2) U3MEHEHHE CTPYKTYPHO-(ha30BOTO COCTOSHUS
(oOpa3oBaHuUe BBIJIEIEHUH U METACTAOMIILHBIX (a3,
amMopdu3zanusi M TOSABICHUE paJUALMOHHBIX Je-
¢dexroB) [10]. MHTEpec oOycIOBIEH TeM, YTO Me-
TOJI HOHHOW MMITJIAHTAIIMHN MTO3BOJISIET CYIIECTBEH-
HO TIOBBICUTH TaKH€ XapaKTEPUCTHKH MeTaJlinye-
CKUX MaTepHasioB, KaK MPOYHOCTb, U3HOCOCTOM-
KOCTb, KOPPO3HOHHAS CTOWKOCTh, MEKPOTBEPJOCTh
 JIp.

i mpakTHYecKoro IMpHUMEHEHUS HOHHOMN
UMIUIAHTALMH TI0JYy4Yal0T B TOBEPXHOCTHOM CIJIO€
MUIIEHH KOHIIGHTPAIMIO BHEAPSEMOTO 3JeMEHTa
He menee 10 % [12]. [Ipy nMOHHONW UMIUTAHTAINH
YCKOpPEHHBIE aTOMBl BHEIPSIOTCS B IOBEPXHOCT-
HBIH cioil MumeHH. TOJIIMHA TaKOro Cilos, B KO-
TOPOM TIPOHMCXOJIUT TOPMOKCHHUE HOHOB, 3aBHCHUT
OT SHEPrHU YCKOPEHHBIX MOHOB. TakuM 00paszom,
B TIOBEPXHOCTHOM CJIOE€ MPOUCXOIUT JIETHPOBAHHUE
Y U3MEHEHHE CTPYKTYPHO-(Pa30BOTO COCTOSHUSI.

Jns  CymecTBEeHHOr0  MOAHMUIIUPOBAHUS
HEOOXOUMO YBEJIIMYUTh KOHLEHTPALMUIO JIETHPY-
IOLIET0 3JEMEHTa, TO €CTh IIyOWHY NMPOHHUKHOBE-
HHUs 3TOTO 3JIEMEHTa B IOBEPXHOCTh MHUILIEHH, a
Ul 3TOTO J103a MMIUIAHTAllMK J10JDKHA OBITH YyBe-
nuuena u npesbimath 1 x 107 non/cm®. Bricokue
J03bI MOKHO TIOJIy4yaTb NPH HMCIOJb30BaHUU HC-
TOYHMKOB Ha OCHOBE BAKyyMHOW IYI'M, KOTOpbIE

MO3BOJISIIOT PEAM30BHIBATh METOJ HOHHOW HM-
TUTAHTAIUU B UHTEPBAJIC SHEPTUU YIS BHICOKOMH-
TEHCUBHOM MOHHOW MMIUIAHTALWU, YTO MPUBOIAUT
K YBEJIMYEHUIO KOHIEHTPAIMH M TIyOWMHBI TPO-
HUKHOBCHUSI JISTHPYIOIIETO DJIEMEHTa B TOBEPX-
HOCTh MulieHU. OJTHUM M3 TaKMX UCTOYHUKOB SIB-
msrorest MEVVA [13]. Metoa 061ydeHuUst HOHHBIM
ITyYKOM C TTOMOIIBbI0 HOHHOTO ucTouanka MEVVA
UMEET ONpEJICNICHHBbIC MpeuMyiecTBa. OMHUM U3
HUX SIBIISICTCS BBICOKAs CKOPOCTh OOpa30BaHUs
nedexroB. Kpome Toro, o0aydeHHbIe 00pa3Ibl MO-
TYyT OBITh W3yYEHBI TPAAUIMOHHBIMH METOJaMHU
UCCIICIOBAHUS, TMOCKOJIBKY 00pa3lbl HE HWMEIOT
HaBeJICHHO# paauoakTuBHOCTH [13].

Hacrosamas pabora mocBsimeHa HCCIeA0Ba-
HHIO BJIMSIHUSI UMIUIAHTAIlMUA Ha 3JIEMEHTHBIN U
(a30BBIl COCTAaB MMIUTAHTUPOBAHHOIO CILJIaBa
BT1-0 B YM3-cocrosiaum.

MaTepI/IaJ'[I)I H METOJbI HCCJICA0OBAHNUSA

B kadecTBe ucciemyeMoro marepuana ObLT

BEIOpaH TeXHUYECKH YUCTHIN TUTaH mapku BT1-0
B YM3-cocTosiHUM, UMIUIAHTUPOBAHHBIA HOHAMU
AMIOMMHKS TIPH 103ax obaydenns: 1x107, 5x10%
u 10x10" mow/cm®. Jins dopmupoBanms YM3-
COCTOSIHUS K 3aTOTOBKaM THUTaHA MPUMEHSITH KOM-
OMHUPOBAaHHBI METOJ] MHOTOKPATHOTO OJTHOOCHO-
ro npeccoBanusi (abC-tipeccoBaHme) ¢ MOCIEAYIO-
el MHOTOXOJOBOM IMPOKAaTKOW B PYyYbEBBIX BaJ-
Kax TpU KOMHATHOM TemrmepaTrype [14] u 3atem
oTxurom npu temmnepatrype 673 K B reuenue 1u. B
pe3ynpTaTe CpeIHHMH pa3Mep 3epHa COCTaBMJI Be-
nnarHy, paBHyto 0.45x0.15 MxM.
Wonnas uMImmaHTanuys mpoBejieHa Ha MOHHOM FHC-
tounnke MEVVA-V.RU npu Temnepatype 623 K,
yckopstoneM HanpspkeHuu 50 kB, mmoTHOCTH TO-
Ka MOHHOTO Myuka 6.5 MA/cM?, paccTosaum 60 cM
OT MOHHO-ONTHYECKOW cucTeMbl. COrjlacHO TUIOT-
HOCTH MOHHOTO TOKa M CpeIHEH 3apsIIHOCTH HOHOB
AIMIOMUHUSI, CKOPOCTh Habopa J03bl COCTaBisIa
3.36-10" (cm*-c)™. Takum 06pa3oM, BpeMeHa SKC-
TO3HIMK COCTaBHIM: Ut 10361 10x10 mon/em® —
8 yacos 20 munyT; 1t 5x10" mon/cm? — 4 waca 10
munyT; st 1x10" won/cm® — 50 MuHYT.

@Da30BbIi aHANMU3 BBIIOJHEH METOJAMM PEHT-
reHocTpykTypHoro anammsa (PCA) c momormisio
ABTOMAaTHYECKOTO PEHTICHOBCKOTO IU(PPaKTOMET-
pa IPOH-3M B ¢unsrpoBanHom Co-K, uziyde-
HUM METOAOM CKOJIB3ALIEr0 Mydka (TIOA YIJIOM
ckonbkeHusa 3° B guamasone 20 = 30-160° ¢ mia-
roMm ckaaupoBauus 0,1° u BpeMeHEM SKCTIO3UITIH
10 ¢), pacTpoBOH DIEKTPOHHOW MHKPOCKOIIMHM Ha

BPMS. 2025; 22(2): 153-163



156

Huxonenxo E. JI., Ilonosa H. A., Huxonenxo A. B.

at, %

at, %

S | | ] ]
300 400 500 600

I'my6una, HM

1 L

60 gL
X @ ,///O:
g? 40 fu f/..‘/ 1
o 1
20H Al
1
] |
0

Puc.1. OXKE-npodunu pacnpeneneHus XuMHYECKUX
anemenToB (Ti, O, Al) o riiyGuHe mocsie UMITaHTAIUH
YM3-cnnasa BT1-0: a — 1x10" uon/em?;

6 — 5x10" mor/cm?; B — 10x 10" non/em? (1-3 — Homepa
CJIOEB TPAIUEHTHOM CTPYKTYPbI)
uccieayemoro ciiasa BT1-0

Fig. 1. AES-profiles of chemical elements (Ti, O, Al)
distribution by depth after implantation
of the UFG-alloy VT1-0: a— 1x10" ion/cm?;
b — 5x10" ion/cm?; ¢ — 10x10"" ion/cm? (1-3 - numbers
of layers of the gradient structure)
of the investigated alloy VT1-0

anexktporHoM mukpockorie QUANTA 200 3D FEI
C DJHEProaucnepcHoHHBIM aHamm3aTopoM INCA
SDD X-MAX (B/IC) u mpocBeumBaroIiel 3ieK-
TpoHHOH IudpakuuoHHOH MuKpockonmu (II9M)
Ha DJEKTpOHHOM MuKpockore JEM-2001. s
aHalM3a XMMHYECKOTO COCTaBa WMILIAHTHPOBAaH-
HOro THUTaHa wucnonb3oBaH OXKI-31neKTpoHHBIN
cnektpomeTp 09MNOC.

N3ydenne 00pas3oB MPOBOIUIOCH B YETHIPEX
cocrosHusx: 1) mo wummnantanuu (oOpasipl,
oroxokeHHble mipu 673 K, 1 vac) — ucxomHoe co-
crosaue (MC); 2) NC+ wmmmaHtanus HOHAMH
amomuans 1030i 1x10" won/ecm?; 3) UC+ um-

IJIaHTalUsd MOHAMH aJIIOMHUHUS JO30H 5x10Y
I/IOH/CMZ; 4) UC+ uMmrmiaHTanus MOHAMHU aTFOMU-
uust no3oit 10x10% mon/cm?.

Pe3yabTaThl u ux o0cy:KaeHue

Bruanue umnaanmayuu Ha 31eMEeHmMHbIL CO-
cmas cnnasa BT1-0

Hcnonp3yst MeTo CKONB3SIIIETO MyYKa (METOA
PCA), Obn ompeneneH (a3oBblii cocTaB crjiaBa
BT1-0, uMImaHTHpPOBAaHHOTO HOHAMH AJTFOMHHWS,
Haxopmsamierocs B YM3-cocTosHUH. Y CTaHOBJICHO,
4TO, BO-TIEPBBIX, (a30BBI COCTaB CIjlaBa He
3aBHCHUT OT J03bl HWMIUIAHTAllUM, U, BO-BTOPBIX,
Marpuiei cruiaBa siBisiercst gasza o-Ti, a Takke
NpUCYTCTBYIOT (a3bl: uHTepMeTaua TizAl u ok-
cun TiO..

Jns ompeneneHust 3JEMEHTHOTO COCTaBa B
MMIUTaHTUPOBAHHOM CJI0€, KaK OTMEYaloCh BHIIIIE,
OBUIO WCTONB30BAaHO JIBa METOJA: METOJ DJICK-
tponHoit OXE-cnektpockonuu u meron 3/C. Ha
puc. 1 mpeacraBiieHbl KOHLEHTPALMOHHBIE IPO-
¢GWIN JIETUPYIOMIMX BIIEMEHTOB B HWMILIAHTHPO-
BaHHBIX CIIOSIX.

N3 puc. 1 BUAHO, YTO KOHIEHTPALUMOHHBIM
npoduib aTIOMHHUS HE3aBHCHMO OT 03Bl HM-
TUTAHTAIlUM UMEET OJMH MakcuMyM. Takxe BUIHO,
YTO, BO-TIEPBBIX, KOHIIEHTPALUS ATIOMUHHS IPH
WMIUTAaHTaIlMM ¢ Majioi no3oi (puc.l, a) cyme-
CTBEHHO HIKE KOHLEHTpAaLUUH KHUCIopoAa. OTO
CBUJIETENILCTBYET O TOM, YTO B IIOBEPXHOCTHOM
ciloe, Hapsoy ¢ MHTEPMETAUIMIHBIME (a3amu, Oy-
IIyT 00pa3oBHIBaThCS TAKKe OKCHUIHBIE (ha3bl (OK-
CHJBI TUTAHA W ATIOMUHUS). DTO TIOJHOCTHIO MO~
TBEPXKJIAETCSl TUTEPaTyPHBIMH JaHHBIMU [15].

Bo-BToprIX, yBenuueHne N03bl MMILIAHTALIH
NPUBOJIUT K YBEIWYCHUIO MAKCUMAaJIbHON KOHIICH-
Tparyy aTFOMUHHSL.

B-TpeTbux, yBenuyeHune 03Bl UMILTAHTAI[H
NPUBOIUT K CMEIIEHUI0O MaKCHMyMa KOHIIEHTpa-
OUM  allOMHUHHS K BEpXHEH TpaHMLE HOHHO-
JIETUPOBAHHOTO CJIOA. DTO TaKXe XOpOIIO COTia-
CyeTcs C JaHHBIMH, TIOJTYYEeHHBIME paHee [16].

B-ueTBepThIX, BCIEICTBUE BBICOKOH KOHIIEH-
TpallMd TpaHULl 3epeH B YM3-TutaHe IOKHA
HaOI0IaTHCS TMOBBIIEHHAS UG (Y3UsT UMILTAaHTH-
pyeMoro sjeMeHTa 1o TioyomHe Mmartepuana. [lo-
3TOMY, B OTJIMUHE OT IMOJUKPUCTAJUINYECKUX Ma-
Tepuainos [15, 16, 17], nonosHUTENBHAS YCKOPEH-
Has 1uddy3us aTFOMUHHS 10 TITYOMHE U IPUBOIUT
K TIOBBIIICHUIO TOJIIUHBI HMIUIAHTHPOBAHHOTO
cnoss. CpaBHUBas TEOPETHUECKH PACCUUTAHHBIE
3HadeHus [ 18] ¢ 3KCepUMeHTaIbLHBIMHU TaHHBIMH,
NOJy4YEeHHBIMH B HacTodAlled paboTe MeTonoM
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OXKE-CneKkTpocKOmMHy, MOXHO  CKasarh,
HaOJIroIaeTCsl XOpolee COOTBETCTBHE.

B-marerx, w3 ganaeix OXE-cnexTpockonmu
CJIEAyeT, YTO HE3aBUCHMO OT J103bl MMIUIAHTALUH
Jaxe Ha TIyOuHe 1—2 MKM KOHLIEHTpauus aaoMu-
HUSI MOXKET COCTaBIATH A0 2 ar. %, 4TO 3HA4H-
TEJIBHO TPEBBIIIAET MPOEKTUBHBINA MPOOET amrOMHU-
HUs B TUTaHe [15]. MOXXHO 3aKIIOYUTh, YTO TIPO-
apnsiercst 3hdexT «ranpHOnEicTBU» [15], cBs-
3aHHBIN C MIPUCYTCTBHEM BHEAPEHHOHN NMpUMeECH Ha
OomnpIIylo TIIyOWHY BCIEACTBHE pPagHAIlIOHHO-
CTUMYJIHpPOBaHHOHN nuddysnu.

Heo0xomumo Takxke OTMETHUTB, U 3TO XOPOLIO
BUIHO U3 pUC. 1, YTO YBCIIMUCHHUEC 03Bl UMILJIaH-
TalMd OPUBOJUT K CIOXKHOMY H3MEHEHHIO Kak
KOHLIEHTPAlMK KHCJIOPOAAd, TaK U KOHLEHTPALUH
THUTaHAa.

qTo

Brusnue 0o3vl umnianmayuu na ¢azoeoe cocmosi-
HUue epadueHmHoOl CmpyKmypbl

Panee [19, 20] ObLIO YCTaHOBJICHO, YTO HMM-
IUTaHTAIMA HoHaMH amroMuaus YM?3-cmiaBa BT1-
0 mnpuBomUT K (QOPMHUPOBAHHMIO TPaAJUECHTHON
CTPYKTYpBL, COCTOsIIEH U3 5 cioeB: 1 — OKCUIHBII
CJIOM;, 2 — MOHHO-JICTHPOBAHHBIN CJIOHN; 3 — CIIOH C
M3MEJIbUEHHOW 3epeHHON CTPYKTypoil; 4 — cioi
OCTaTOYHOTO BIUSHHS WMIUIAHTAIlUN; 5 — CIIOH ¢
UCXOIHOW  3epeHHOM  cTpykrypod  (IIOM-
n300paXkeHre MpecTaBlieHo Ha puc. 2). Kak Bun-
HO u3 puc. 1, B OKCUIHOM TIeHKe (ciioit 1) kpome
KHCIIOpOJia TPUCYTCTBYIOT AFOMUHWUN W THTaH.
OTMeTHM, 4YTO TIPEACTaBJICHHBIE 3aBUCUMOCTHU
pacmpereieH s KIIFOYEBBIX JIEMEHTOB 10 TIyOHHE
MOJTyYeHbl CTAaTUCTHYECKUM AaHaJU30M IO COBO-
KynHocTu Oomee deM 20 SKCIEpPUMEHTAIBHBIX
naHHbIX. HeoOXoguMo MOAYepKHYTh, YTO Mpel-
CTaBJIeHHbIE Ha puc.]l 3HAYEHWS KOHIIEHTpPALWi
3JIEMEHTOB SIBJISIOTCS. OTHOCHUTENBHBIMH BEJIMYH-
HaMM, TaK KaK YYHUTBHIBAIOTCS TOJBKO OCHOBHBIC
3JIeMEHTHl (TWTaH, AJTIOMHHUN W Kuciopon). U3
puc. 1 cinenyer, 4TO B OKCHIHOW TIJICHKE MPUCYT-
CTBYET NPEUMYIIECTBEHHO KHUCJIOPOJA, Haxond-
muiics, Kak ObuTO yctaHoBiieHO B [19, 20], B okcu-
nax amomunus (Al,O3) u turana (TiO, TiO,).
IIpoBeneHHbIE MICCTIEMOBAHMS TTOKA3aId, YTO TOJ-
IIMHA OKCUIHOTO CJIOSI B HCCIIEyEMOM CIIIaBE MPU
no3e 1x10" mon/cM® cocrasmia ~ 200 HM (CM. pHC.
2). YBenudeHHE 10361 MMIUTAHTAIMHA TIPUBOJNUT K
YBEJIMYCHHUIO TONIIUHBI TUICHKH, a WMEHHO, MpHU
n03e 5%10" noH/cM® TONIMHA [ICHKH COCTABIISIET
210 um, npu 10x10" non/cm®— 280 uwm.
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Puc.2. I[I9M-u306paxenue crutasa BT1-0 B
YM3-coCTOSIHUHU MOCIIE UMILIaHTAIlNN
(1-4 — HOMepa cITOeB rpaUeHTHON CTPYKTYpPhI)

Fig. 2. TEM image of VT1-0 alloy in the UFG
state after implantation (1-4 - numbers of layers
of the gradient structure)

N3 puc.1 cnenyet Takxe, 4TO HA HOBEPXHOCTH
UMIUTAHTHPOBAHHOTO CJIOSI MAaKCHMYM KOHIICHTpa-
1MUY aJltoMHUHUS cocTaBiisieT (8—16) at. %. [1o mepe
yIaJeHus OT MOBEPXHOCTH 00pa3ia B Iy0b Mare-
pHana mpu UMILIaHTALUH C JIF000H 10301 KOHIIeH-
Tpalys aTIOMUHUS HE BBIXOJHUT HA HOJIb, @ TOJIBKO
K HEMY MPHOIMKAETCS.

OTMeTHM, U 3TO TaKKe XOPOIIIO BUIAHO U3 PHC.
2, 9TO MMIUIAHTALUS TIPUBOJUT K pa3pyLICHUIO 3e-
PEHHOW CTPYKTYpBbl. DTO OOBACHSETCS TEM, 4TO
Npyd TEMIEPATYPHOM W BBICOKOIHEPI€TUYECKOM
BO3JICHCTBUN HAOJIOAeTCSI MHTEHCHUBHAsS MHIpa-
IUs TPAHUIL, IPUBOJAMIAS K 00pa30BaHUIO MEIIKO-
3epeHHON CTPYKTYpHI. Juciokanum U3 Tena 3epeH
WHTEHCHBHO BBITECHSIOTCSI HA VX TPaHMIIBL, U MPO-
UCXOAUT 00pa3oBaHHE MENKHX Oe3HCIIOKAIOH-
HbIX 3epeH [21]. IlepBuuHble TrpaHHIBI 3€pEeH
Oonbme He uneHTUUIMpYyoTcs. [TomoOHbIE mpo-
IIECCHI, CBSI3aHHBIC C MOSIBIICHHEM CyOTpaHull, pac-
MIOJIOKEHHBIX TIONEPEK U BAOJb HANpPAaBJICHUS aHU-
30TPOIHBIX KPHUCTAIUIOB (3€peH), HaOMoJaroTcs u
NpY HMMIUIAHTAlMM WOHAMU AaJIOMHWHHUSI B TUTaH
[19, 20, 22, 23]. TTo3TOMYy MOXHO yTBEPXIaTh, YTO
NPy UMIUIAHTallMd 3TOT MPOILECC CBS3aH C CHIIb-
HBIM DHEPreTHYECKHM BO3JCHCTBHEM, KOTOPOE
crocoOCTByeT (GOPMUPOBAHUIO W 3aKPEILUICHHIO
HOBBIX IOINEPEYHBIX TPAaHUIl U, TEM CaMbIM, 00pa-
30BaHMI0 MEJKO3EPEHHON CTPYKTYyphl. M3menbue-
HHE 3€PEHHOM CTPYKTYpHI 10 Mepe MpUOIMKEeHHS
K TIOBEPXHOCTH 00pa3ia IMOoATBEPXKIAeT U PUC.2.

Kak oTMeuanoch Bbllle, a TaAKKE Kak CIEIyeT
u3 puc.2, 3a cnoeM 1 — OKCHIHBIM clioeM (OKCHI-
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HOW TUIGHKOW) CleIyeT WMOHHO-JIETHPOBAaHHBIN
cyoi (cioi 2).

W3 puc. 1 taxxe BUIHO, YTO YBEIUYEHUE JO-
3bl UMIUIAHTAllMd TPUBOJIUT K YBEIMYECHHUIO TOJI-
IIMHBI HOHHO-JIETHPOBAHHOI'O CJIOSI. DTO CBSI3aHO C
TE€M, 4YTO HMOHHAas MMIUIAHTAllUsA CII0COOCTBYET
MPOLIECCY pacHbUICHUs MOBEPXHOCTH MHUIIEHU
[24], garo Bieder 3a co0Oil MepeMelIeHUE TOBEPX-
HOCTH B INIyOb MHILIEHH MO OTHOLICHHIO K UCXOI-
HOM moBepxHOCTHU. [IprueM mpu MaibIX J03ax na-
JTAIOIINX MOHOB MPOMCXOIUT PaclbUIEHHE TOJIBKO
aTOMOB MHUIIEHH (aTOMOB THTaHa), MPH OONBIINX
032X — aTOMOB MMIIEHHU M BHEAPEHHBIX aTOMOB
(aromoB amomuaus) [15].

H3BecTHO, YTO aNOMUHHUI MHTEHCUBHO pac-
TBOpPSIETCS B TBEPIOM pacTBope Ha 6asze o—Ti, 4To
NPUBOIUT YMEHBIICHUIO HapaMeTpoB KPUCTaJUIU-
4yecKol pemeTku o-T1 [25]. PeHTreHoCTpyKTypHBIC
WCCJIEIOBAHNS, BBINIOJTHEHHbIE METOJOM CKOJIb3f-
mero mydka [19], mokasanm, 9To mapameTphl KpH-
CTAJUINYECKOW PEIICTKH O—11 MPHU HMIUIAHTALUH
AIIOMUHUSI B TUTaH B MIOBEPXHOCTHOM 00paboTaH-
HOM cjoe yMeHbIatoTcs. [loaToMy MOXHO yTBep-
JKJaTh, YTO B NEPBOM MOJIOBUHE CJIOSI 2 MPOUCXO-
JIUT MHTEHCHBHOE HACBHILIEHHE TBEPAOTO pacTBopa
aTOMaMH aTIOMHUHHMA, U B IEHTPAIbHON YacTH CIIOS
2 TBEPABIA paCTBOP OKa3bIBAETCS MEPECHIIICHHBIM.
Iloka TOPOMCXOANT MHTEHCUBHOE HACHILICHHUE
TBEPIOrO pacTBOpa aToOMaMH AJIOMUHHSA, MHTEp-
MeTaJuIuAHbIe (pa3bl B IMEpBOW MOJIOBHHE CJOS 2
obpa3yroTtes ciabo (puc.3). Kpome Toro, ycrtaHos-
neHo [19], 4To KOHLIEHTpalusi aTOMOB THUTaHa B
MIEPBOM MOJIOBHHE CJIOS 2 HECKOJBKO yMEHBIIAeT-
cs, a BO BTOPOM MOJIOBUHE MHTEHCHUBHO YBEIHYHU-
BAaeTCAd M KOHILYy CJIOSI 2 B 3aBHCUMOCTH OT JO3bI
o0yudenus coorsercTByeT ~ 80 — 90 at.% (puc. 1).
B 310 BpemMs HauMHaeTCs MHTEHCHUBHOE 00pa3oBa-
HUE WHTEPMETALTUAHBIX (a3 (puc.3)

Takum 00pazom, B MEPBOH MOJOBUHE CIOS 2
NPaKTUYECKH BECh AIIOMUHMN HaXOIUTCS B TBEP-
JIOM pacTBOpe, K KOHITY CJIOS 2 — KaK B TBEPIOM
pactBope, Tak M B uHTepMeTammgax TisAl u
TiAls.

[IpoBeneHnHple MCCIEAOBAaHUS TOKa3alId, YTO
TOJIIIMHA MOHHO-JIETMPOBAHHOTO cJI0s (Cios 2) He
3aBUCUT OT J03bl UMIUIAHTAllMd M COCTaBIISET
350 uM.

Metoapt OXK32 u 3/1C no3Bonuiau CHPOTHO-
3UpOBaTh YBEJIMYECHHWE JOIH HHTEPMETAJUTUIHBIX
¢a3 B cimoe 2, a Meron [1OM moaTBepani JaHHbBII
nporuo3. Kpome Toro, metomom [I19M Owu1o yCTa-
HOBJICHO, YTO yBEJIWYEHHE J03bl UMIUIAHTAllUH HE
TOJIBKO HE M3MEHsET (Da30BBIi COCTaB B CJIO€ 2, HO
U He BIMseT Ha pacnojioxkeHue ¢a3z. IIpu Beex

M3YYEHHBIX B padoTe J03aX UMITIAHTALUN B CIIOE 2
MPUCYTCTBYIOT 3€pHA IBYX TUIOB. IlepBrlil THI —
9TO 3epHa O-Ti, MPAKTUYECKH CBOOOIHBIE OT JIHC-
JIOKaLAN.
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Puc. 3. UsMmenenns 00ObEMHBIX JOJIEH
UHTEPMETALTUAHBIX (Da3 110 Mepe yAaleHHs OT
PIMH.]'IaHTPIpOBaHHOﬁ C Pa3HbIMU J03aMH
MTOBEPXHOCTH B ITyOb 00pa3zna YM3-crumaBa
BT1-0 (1-5 — HOMepa cloeB rpagueHTHO
CTPYKTYPBI)

Fig. 3. Changes in the volume fractions of
intermetallic phases as they move away from the surface
implanted with different doses into the depth of the
sample of VT1-0 UFG-alloy (1-5 — numbers of layers of
the gradient structure)

Bropoit tun — 3epHa o-Ti, BHYTpH KOTOPBIX
NPUCYTCTBYIOT YacTHIbl HUHTepMeTauaa T izAl,
o0afarorye miacTHHYaTon (HOPMOii.

B pabote Tarxke yCTaHOBJIEHO, YTO CpEIHHE
pasmepsr 3eper (o-Ti + TizAl) B citoe 2 ¢ yBenu-
YeHHEM J03bI MOHHOW WMIUTAHTAIIMN YBEIMYHBA-
IOTCS. YBEIUYHUBAIOTCS U WX OOBCMHBIC JOJH
(Tabm.1).
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Taoauna 1. Biausure 10361 HOHHOW UMITJIAHTAIMU HA
pasmep u 06beMHYI0 0Tk 3epeH (o-Ti + TizAl)
B cnosix 2 U 3 B uccnenyemom YM3-crimase BT1-0

Table 1. Influence of ion implantation dose on the size
and volume fraction of grains (a-Ti + TizAl)
in layers 2 and 3 in the studied UFG-alloy VT1-0

Crnoii 2 Crnoii 3
Pazme- Pasmepni
Ho3za, pel 3epeH | O6. | 3epeH 006.
voH/cM? (a-Ti + | mons, | (a-Ti JIOJIS,
TizAl), % +TiAl), | %
HM HM
1x107 | 50x90 | 10 90 x 120 | 20
5 107 | 60 x 115 | 20 1158 x| 40
10 x 107 | 90 x 150 | 20 jgg x| 40

Kpome wacturr uatepmeramumuaa TizAl, Haxo-
JSIIMXCS BHYTPH 3epeH o-T1, B cioe 2, Kak ToKa-
3aJIM UCCIEeI0OBaHus, poBeAeHHbIe panee [19, 20],
MPUCYTCTBYIOT YACTHIIBI e OJJHOrO WHTEPMETAI-
auaa — ynopsimodenHas ¢asza TiAl. Yactuusr da-
3p1 TIAl3 B 3TOM ciioe umeroT Ghopmy, OIH3KYIO K
OKPYTJIOH, ¥ pacroyiaraloTcs CliyJaifHbIM 00pa3oMm.

KonuvecTBeHHBIC OICHKM MMOKA3aJd, YTO B
croe 2 cpeaauii pasmep vactuil Gaser TiAlz 3aBu-
CHUT OT JI03bl NOHHOW MMIUIAHTALMU — C yBeJN4e-
HHUEM JI03bl YMEHbIIaeTcs quaMetp vactuil (ot 40
HM 10 20 HM).

W3MeHeHune 10361 UMITIAHTAIIMK TIPUBOIUT U K
U3MEHEHUI0 00BEMHBIX JIOJIeH HHTEPMETAIUTHTHBIX
¢a3, KOTOpbIE yKE B CIIOE 2 U3MEHSIOTCS CJI0XKHBIM
obpa3zom (puc.3).

Kpome nnrepmeramuaabix ¢asz TizAl u TiAl;
B CJIo€ 2 MPHUCYTCTBYIOT OoKcuasl — ¢assl Al,O3 u
TiO,, a take okcup Al,TiOs. Eme pa3s ormetnm,
4T0 (OPMHUPOBAHHE OKCHAHBIX (a3 BO3MONKHO 3a
CYET NPUCYTCTBUS BBICOKOM KOHICHTPAIUH KHC-
JIOPO/Ia B MOBEPXHOCTHBIX CIOAX MMITTAHTHPOBAH-
HBIX CIUTABOB.

[IpoBeneHHbIE KOTMYECTBEHHBIE OIEHKH I10-
Ka3aJid, YTO HOHHAs MMIUIAHTALMS TPUBOIUT K
CYLIECTBEHHOMY YMEHBIICHUIO pa3Mepa YacTHIL
¢azer TiO,, a UMEHHO, eclM B UCXOIHOM COCTOSI-
HUAW (10 MMIUTAHTAIMH) CPEOHUN pa3Mep YacTHI]
COCTaBIISUI BEIWYMHY PaBHYI 15 HM, TO mocie
UMIUTAHTAIlUM pa3Mep YacTUI[ B CIoe 2 PEe3KO
YMEHBIIUJICS U COCTABJISICT BETUYMHY ~8 HM, TIPH-

yeM, 1032 MMILTAHTAIlUd HE OKAa3bIBAET HUKAKOTO
BIIASIHUSL.

Taxxe yCTaHOBJIEHO, 4TO B clioe 2 oObeMHas
ot (aser TiO, oka3pIBa€TCsS MEHBIIIE UCXOIHOTO
3HAa4YeHWs, puyeM, YeM  Oosiblie  J103a
WMIUTAHTAIlUM, TeM Meblie oObeMHas 1oy (asbl
TiO..

Brime MBI oTMeUaam, 9To B ClIo€ 2 KpoMe da-
crur; (asel TiO, MPUCYTCTBYIOT YaCTHIIBI €IIE O
Horo okcuma — Al,Oz 00magaroNMX OKPYIIIOH
dbopmoii. CpenHnii pa3Mep ATHUX YaCTHIl HE3aBH-
CHMO OT JI03bI MIMILTAHTAIIMN COCTABIIAET 3—5 HM, a
HUX 00BEMHAS JIOJIS MaJia ¥ ¢1a00 3aBUCUT OT JO3bI
MMILTaHTaIUY.

Bbrllie Takke 0TMEYanoch, YTO B CIIOC 2 HM-
wiantupoBanHoro YM3-cmmaa BT1-0 mpucyt-
crByro yactuibl okcuaa Al,TiOs. D10 — yacTHIs!
OKpyTJIOi (OPMBI, X CpPEAHHUA pa3Mep ~5 HM,
o0bemHas mous coctanisieT 0.7 06. %.

Croii ¢ u3MenbuUeHHON 3epeHHOI CTPYKTYpOit
(cmoit 3) momoOeH cioio 2, HO eCIM Ha TOJIIIHHY
CJ0s 2 yBeNMWYEeHHE TO03bI MMIUIAHTAIIMN HE OKa3bl-
BaJI0 HUKAKOI'0 BJIMSHUS, TO B CJI0C 3 YBEIUYCHUC
JIO3bI MPUBOJUT K YMEHBIIECHUIO TOJIIUHBI 3TOTO
cios (ot ~0.8 MM g0 0.7 mxm). Croit 3 momoOeH
cioro 2 U Mopdosoruuecku. A MMEHHO, MOHHAs
MMIUTAHTAIUS TPH BCEX J103aX IPUBOJUT K W3-
MEJhUEHUIO 3€PEHHOI CTPYKTYpHI, OJTHAKO B 3TOM
cJloe CpeqHUil pa3Mep 3epHa BCETAa BBHIIIE, YeM B
crioe 2.

CrnenyeT OTMETHTh, 4YTO (ha30BbI COCTaB B
cjoe 3 Takoi ke, KaK U B ClIo€ 2, TO €CTb MaTpu-
neir ssisercs (Gaza o-Ti, TakKe MPUCYTCTBYIOT
uarepmerauaabl TiAl; u TizAl, okcuasl THTaHa 1
amromunust. [lpu 3Tom popma gactur u ux pacro-
JIOKEHHE B clIoe 3 Takke coBnagaroT. Kak u B cioe
2, B cJioe 3 MPHUCYTCTBYIOT 3€pHA O~ T 1 IByX THIIOB:
3epHa - Ti, MpaKTHYECKH CBOOOHBIC OT JAMUCIOKA-
Ui, ¥ 3epHa o-Ti, BHYTPH KOTOPBIX MPUCYTCTBY-
10T vacTuiel TisAl mmacturuaToit dopmer. Yera-
HOBJICHO, YTO HE3aBHCHMO OT JIO3bI UMILIaHTAIMH
CpellHue pa3Mephl 3epeH BTOPOTO THIA U UX 00B-
e€MHBIC JI0JIM B cjioe 3 OoJblie, 4eM B ciioe 2 (CM.
naHHble Ta07.1).

HccnenoBanus TOKaszadd, 4YTO OOBEMHBIC
JIOJIM TUIACTHHYATHIX dacTull TisAl, Haxonsimecs
BHYTpHU 3epeH o-Ti B ciosix 2 ¥ 3, npu yBemuue-
HUU JI03bl MMIUIAHTAIIMA HECKOJILKO YBEIUYHBa-
IOTCSI, YBEIWYUBAIOTCS W TPOAOJBHBIC pa3sMephbl
YJaCTHII, B TO BPEMs KakK IONIEPEUHEBIE pa3Mephl He-
3HAYUTEIFHO YMEHBIIAIOTCS.

Kpome wactun narepmeramiuga TisAl, Haxo-
JIIAXCS BHYTPU 3epeH o-Ti, B ciioe 3, Kak U B
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clioe 2, MPHUCYTCTBYIOT YacCTHUIIBI YHOPSIOUCHHOU
¢aszer TiAlz. ®opMa 3THX YaCTHI[ U MX PacCIIOJO-
JKeHUe B cioe 3 Takue ke, Kak u B cioe 2. Cpen-
Hui pazmep yactuil ¢passl TiIAl; B cioe 3 cinabo 3a-
BHUCHUT OT J103bI IMIUTaHTanuu. Kpome Toro, ciemy-
€T OTMETHTh, YTO YAacTHIBl HHTEPMETAUTHIHBIX
da3 (TisAl u TiAl;) npakTudecku paBHOMEPHO
pacmonaratotcs B ciosix 2 u 3 (puc.3). Ilpu atom
UMILTaHTaus ¢ 10308 1 x 10Y wow/cm® MIPUBOJIUAT
K TOMy, uTO oO0bemHas fons ¢aser TiAl; B cnosx 2
U 3 mOCTOsSHHO npeBanupyet Ha TisAl.

VBenuuenue 036l MMIUIAHTAUMHA 10
5x10*" won/cM? M3MEHSET COOTHOMLICHHE JO-
Jiell MHTepMeTAJUTUIHBIX (a3 — Terneps MpeBa-
aupyet dasza TisAl, a oobemuas mons (assl
TiAl; cranoButcs B 2 pasza MeHbine. Jlanb-
Helllee yBEJIMYEHUE J03bl MUMIUIAHTALMMU 10
10x10"" mon/cM® MPUBOIKT K eIe GOMbIIEMY
YBEJIUYCHUIO OOBEMHBIX JI0JIEM HHTEPMETAJI-
JTUIHBIX (a3.

B cmoe 3 koHIIeHTpaIs aTOMOB THTaHa OJIN3-
ka kK 90-100 at.%, HO HEKOTOpOE KOJIMYECTBO aTO-
MOB QIIOMUHUS U Kucjoponaa coxpansercs [19].
KonuyecTBeHHbIC OIICHKH, BBINOJIHEHHBIE C HC-
HOJIb30BaHUEM OOBEMHBIX JIONIEH HHTEpMETallu-
108 TizAl u TiAl; 1 UX CTEeXHOMETPUYECKOTO CO-
crapa [26], moka3aiy, 4TO UMEHHO TaKOTro KOJIude-
CTBa aJIOMUHHS JIOCTATOYHO JJIsi OOpa3oBaHMs
obbemuol gomu uHTepMeTauuaoB TisAl u TiAlj,
COOTBETCTBYIOLIEH pHc. 3. DTO O3HA4aeT, 4To B
TBEP/IOM PacTBOpPE MOJHOCThIO oTCyTCcTBYeT Al, 1
MaTpHIleil CIuTaBa B cjioe 3 sSBiIseTCs TBEPABINA pac-
TBOP TOJIBKO OL-T1.

B cnoe 3, kak u B cioe 2, KpoMe HHTEpMETaJ-
muaabix Ga3 TisAl u TiAly Takke TpUCYTCTBYIOT
oxcubl — dasel Al,Oz, TiO, u Al TiOs.

UccnenoBanusa cios 4 (cioif 0cTaTOYHOTO
BIIMSIHUSL MMIUTAHTAIMK) TOKA3ajM, YTO YBelHue-
HHE J03bl UMIUIAHTAMM HE MEHSIOT TOJIINHY
ciost. A 3epHa o-T1 IPHOOPETAIOT YETKHUE TPAHHIIBI
U CTaHOBSATCS AHMU30TPONHBIMH, TO ecTh L/d > 1.
Pa3zmepsl 3epen o-Ti (Kak momepeyHble, TaKk H
OpPOJOJbHBIC)  NPUONMKAIOTCS K MCXOJHBIM
3HAYEHUM (CM. puc. 4).

@a30BbIii COCTaB MO Beel rmyOune cinoeB 4 u 5
(cmoli Cc HMCXOAHOW 3EpPEeHHOH  CTPYKTYpOH)
HE3aBUCHMO OT JI03bl HMIUIAHTAUK COJCPIKHUT
uarepmerauaabl (TizAl u TiAly) u okcuaHble
a3, B OocHOBHOM oOkcuibl TuTaHa T110,.
HesaBucumo oT TI03BI VMIUTaHTAIN
uarepmerammn  TisAl mpucyrcTByer Ha BceM
MPOTSHKCHUU CJIos 4 U B Havaue ciiost 5 (cm. puc.3),

X 5TOM JacTHIbl ¢assl TisAl pacmonararoTes mo
rpaHuIaM 3epeH o-Ti B BHJIE MPOCIIOEK.

Wcx a 150
400 o
1
2200 WO
) 50

0.1 10 10 100 0.1 1:0 1IO 1(I)0
MKM MKM

Puc. 4. Biusaaue 10361 IMIDIaHTALIMN Ha U3MEHEHHE
CpPEIHUX pa3MepoB 3epeH O-T1 1Mo Mepe yaaleHus OT
noBepxHocTH o6pasia: 1 — 1x10" non/cm?;

2 - 5x10Y I/IOH/CMZ; 3 — 10x10Y mon/cm?

Fig. 4. Effect of implantation dose on the change in
the average grain size of a-Ti grains as they move away
from the sample surface: 1 — 1x10" ion/cm?;

2 — 5x10* jon/cm?; 3 — 10x10* ion/cm?

Belme MBI OTMEYasH, YTO HE3BUCUMO OT 03Bl
UMIUIAHTAMH HapsAy C WHTEPMETAJUTHIHBIMH
dazamu Tiz;Al u TiAl; B cnosix 4 u 5 npucyTcTBy-
10T okcnabsl Tutada Ti10,. Yactuusl TiO, B cnosx 4
u 5 oOmamaroT okpyriioi opmoii u pacmonararoT-
csl cy4aliHBIM 00pa3oM, He CBSI3aHHBIM CO CTPYK-
Typoii Marepuasna. [lo wmepe ymaneHuss oOT
MOBEPXHOCTH  MMIUIAHTUPOBAHHBIX  00pa3LOB
pasMepsl YacTHIl B CIOSIX 4 ¥ 5 yBETMUUBAIOTCS U
NPUOIMKAIOTCS K UCXOTHOMY 3HAUYEHHIO.

3aka0ueHne

[IpoBenennsie ucciemoBanus cruiaa BT1-0,
HaxXosmerocss B YM3-COCTOSHHY, BBIIOJHEHHBIE
METOZOM IIPOCBEUMBAIOIIEH DIEKTPOHHOU JU-
(paKIMOHHOW MHUKPOCKOIHMH W JHEProIUCIIEPCH-
OHHOM PEHTICHOBCKOM CIEKTPOCKOIUU IOKa3alu,
YTO HE3aBUCUMO OT J03bI 00MydeHus chopMHupo-
BaHHAs WMIUIAHTAIIMCH TpagueHTHAs CTPYKTypa
COCTOMUT M3 5 cloeB: 1 — OKCHIHBIN CIION; 2 — HOH-
HO-UMILUIAHTUPOBAHHBIA CJIOW; 3 — ciod ¢ pa3py-
MIEHHOW 3€PEHHON CTPYKTYpOit; 4 — CIIOH OCTaTO4-
HOTO BIIMSIHUSI UMIUTAHTAITAN; S5 — CJIOHW, COOTBET-
CTBYIOIIMHA HE HMMIUIAHTUPOBAHHOMY COCTOSIHUIO
cIIIaBa.

Y cTaHOBIEHO, YTO OKCHAHBIN cioii (cioii 1) B
obpasnax ~ YM3-tutaHa  sABNSETCS ~ YaCTUYHO
aMOp(HBIM CJOEM Ha OCHOBE OKCHIHBIX (a3
Al,O3, TiO, TiO; ¢ BKkpamIeHHBIMH, BTOPUYHO BHI-
JIEJICHHBIMA HAaHOKPHUCTAJUTHYECKHUMH YacCTHIIAMU
uHTepMetauuaAnbIX da3 TizAl, TiAl;. C yBenmnue-
HUEM JI03bl WMIUTAHTAIlMM HAOIIOMaeTCs POCT
TOJIIIMHBI OKcHIHOTO cinost oT 200 HM 1o 280 HM.
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YcTaHOBJIEHO, YTO 3HEPreTHYECKOe BO3JEH-
CTBUE MOHAMHU amoMuHus Ha ciiaB BT1-0 mpuso-
IUT K PECTPYKTYpHU3aLMHU CIIJIaBa ¢ YMEHBLICHUEM
KaK NPOAOJIBHOIO, TaK WM IOIEPEYHOT0 pa3MepoB
MaTpU4HbIX 3epeH o-T1. CpemHuii TONEpeyHbIi
pa3Mep 3epeH yMEHbUIWICS B ~3 paza, MpoAob-
HBI — B ~4 pasa.

Wzyueno pacnpeneneHne aToMOB aJIFOMUHHSA
o riryOvHe MCCIIETIOBaHHBIX 00pasIos.
VcTaHoBlIEHO, YTO B ciaoe 2  alFIOMUHHHA
NPEUMYIICCTBEHHO YYacTBYeT B 00pa3oBaHUH
TBEpAOr0 PacTBOpa, OCTABIIMICS aTOMUHUNA — B
o0Opa3oBaHMH WHTEpMETALTUAHBIX (ha3. B cmoe 3
BECh BHEJ-PEHHBIM aIIOMUHUNA HAXOJIWUTCS B
MHTEepMeTaN-TUAHBIX (a3ax. [To Mepe ynaneHus ot
00pa-0oTaHHOMH MTOBEPXHOCTH o0paszia
COIepKAaHUE  aMIOMHHHS ~ yMEHBINACTCSA,  YTO
NPUBOIUT K YMEHBLICHHUIO OOBEMHBIX JIOJIEH
UHTEPMETAI-TUAHBIX (a3,
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Abstract. A molecular dynamics study of the effect of phase composition on the physical-mechanical proper-
ties and structural rearrangements of the gradient grained FegsNigs alloy during nanoindentation was carried out. The
grain size in the simulated samples increased from 10 to 30 nm from the loaded surface in the indentation direction.
In different samples, the volume fraction of the BCC phase in the lamellae of each grain with the FCC lattice was 0,
30 or 60%. It was found that an increase in the volume fraction of the BCC phase in FCC grains reduces the hard-
ness of the alloy and increases its ductility. The onset of plastic deformation during indentation of samples was as-
sociated with the generation of dislocations in the contact zone of the indenter with the sample, followed by the for-
mation of stacking faults and twins. The processes of plastic deformation develop most actively along grain bounda-
ries and interphase boundaries. As the indentation depth increases, the BCC-FCC phase transitions in lamellae of
grains located in the indenter impact region begin to make a significant contribution to plasticity. It was found that
interphase and grain boundaries localize the development of plasticity during nanoindentation, preventing the prop-
agation of structural defects into deeper grain layers. An increase in the volume fraction of the BCC phase enhances
the localization of plastic deformation in the loaded material.

Keywords: molecular dynamics, gradient grained structure, nanoindentation, plastic deformation, phase transi-
tions.
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BBez[efme CTU C MNOBCACHHUEM HEPAPXUUYCCKUX MaTCpHaJioB
IIpU pa3IMYHBIX BHCUIHUX BOSJICI\/IICTBI/IHX AaKTHUBHO
HU3y4dacTCAd U ABJIACTCA OHHOﬁ n3 Hamboee aKTYy-

AJIbHBIX 3aJlad COBPEMCHHOT'O MAaTCpPpUAJIOBCIACHUA.

Hepapxnueckue MaTepuaibl MPUBJIEKAIOT I10-
BBILICHHBI HMHTEpeC Onarogaps CBOMM YHHKallb-

HbIM ()YHKIIMOHAIBHBIM CBO¥cTBaM. OHHM HUMEIOT
BBICOKYIO TIPOYHOCTh M yIApHYIO BSI3KOCTh, yCTa-
JIOCTHYIO U PaJUAallMOHHYIO CTOMKOCTb, XapakTe-
PHU3YIOTCSI MaJIBIM TPEHUEM M U3HOCOM M T.JI. Y HHU-
KaJIbHBIE CBOMCTBA BO MHOTOM OOYCJIOBJICHBI I'eTe-
POTCHHOCTBIO UX MUKPOCTPYKTYPBI, OCOOCHHOCTSI-
MU pacnpezaeiceHusi (a3 U XMMHUYECKOTO COCTaBa
mo o0beMy Martepuana. Hammuame omHOrOo Wi He-
CKOJIBKMX BHUJOB TE€TEPOT€HHOCTH MOXET IPHBO-
JUTh K CYIIECTBEHHOMY CHHEPreTHYECKOMY
YIy4IICHUIO (U3UKO-MEXaHUIECKUX CBOMCTB Ma-
Tepuana. B3anMocBs3p mapaMeTpoB TeTeporeHHO-

BPMS. 2025

HccnenoBannsa mepapXudecKux MaTepUaoB IPO-
BOJMIIUCH TPUMEHHUTEIHHO K OMMojanbHO# [1] u
rpaaveHTHON [2] nByxQasHbIM CTaJIsIM, HEpPapXu-
YeCKUM [IBOMHHUKOBBIM CTPYKTypaM B HaHOKpPH-
CTANTMYECKUX MaTepuanax [3], meracTaOuibHOMN
IBYX(a3HOH cTali ¢ HAaHOJIAMENBHON CTPYKTYpOil
[4], namuHaTtamM W3 KPYNHBIX M MEJKHX 3€peH C
TPaIeHTOM XMMHYECKOro cocTaBa [5] m 1.1, Me-
XaHU3MBI OJHOBPEMEHHOT'O BIHUSHHS HECKOJBKHX
BUJOB TETEPOI€HHOCTH M UX B3aUMOACUCTBUA
MEXIy  CcoOOH, ompezensomue  (HUMKO-
MEXaHWYECKHE CBOMCTBA MaTepHaiga, BO MHOIOM
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HESICHBI U TpeOyroT moapobHoro uzyuenus. Kop-
pensus MEXIY MapaMeTpaMH I'e€TepOreHHOCTH M
MpoleccaMt, MPOTEKAIOIMMHA Ha MHUKPOCKOIUYE-
CKOM YpoBHe, Hanbosee 3QPEeKTUBHO MOXKET OBITH
UCCIIeIOBaHA Ha OCHOBE HCIOJBb30BAaHUS METOZa
MOJIeKyJsApHOH jauHamuku. llerecooOpasHoCTh
W3y4YeHUsl TOBEJCHHS MaTepualioB Ha aTOMHOM
YPOBHE MOXET OBITh 00YCJIOBJIE€HA PAIOM NPUUUH
[1]. OgHa 3 HUX CBsA3aHA C CO3MAaHUEM HAHOPA3-
MEPHBIX 00pa3loB U HAHOCTPYKTYP, AJSl KOTOPBIX
OTKJIMK Ha BHEIIHHE BO3ACHCTBHA HMEET CBOM
ocobeHHocTH. Jlpyras mnpuyuHa 3aKIOYaeTcs B
HEOOXOIUMOCTH CcO3JaHusl 0a3bl JaHHBIX IO OCO-
OCHHOCTSIM TOBEJCHUSI MEPAPXUUECKUX Marepua-
JIOB Ha aTOMHOM YpPOBHE, KOTOpas OyneT BocTpe-
OoBaHa A CO3JAHMS HAAEKHBIX KOHCTPYKLUIL.
Kpome Toro, arommcTudeckoe MOJEINPOBAHUE
MO3BOJIUT TIIyOXe TOHATH BIHMSIHUE Pa3IUYHOTO
poma wuHTEpPQEHCOB, TETEPOreHHOCTH 3epEeHHOU
CTPYKTYpHI, ()a30BOT0 ¥ XMMHUYECKOTO COCTaBa Ha
MOBEJICHHE MaTepuala Ha MaKpoMaclITaOHOM
ypoBHe. MoaenupoBaHue MOBEICHHUS MaTepUasioB
Ha aTOMHOM YpPOBHE JIaeT TAaKKe€ IPEICTABICHUE O
TOYHOCTH MaTeMaTHYEeCKHX Mojenel Ooyiee BBICO-
KOTO MacIITaOHOTO YpOBHs, HApUMeEp, IJIsl MOJie-
JIMPOBAHUS METOJIOM KOHEUHBIX JJIEMEHTOB.
OTMeTnM, 9TO JUTS M3YYCHHUS! TaKUX (PUIUKO-
MEXaHMUYECKHX XapaKTEePUCTUK MaTepUasioB, Kak
yOpyrue MOAYJH, TBEPAOCTb, BA3KOCTb, @ TAKXKe
0CcOOEHHOCTE! 3apOXKIACHUS U PA3BUTHUS ILIaCTHYE-
CKOM JleopMaIiuyl IMUPOKO HUCTONB3YyeTCsS WHCH-
TUPOBAaHUE, KOTOPOE MPEJCTABISIET COOOH IpoLecc
JIOKaJbHOTO KOHTAKTHOTO B3aMMOJEHCTBUS ABYX
ten [6-8]. [Iporecchl, mpoTeKaronye Mpu KOHTAKTE
T€JI Ha aTOMHOM YpPOBHE, C BBICOKOW TOYHOCTBIO
MOTYT OBITH ONHMCaHbl Ha OCHOBE MOJEKYISIPHO-
TuHammudeckoro wmogenupoBanus [9-13]. Ilpm
aTOoM, nAe(opMalMOHHOE MOBENEHHE MOJETHpYe-
MOro MaTepuaja NpH HAHOMHACHTHUPOBAHWUHU CY-
IIECTBEHHO 3aBUCHT OT psAa ¢axrtopoB. Tak, B pa-
bote [9] mccmenoBaHO BIMSHUE BHIOOpA MTOTEHITHU-
aJI0OB MEXAaTOMHOT'O B3aWMOJEHCTBUS, pa3MepoB
MOJUIOKKH M MHIEHTOpA, CKOPOCTU MHIEHTOpa Ha
0coOeHHOCTH 00pa3oBaHus JIePeKTOB B IpaHEIICH-
TPUPOBAHHBIX M OOBEMHOIIEHTPHUPOBAHHBIX KyOU-
YECKHX Marepuanax MpH HAaHOMHIECHTHPOBAHHH.
BuusiHue opreHTanuu Harpy»aeMoil OBEpXHOCTH
B I'lIK MaTepuasiax npyv HaHOMHJIECHTUPOBAHUM HA
YIOPYrocTh M IJIACTUYHOCTh ObLIa MOKa3aHa B pa-
oore [10]. Beima ycraHOBIeHa CWIBHAas CBSI3b
MEX]Y AUCIIOKAllMOHHOW aKTHBHOCTBIO, OpUEHTa-
Uel MOBEPXHOCTH U TTTyOMHON BOABIWBAaHHUSA WH-
JIeHTopa. 3apoKIeHHE AUCIIOKAWK TP HampsbKe-

HUSX BBINIE MTOPOTOBOTO 3HAYCHUS MPUBOIUIO K
MaJCHUI0 HArpy3KH. DTa B3aUMOCBS3b OBbLIA TTOJ-
TBEpIKIEHa SKCIepUMEHTaIbHO B pabdorax [11,12].
MounekynspHO-THHAMHYECKOE MOJIEIMPOBaHNE
mpoliecca HAHOMHIEHTHPOBAHHUSA YCIEIIHO FC-
MOJIB30BAJIOCH IS M3YyYeHUs OCOOEHHOCTEW 3a-
POXKICHHUS M Pa3BUTHsI TUIACTUYHOCTH B MaTepHa-
JaX C JIOCTaTOYHO CJIOKHBIMH CTPYKTYPaMH,
BKJTIOUAs BBICOKODHTPOIINIHBIE amopo-
HBIC/KPUCTALTMYECKUAE JIByX(Da3HBIE MaTepHabl
[13,14] u maTepualbl, coaepkamiie HaHOJBOHHU-
KH pa3iandHoi TommmuHE [15]. B HacTosmee Bpemst
MPAKTHYECKH HE M3yUEHHBIM SIBJISIETCS TOBEICHUC
MIPY HAHOWHJICHTHMPOBAHUHU JABYX(a3HBIX MaTepHa-
JIOB C TPaJWEHTOM 3€peH MO pa3Mepy B IMOBEPX-
HOCTHOM CJIO€, TPEACTaBISIONINX OTPOMHBIA HH-
Tepec IS pslia MPaKTUUECKUX NpHIIoOKEHUM. JlaH-
Has CTaThsl HaIlpaBlieHA Ha BOCIOJHEHHE 3TOTO
mpo0ena B CcCIeT0BaHMIX.

Lenpio HacTosIIed pabOThI SABISICTCS HCCIC-
JIoBaHUE OCOOCHHOCTEH 3apOKICHHS M Pa3BUTHS
IUIACTUYHOCTH B cruiaBe FegsNigs ¢ rpamueHTHOM
3epEHHON CTPYKTYpPOH M pa3IuIHBIM (a30BBIM CO-
CTaBOM ITPH HAHOWHJICHTUPOBAHUHU.

®opmaan3M pacueToB

[loctaBneHHbIe B paboTe 3a/la4yd peIauch B
pamMKax MeToJa MOJIEKYJISIpHOW IAMHAMUKH C HC-
MoJIb30BaHUEM TporpamMmMmHoro naketa LAMMPS
[16]. B xadecTBe OOBEKTOB HCCIICIOBAHUS OBLI
BbIOpaH omHO(a3HbIi 06paser FegsNigs ¢ TIK pe-
MIeTKOM M JBa aByxdasHbix obpasma FegsNigs ¢
I'IK u OLIK pemeTkamMu ¢ rpaJE€HTHBIMU 3€pEH-
HBIMH CTPYKTypamu. Mopgenupyemble 00pasiibl
OBUIM TIOCTPOEHBI Ha OCHOBE MeTona Boponoro-
Jlareppa (Puc. 1). IloctpoeHHBIE O0O0pa3IBl B
HanpaBJIEHUH OCH Z COCTOSIM M3 ISTH CIIOEB 3e-
PEH, KaXIbIi U3 KOTOPBIX COJIEP>Kal 3€pHA OMHA-
KoBOTO pasmepa. [lo mepe ynmaneHus oT Harpyxa-
MO MOBEPXHOCTH pa3Mepbl 3€peH B CIIOSIX YyBe-
IMUMBaIKuCh U coctapisn 10, 12, 15, 20 u 30 Hm.
ITpu 3TOM 3epHa mMenu odliee KpucTauorpadu-
YecKO€ HalpaBJCHHE, COBIAAAIOIIEE C OChIO TEK-
cTypsl Z ¢ unnekcamu [123], B1oiIb KOTOPOTO OHU
ObUTH pa3OpHEHTUPOBAHBI Ha yriasl HE MeHee 30
rpagycoB (Puc. 1). B cnyuae nByxdasnbix oOpas-
noB B ['lIK 3epnax coxepxkamuck namenu ¢ OLIK
cTpykTypoir. O0pasmsl ¢ odseMHo# moneir OLIK
¢aser 0, 30 u 60 % o6o3nauanuck kak GO0, G30 u
G60, cootBercTBeHHO. Mozenupyembie 00pa3Lbl
uMmenu (GopMy napavieNienune1oB, H UX pa3Mepsbl
coctapisu 120%120%87 HM B HampaBIIEeHUN OCEH
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e —

X, Y u Z, cooTBeTcTBeHHO. VcX0aHas TemmnepaTypa
o0pasios paHsutack 300 K.

JHOoeHTOp

Puc. 1. VcxonHas cTpyKTypa u pacmpezenacHue a3 B
o0pasie G60. 3eeHbIM U CHHUM 0003HAYEHBI aTOMBI C
T'IIK u OLIK cuMMmeTpueii pacioioxKeHus OIKaiimmnx

cocefiel, COOTBETCTBEHHO, CEPhIM — aTOMBI,
NIpUHAIeKaIe narepdericam. BepxHuii ciroif aToMoB,
toymuHoM 0,1 HM, He TToKa3aH

Fig. 1. Initial structure and phase distribution in the G60
sample. Green and blue colors indicate atoms with FCC
and BCC symmetry of the nearest neighbors,
respectively, gray color indicates atoms belonging
to interfaces. The upper 0.1 nm thick atomic layer
is not shown

WHaeHTOp TpencTaBisii co0Oi OTTalKUBaro-
miee mosie chepruueckoil Gopmbl, B3aMMOACHCTBUE
KOTOPOTO ¢ aToMaMH oOpasiia OmUChIBAIOCH (Hop-

MYJIOM:
F(r) = {—K(R -1, r< R’ 1)
0, r=R

rae K — monesast KoHCTaHTa, R — paguyc WHACHTO-
pa, I — paccTosHuE OT LeHTpa MHAeHTopa. Kon-
crarra K pasrsitace 10 9B/A®, a paguyc nnzenro-
pa R — 20 am. UapenTop cMemancs B BOOIb OcH Z
co ckopocthio 10 M/c. ThiIbHAs MOBEPXHOCTHh K
HaIpaBJICHUIO HArpyXeHus (UKCUPOBAach HEMo-
JIBUKHOW TOJJIONKKOW B (hopMe aOCOIIOTHO KECT-
KOH OTTaJKWBAIOIICH CTEHKH, a B JBYX IPYTUX
HaAIpPaBIEHUSIX MOAEITUPOBAINCH TEPHOJUIECKIE
rpaHuYHble ycnoBus. [ ycpemHEeHHsI JaHHBIX
pacdera OBbLIO MPOBEIEHO 1O 3 WHACHTUPOBAHUS B
KaXJIOM 00pasile, OTIMYAIOIIUXCS MECTOM BJIaB-

JUBAaHUS WHACGHTOpPa B HarpyKaemylo IOBEpX-
HocTh. CHauana WHACGHTOP BAABIMBAJCS Ha TIIy-
ouny 7.8 HM co ckopocteio 10 M/c, a 3aTem J0
rryoussl 8.0 HM €ro CKOpPOCTh YMEHbBIIANAch IO
JAUHEHHOMY 3akoHy 1o Hyns. [locne ocraHOBKH
UHJEHTOpa o0pa3ell pelakCUpoBaics B TeueHue 1
HC.

MesxaToMHOE B3auMoJieiicTBue B cucteme Fe-
Ni onmuceIBaIOCh MHOTOYACTUYHBIM TTOTEHLIUAIOM,
pa3paboTaHHBIM B NPUOMMKEHWH METOAa TOTPy-
>keHHoro aroma [17]. Busyanmuzamusi CTPyKTYpBHI
00pa3IoB MPOBOJWIOCH C MOMOIIBIO IPOrPaMMBbI
OVITO [18]. Jna uneHTHUKAMH CTPYKTYPHBIX
W3MEHEHUIl B HarpykaeMbIX oOpasmax ObUIH WC-
HOJIb30BAaHBI AITOPUTMBI aHAJIM3a 110 OOLIUM coce-
nsMm [19]. Hanpsbkenust mo Musecy BBIYHCITSUINCH
o popmyie:

3 [axyz + 0%+ ayzz] +
1 (Oxx — Jyy)z + (O — 02)% +]r )
2 +(ny - '5'—22)2
1€ Gn — KOMITOHEHTHI TEH30PA HAIIPSKEHHH.

Jns pacdera WHTEHCHUBHOCTH JedopMariuii
MCIOJIB30BaANIaCh hopMmyJia:

Exp? T et t g7 +
1 (Exx - Eyy)z + (E.rx - "i'zz:)2 +1, (3)

6 2
6 +(£yy - Ezz}
/I €mp — KOMIIOHEHTBI TEH30pa JiehOpMaIiuii.
Pacuer TBepmocTH POBOAMIICS 110 POPMYIIE:
P

H= R 4)

rne P — cuna, nmelictByromasi Ha UHIEHTOp, A, —
IUIOIIA/Ab KOHTAKTa HHAEGHTOPA C 00pa3LoM.

Pacuer nanpspxkenunit mo Musecy, nedopma-
i u koimuecTBa aromoB B OLIK dase, mpen-
CTaBJICHHBI Ha TpaduKax, MPOBOJWICS B 00BEMe
MWIMHIpPA MO WHACHTOpoM. Pamuyc mwimHapa
paBasuics 10 HM, a €ro och COBMajalia ¢ HampaBie-
HUEM HArpy»KeHHUsS M MPOXOJAWiIa Yepe3 ICHTP WH-
JIEHTOpA.

Oy =

E =

Pe3yabTaThl 1 00CyxKI€HUE

Jnst u3ydeHus BIWSIHUSL Pa3MYHBIX 00BeM-
Heix gojei OIIK-da3sl Ha MEXaHUYECKHM OTKIUK
MOJIEJIMPYEMBIX 00Pa3LioB B MPOLIECCe HAHOWH/ICH-
THUPOBAaHMS OBUIM MOCTPOCHBI KPUBBIE 3aBHCHUMO-
CTH CHJIBI peakiuu oopasna (P) oT riryOuHBI BIaB-
muBanust uaaenropa (h) (Puc. 2). Yopyruii uarep-
BaJl B/AaBJIMBAaHUS WHICHTOpA OYEHb Mall, U CHJIBI
PEaKIK BCEX MOAEIMPYEMBIX 00pa3loB OAWHAKO-
BB, TOCKOJBKY Harpyaemble IOBEPXHOCTHEIE
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ciou Beerna umeroT 'K a3y u cocrost u3 3epen
C OJMHAKOBBIMH pa3MepaMy U KpucTauiorpadpuye-
CKUMH OPHEHTALMUSIMH JIPYT OTHOCHUTEILHO JpYTa.
Takol OTKJIMK yKa3bIBaeT Ha COBMAJACHUE MOMAYJICH
IO#nra nccnemyemeix obpasioB. Ha Puc. 2 xoportmo
BHJHO, 4TO 3aBHCHUMOCTH P-h Ha mpuBeneHHOM
MHTEpBaJie BIABIMBAHUS UMEIOT MPAKTUYECKU JIU-
HelHbIi xapakTtep. [Ipu 3ToM, yBennueHue o0beM-
Hoit mommm OLIK ¢a3sr BemeT K yMEHBIIIEHUIO CHITBI
peakuuu P ¢ poctom h. [lng Toro 4toObI mydiie
MOHATH BIUsHKUE (a30BOTO COCTaBa Ha MEXaHUYe-
CKUH OTKJIMK 00pasla Npu MHACHTUPOBAHUH B pa-
Oore OBLT TMPOBENEH pacdyeT HAHOTBEPIOCTH II0
dopmyie (3). PesyabTarhl pacyera s 00pa3sioB ¢
paszHoif o0pemHoi monerr OLIK ¢a3br npu rirybune
BIABJIUBAHUS MHAECHTOPA /.8 HM MpelCTaBIeHbI Ha
Puc. 3. Ha pucyHke Xopouio BUIHO, YTO C YBEJIH-
yenneM oObeMHou nonu OLIK da3el HaHOTBEp-
JIOCTH 00PAa3IOB MOHMKAETCH.

GO0 ——
8 tG30 ——
G60 ——

P, mkH

Puc. 2. 3aBUCUMOCTH CHIIBI PEAKIMU OT IITyOHHBI
BIIABJIMBAHUS WHACHTOPA U 00Pa3LoB ¢ pa3IuIHON
obwemuoit qoneit OLIK dazbr

Fig. 2. Dependences of the reaction force on the
indentation depth for samples with different volume
fractions of the BCC phase

9.0
8.5
c
C 8.0
T - 1
i
7.5
7.0 . . .
0 30 60

Oona OUK, %

Puc. 3. TBepmocTs 00pas3IoB ¢ pa3aMIHON 00BEMHON
noneit OLIK daser qims h=7.8 am

Fig. 3. Hardness of samples with different volume
fractions of the BCC phase at h=7.8 nm

[Ipoexnyu cTpyKTYphI [Tt 06pa3loB ¢ pa3HOH
obwemuort goneir OLIK ¢as3pl mpu BoaBnmmBaHun
WHIEHTOpa Ha TNyOMHY 7.8 HM IIOKa3aHbl Ha
Puc. 4a. B mporiecce MHASHTUPOBAHMS IO Mepe
BBICBOOOJKIICHHUS 3aIlaC€HHOM YIpYroil SHEpruu B
o0pa3ue TeHEepUpYyIOTCsS IUCIIOKAlWH, Ie(eKTh
YIIAKOBKHU U ABOMHMKU. IlepBOHAYaIbHO IHCIOKA-
MU 3apOKJAI0TCS B 30HE KOHTAaKTa MHJEHTOpa C
00pa3oM Ha KOHLEHTpaTropax HampsDKeHWH, KO-
TOPBIMH SBJISIOTCS TpaHuiel 3epeH. Ha Puc. 4a
cienbl OT JIBYX COCETHMX ATOMHBIX IUIOCKOCTEH
KpPacHOro IIBeTa MPEACTABISIOT CO00H nedeKTh
YIIaKOBKU BBIYUTAHMS, @ CJIe]l OT OJHOM MJIOCKOCTH
— rpanully ABoiHuKOB. Ha Puc. 46 xopormo BuaHO,
YTO 30HA IUTACTHYECKON AedopManuu OrpaHuICHA
TPEMSI-UETBIPbMS CIIOSIMM 3€pEH B HANpaBICHUU
HarpykeHus. Ilpu srom, HamboNbIINE TUTACTHYE-
ckre aedopmanyy MPOM3ONUIM B 30HE KOHTAKTa
WHJIEHTOpa ¢ 00pa3loM (BBIIEIEHO KPacHBIM IIBe-
TOM), a TaKKe MO TPaHMLaM 3€pPeH U Mex(pa3HbIM
rpaHuaMm (BBIIEIEHO CBETJIO-CEphIM LBETOM). B
JIBYX IPYTrUX HAampaBlCHHUSAX 30HA IUIACTHYECKOH
nedopMa He paclpoCTPaHIeTCs Jajiee BTOPHIX
3epeH OT MOBEPXHOCTH MHAeHTOpa. Ha Puc. 4B mo-
Ka3aHO paclpelie/icHue HanpsbkeHuid 1o Mwusecy
JUId ceyeHHs1 o0pasloB B miiockoctd YZ. AHanmu3
pe3ynbTaTOB TOKAa3bIBAET, YTO MAaKCHMaJbHBIE
HaNpsHKCHUST HaOMIONArOTCsl Ha MeX(pa3HbIX HH-
Tepdelicax, rpaHUIaX 3epeH M TPOMHBIX CTHIKaX.
Bonee neranpHO pacnpeneneHne HampsDKEHUH 1O
Musecy B HanpaiacHun ocu Z ais oopasros GO0
n G60 mokazaHo Ha Puc. 5. BepTuxansHble MyHK-
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TUpPHBIC IUHUM HA PUCYHKE OTIEISIOT CJIOM C pas-
HBIM pa3MmepoM 3epeH. [Ipu 3ToM B HeHarpy:xeH-
HoM coctostuud (h=0 HM) mooKeHnss MaKCHMaIlb-
HBIX aTOMHBIX HAIPSOHKCHUI BHYTPU KaXKAOTO CIIOS
COOTBETCTBYIOT MeX(a3HbIM TpaHUIIAM, & MAKCH-
MYMBI B OKPECTHOCTH MYHKTHUPHBIX BEPTHKATBHBIX
TUHUA 00yCIOBIIEHBI 00JI€€ BBHICOKOH MIIOTHOCTHIO
TPaHMIl 3epPEeH B MEXKCIOEBBIX 00JacTsaX. ITH 0CO-
OCHHOCTH paclpeAesicHUsl JOKaJIbHBIX MaKCHUMY-
MOB Ha KpPHBBIX COXPAaHIIOTCA Ha MNPOTSHKEHUH
BCETO MPOLIECCa MHACHTUPOBAHMS, a TAaKXKe I0CTe
OCTAaHOBKH W peJaKcallii CTPYKTYPBI Al 000MX
o0pasioB. HeobxonmnuMo OTMETHTB, YTO OJHHUM H3
HauOojiee AKTHBHBIX IPOLIECCOB IUIACTUYECKOU
JnegopMany Npu UHICHTUPOBaHHUU sBIsieTcst da-
30l mepexox OLK-I'LIK B mamensx nByxdas-
HBIX 00pa3noB. KommuyectBo aToMoB, cOCTaBIIsIO-
mmx OLK cTpykTypy B ciosx oOpasia, s pas-
JUYHBIX TyOHMH BIABIMBAaHUA MHICHTOPA U MOCTE
€ro OCTAaHOBKHM MOKa3zaHO Ha Puc. 6. Xopomuio Buz-
HO, yto noist OLK ¢a3el mo mepe nHaeHTHpOBA-

HUSI TIOHW)KAeTCsl BCIIEACTBUE (Ha30BBIX MEPEXOI0B
OLK-T'LIK, a momoxenue Jiamenel, 0COOCHHO B
IIEPBOM U BTOPOM CJIOE, CMEIIAETCsI B HarpasJiie-
HUY UHIEHTHPOBAHHUA.

AHanu3 WMHTEHCHBHOCTH AedopMmanuii Mmoka-
3p1BaeT, 4ro OIIK nmamenu crmocoOCTBYIOT JIOKaTH-
3aIUH TUIACTHYECKOH e(OopManii B OKPECTHOCTH
MHAEHTOpa. JTO cBs3aHo ¢ TeM, yto OLK namenn
NPEMSITCTBYIOT PACIpPOCTPAHECHHUIO IIACTUYECKOM
nedopmarn Briryob obpasma. OLIK ¢aza Gomee
iactiyHast, (aszoeiii nepexox OLK-T'TIK B Heit
MO3BOJIIET TPOM3OMTH OONBLIEMY KOJIHYECTBY
IUTACTHYECKUX CIOBUI'OB, IIYCTh MEHBILIMX I10 a0co-
JIFOTHOW BEJIMYMHE YEM CIBUIU OT AUCIIOKALMMA, HO
3a CYeT MHOTOYHCICHHOCTH [ArOIIUX OOJBIIHHA
CyMMapHbIi BKJIa1 B Aedopmanuio. bonbmmii 00b-
em OLIK ¢a3br B o6pasie G60 mo3BossieT emy Jio-
KaJM30BaTh OOJBIIYI0 YacTh IUIACTUYECKOH [ie-
(dopManMu B MOBEPXHOCTHOM CJIO€ 3€peH, OCTaB-
JIs1s1 BTOPOI ¥ TpeTUil CiIou MeHee ae()opMUpOBaH-

HBIMH.

Puc.4. Ctpykrypa (a), pactpenesieHne HHTeHCUBHOCTH Aedopmarnuii (0) U HanpsbkeHuit mo Musecy (B)
Jutst 00pasioB ¢ pasnmuunoii poieit OLIK ¢assr npu h=7.8 um. [Tokasau coii ToMmuHON 1 HM 1Mo HOpMad K ocu X.
Ha pucynke (a) 3eneHblil, CHHIHA, KpacHBIN M cepblii 11BeT o6o3HadatoT aromsl ¢ 'K, OLIK, I'TTY
1 HEOTIPE/ICTICHHOW CUMMETPHEH pacTIoNoKeHuUs OMIKAWIIIX coceeil, COOTBETCTBEHHO

Fig. 4. Structure (a), distribution of strain intensity (b) and von Mises stress (c) for samples with different volume
fractions of the BCC phase at h=7.8 nm. A 1 nm thick layer normal to the X axis is shown. In the figure (a), green,
blue, red and gray colors indicate atoms with FCC, BCC, HCP and undefined symmetry of the nearest neighbors,
respectively
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Fig. 5. Distribution of von Mises stresses along the Z axis in the cylindrical region under the indenter for samples
GO0 and G60 at different indentation depths and after stopping of indenter and sample relaxation
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Puc. 6. Pacnipenencuue komuuecTBa atoMoB ¢ OLIK cuMMmeTpueid paciooKeH s OMKaRIINX Cocenel BIOIb ocu Z
B IIMJIMHAPUYECKON 00JIaCTH 0] MHAESHTOPOM Jutst oOpasiia G60 npu pa3uyuHbIX rIyOUHAX BIABIHMBaHHS
MH/ICHTOPA U TOCJIE €T0 OCTAaHOBKH M pellakcanuy oopasna

Fig. 6. Distribution of the number of atoms with the BCC symmetry of the nearest neighbors along the Z axis in
the cylindrical region under the indenter for the G60 sample at different depths of indentation and after stopping
of indenter and sample relaxation
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3akiouenue

Pesynbrarel MopenupoBaHMs Tpoliecca HH-
JNEHTUPOBAHUA TTOKA3alld, 9YTO C POCTOM 00BEMHON
monmu OLIK ¢dassr B mamensx aByxdasHbIX 00pas-
noB FeNi ¢ rpagueHTHON 3epeHHOI CTPYKTypoii
IUTACTUYHOCTh BO3PACTaeT, a TBEPAOCTb MOHMXKa-
ercs. Yeemmuenue nonu OLIK ¢a3el B 3epHaxX 103-
BOJISIET CHJIbHEE JIOKATU30BaTh 00JIacTh MiacTuye-
CKoi JedopManyu B OKPECTHOCTHM HHICHTOpA.
HaganpHas cragus ImiacTHYecKo medopmartiu
00pa31oB 00ycIOBIeHa TeHepaIie TUCIOKAIUil B
30He KOHTaKTa HMHICHTOpa C IOBEPXHOCTHIO 00-
pasna. B mocnenyromem B pa3BUTHE TIACTHYHOCTH
CYIIIECTBEHHBII BKIIaJl HAYMHAIOT BHOCUTH TPOIIEC-
Chl B TpaHMLAX pasiena 3epeH u ¢a3. [lo mepe
BAaBJIMBaHUA UHACHTOPA B 3€pHAX, NPHUIICTAIOIINX
K MHIEHTOPY, IPOUCXOIUT MEePECTPOiiKa CTPYKTY-
put OLIK mameneit B ['TIK pemietky.

Cnucok JIuTepaTypsbl

1. Arora H.S., Ayyagari A., Saini J., Selvam
K., Riyadh S., Pole M., Grewal H.S., Mukherjee S.
High Tensile Ductility and Strength in Dual-phase
Bimodal Steel through Stationary Friction Stir Pro-
cessing // Scientific Reports. 2019. V. 9, Ne 1. P.
1972,

2.Cao0 S.C, LiuJ.,, Zhu L., Li L., Dao M., Lu
J., Ritchie R.O. Nature-Inspired Hierarchical Steels
// Scientific Reports. 2018. V 8, Ne 1. P. 5088.

3. Sun L., He X., Lu J. Nanotwinned and hier-
archical nanotwinned metals: A review of experi-
mental, computational and theoretical efforts // npj
Computational Materials. 2018. V.4, Ne 1. P. 6.

4. Koyama M., Zhang Z., Wang M., Ponge D.,
Raabe D., Tsuzaki K., Noguchi H., Tasan C.C.
Bone-like crack resistance in hierarchical metasta-
ble nanolaminate steels // Science. 2017. V. 355,
Ne 6329. P. 1055-1057.

5. Wu H., Huang M., Li Q., Wu J., Li J,,
Wang Z., Fan G. Manipulating the plastic strain
delocalization through ultra-thinned hierarchical
design for strength-ductility synergy // Scripta Ma-
terialia. 2019. V. 172. P. 165-170.

6. Javaid F., Pouriayevali H., Durst K. Dislo-
cation—grain boundary interactions: recent advanc-
es on the underlying mechanisms studied via
nanoindentation testing // Journal of Materials Re-
search. 2021. V. 36, Ne 12. P. 2545-2557.

7. T'onoBun IO.M. HaHouHaeHTHpOBaHHE U
MEXaHUYIECKUE CBOHCTBA MAaTEPHAIOB B CYOMHUKPO-
W HaHOIIKAaJIC. HCI[aBHI/Ie PE3YJIbTAaThl U JOCTUIKEC-

Hus // ®uszuka Teepmoro Tena. 2021. T. 63, Ne 1.
C.3.

8. Ruestes C.J., Alhafez I.A., Urbassek H.M.
Atomistic studies of nanoindentation—A review of
recent advances // Crystals. 2017. V. 7, Ne 10. P.
293.

9. Luu H.T., Dang S.L., Hoang T.V., Gunkel-
mann N. Molecular dynamics simulation of
nanoindentation in Al and Fe: On the influence of
system characteristics // Applied Surface Science.
2021.V.551. P. 149221.

10. Ziegenhain G., Urbassek H.M., Hartmaier
A. Influence of crystal anisotropy on elastic de-
formation and onset of plasticity in nanoindenta-
tion: A simulational study // Journal of Applied
Physics. 2010. V. 107, Ne 6. P. 061807.

11. Kiely J., Houston J. Nanomechanical
properties of Au (111), (001), and (110) surfaces //
Physical Review B. 1998. V. 57, Ne 19. P. 12588
12594,

12. Minor A.M., Syed Asif S.A., Shan Z,
Stach E.A., Cyrankowski E., Wyrobek T.J., War-
ren O.L. A new view of the onset of plasticity dur-
ing the nanoindentation of aluminium // Nature
Materials. 2006. V. 5, Ne 9. P. 697-702.

13. Han R.C,, Song H.Y., Li S., Guo T. Atom-
istic simulation of nanoindentation behavior of
amorphous/crystalline dual-phase high entropy al-
loys /I Journal of Materials Science and Technolo-
gy. 2024. V. 197. P. 46-56.

14. Qiu Y., Qi Y., Zheng H., He T., Feng M.
Atomistic simulation of nanoindentation response
of dual-phase nanocrystalline CoCrFeMnNi high-
entropy alloy // Journal of Applied Physics. 2021.
V. 130, Ne 12. P. 125102.

15. Lv Z.,, Mao Y., Zhang Q., Liu Y., Li R.
Molecular dynamics analysis on the indentation
hardness of nano-twinned nickel // Materials To-
day Communications. 2023. V. 37. P. 107313.

16. Plimpton S. Fast Parallel Algorithms for
Short-Range Molecular Dynamics // Journal of
Computational Physics. 1995. V. 117, Ne 1. P. 1-
19.

17. Zhou X.W., Foster M.E., Sills R.B. An Fe-
Ni-Cr embedded atom method potential for austen-
itic and ferritic systems // Journal of Computation-
al Chemistry. 2018. V. 39, No 29. P. 2420-2431.

18. Stukowski A. Visualization and analysis of
atomistic simulation data with OVITO-the Open
Visualization Tool // Modelling and Simulation in
Materials Science and Engineering. 2010. V. 18,
Ne 1. P. 015012.

BPMS. 2025; 22(2): 164-173



172

Kopuyeanoe A.B., Kpviocesuu /].C., I pucopves A.C., bepezuxos O.A., 3onvnuxos K.I1.

19. Honeycutt J.D., Andersen H.C. Molecular
dynamics study of melting and freezing of small
Lennard-Jones clusters // Journal of Physical
Chemistry. 1987. V. 91, Ne 19. P. 4950-4963.

Hugpopmayus 06 asmopax

A.B. Kopuyeamos — kanoudam usuxo-
MamemMamu4eckux HayK, HayuHvlil compyornux Hu-
cmumyma Qu3uUKu nPoYHOCIU U Mamepuaniosede-
nusa Cubupckoeo omoenenusi Poccutickoii axade-
MUU HAYK.

N.C. Kpviocesuuw — xanoudam  ¢usuxo-
MAMEMAMUUeCKUX HayK, HaAyUHbLL compyonux Hn-
cmumyma Qu3uKu nPOYHOCIMU U MAMePUualosede-
nus Cubupckozo omoenenuss Poccuiickoil akale-
MUU HAYK.

A.C. [pucopbes — mnaowiuti HAyuHwli CO-
mpyoHux Hucmumyma ¢uzuxu npoyHocmu u ma-
mepuanosedenuss Cubupcrxoeo omoenenusi Poccuti-
CKOlUl akademuu Hayx.

O.A. Bepesuxoe — mazucmpanm Kagpeopul gu-
3UKU Memannos gusuveckoeo axyiomema Hayu-
OHALHO20 UCCAE08amenbckoeo Tomckoeo 2ocy-
0apcmeenHo2o  yHugepcumema, nabopanm-
uccaedoeamenv Hucmumyma usuxu npoynocmu
u  mamepuanosedenus Cubupckozo omoeneHus.
Poccuiickoii akaoemuu nayx.

K.II.  3onvnuxos — Ookmop  ¢husuxo-
Mamemamu4eckux Hayk, npogheccop, 2iasHulil
Hayunolli compyonux Hnemumyma gusuxu npou-
Hocmu u mamepuanogedenus Cubupckozo omoe-
nenust Poccutickou akademuu nayx.

References

1. Arora, H. S., Ayyagari, A., Saini, J,
Selvam, K., Riyadh, S., Pole, M., Grewal, H.S. &
Mukherjee, S. (2019). High tensile ductility and
strength in dual-phase bimodal steel through sta-
tionary friction stir processing. Scientific Reports,
9(1), 1972.

2. Cao, S. C,, Liu, J., Zhu, L., Li, L., Dao, M.,
Lu, J., & Ritchie, R. O. (2018). Nature-Inspired
Hierarchical Steels. Scientific Reports, 8(1), 5088.

3.Sun, L., He, X,, & Lu, J. (2018). Nanot-
winned and hierarchical nanotwinned metals: A
review of experimental, computational and theoret-
ical efforts. npj Computational Materials, 4(1), 6.

4. Koyama, M., Zhang, Z., Wang, M., Ponge,
D., Raabe, D., Tsuzaki, K., Noguchi, H., & Tasan,
C. C. (2017). Bone-like crack resistance in hierar-
chical metastable nanolaminate steels. Science,
355(6329), 1055-1057.

5. Wu, H., Huang, M., Li, Q., Wu, J., Li, J.,
Wang, Z., & Fan, G. (2019). Manipulating the
plastic strain delocalization through ultra-thinned
hierarchical design for strength-ductility synergy.
Scripta Materialia, 172, 165-170.

6. Javaid, F., Pouriayevali, H., & Durst, K.
(2021). Dislocation—grain boundary interactions:
recent advances on the underlying mechanisms
studied via nanoindentation testing. Journal of Ma-
terials Research, 36(12), 2545-2557.

7. Golovin, Y.l. (2021) Nanoindentation and
mechanical properties of materials at submicro-
and nanoscale levels: recent results and achieve-
ments. Physycs of Solid State, 63, 1-41.

8. Ruestes, C. J., Alhafez, I. A., & Urbassek,
H. M. (2017). Atomistic studies of nanoindenta-
tion—A review of recent advances. Crystals,
7(10), 293.

9. Luu, H. T., Dang, S. L., Hoang, T. V., &
Gunkelmann, N. (2021). Molecular dynamics sim-
ulation of nanoindentation in Al and Fe: On the in-
fluence of system characteristics. Applied Surface
Science, 551, 149221.

10. Ziegenhain, G., Urbassek, H. M., & Hart-
maier, A. (2010). Influence of crystal anisotropy
on elastic deformation and onset of plasticity in
nanoindentation: A simulational study. Journal of
Applied Physics, 107(6), 061807.

11. Kiely, J., & Houston, J. (1998). Nanome-
chanical properties of Au (111), (001), and (110)
surfaces. Physical Review B, 57(19), 12588-
12594,

12. Minor, A. M., Syed Asif, S. A, Shan, Z.,
Stach, E. A., Cyrankowski, E., Wyrobek, T. J., &
Warren, O. L. (2006). A new view of the onset of
plasticity during the nanoindentation of aluminium.
Nature Materials, 5(9), 697-702.

13. Han, R. C,, Song, H. Y., Li, S., & Guo, T.
(2024). Atomistic simulation of nanoindentation
behavior of amorphous/crystalline dual-phase high
entropy alloys. Journal of Materials Science and
Technology, 197, 46-56.

14. Qiu, Y., Qi, Y., Zheng, H., He, T., & Feng,
M. (2021). Atomistic simulation of nanoindenta-
tion response of dual-phase nanocrystalline
CoCrFeMnNi high-entropy alloy. Journal of Ap-
plied Physics, 130(12), 125102.

15. Lv, Z., Mao, Y., Zhang, Q., Liu, Y., & Li,
R. (2023). Molecular dynamics analysis on the in-
dentation hardness of nano-twinned nickel. Mate-
rials Today Communications, 37, 107313.

Oyna. npobi. coBp. Marepuanosen. 2025. T. 22. Ne 2. C. 164-173



Toseoenue cnnasa FegsNigs ¢ epaduenmuoii sepennoti cmpykmypoii u pasnudnbvim ¢azoevim

173

cocmaeom npu HaHoqueHmuposaHuu

16. Plimpton, S. (1995). Fast Parallel Algo-
rithms for Short-Range Molecular Dynamics.
Journal of Computational Physics, 117(1), 1-19.

17. Zhou, X. W., Foster, M. E., & Sills, R. B.
(2018). An Fe-Ni-Cr embedded atom method po-
tential for austenitic and ferritic systems. Journal
of Computational Chemistry, 39(29), 2420-2431.

18. Stukowski, A. (2010). Visualization and
analysis of atomistic simulation data with OVITO-
the Open Visualization Tool. Modelling and Simu-
lation in Materials Science and Engineering,
18(1), 015012.

19. Honeycutt, J. D., & Andersen, H. C.
(1987). Molecular dynamics study of melting and
freezing of small Lennard-Jones clusters. The
Journal of Physical Chemistry, 91(19), 4950-4963.

Information about the authors
A.V. Korchuganov — Candidate of Physical

and Mathematical Sciences, Researcher, Institute
of Strength Physics and Materials Science of the

ABTOpI)I 3asBIISIOT 00 OTCYTCTBHUU KOH(b.]'II/IKTa HUHTEPECOB.

The authors declare that there is no conflict of interest.

Siberian Branch of the Russian Academy of Sci-
ences.

D.S. Kryzhevich — Candidate of Physical and
Mathematical Sciences, Researcher, Institute of
Strength Physics and Materials Science of the Si-
berian Branch of the Russian Academy of Sciences.

A.S. Grigoriev — Junior Researcher, Institute
of Strength Physics and Materials Science of the
Siberian Branch of the Russian Academy of Sci-
ences.

O.A. Berezikov — Master's student, Depart-
ment of Metal Physics, Faculty of Physics, Nation-
al Research Tomsk State University; laboratory re-
searcher, Institute of Strength Physics and Materi-
als Science of the Siberian Branch of the Russian
Academy of Sciences.

K.P. Zolnikov — Doctor of Physical and Math-
ematical Sciences, Professor, Chief Researcher,
Institute of Strength Physics and Materials Science
of the Siberian Branch of the Russian Academy of
Sciences.

Cratest moctynuina B pepakumio 21.02.2025; onmobpena nocne perensupoBanus 22.04.2025; npuHATa K MyOIMKalvn

05.05.2025.

The article was received by the editorial board on 21 Feb. 2025; approved after reviewing 22 Apr. 2025; accepted for publi-

cation 05 May 2025.

BPMS. 2025; 22(2): 164-173



DdyHIaMeHTAJIbHbIE MPO0JIEeMbI COBPEMEHHOT0 MaTepuaioBeaenust Tom 22 Ne2 (2025) 174

OyHiamMeHTaIbHbIe IPo6JIeMbl COBpeMeHHOro MatepuanoBeneHus. 2025. T. 22. Ne 2. C. 174-183
Fundamental’nye problemy sovremennogo materialovedenia (Basic Problems of Material Science (BPMS)). 2025; 2(22): 174-183

Hayunas craTbs

1.3.8. dusnka KOHACHCHPOBAHHOTO COCTOSHUS ((HDH3UKO-MATEMATHYESCKHE HAYKH )
Y]IK 548.75

doi: 10.25712/ASTU.1811-1416.2025.02.005

BJMSIHUE JA3EPHOM ABJISIIIAY HA COCTAB HIOBEPXHOCTH U CBOMCTBA
ONTUYECKHUX JIEMEHTOB U3 KPUCTAJJIOB LiGaSe,, LiGaS, TP CO3JAHUU
AHTUOTPAXKAIOIINX MUKPOCTPYKTYP

AanHa AJIeKCaHIpPOBHA l“o.nomyMonal, AJiekcanap AHIpeeBHY Ixsies’,
Joagmuia MBanosna Mcaenko’, Cepreii UBanosuu JloGanos”, Asexceii ®egoposuu Kypycn’,
AHapeil AjlekceeBUY BylHyHOBG, Anapeii Asiekcanaposuy TeciieHko',
Muxani Koncrantunosuy Tapa6pun®

1,234.56.7.8 Hopocubupckuii rocyapcTBeHHbIH yHHBepCHTeT, yi1. [Tuporosa, 1, r. Hosocubupck 630090
1345 MucrutyT reonoruy u Musepanorun um. B.C. Co6onesa CO PAH, np-kT akagemuka Komntrora, 3, r. Hoocu6upck
630090
2 PucTuTyT hu3MKM MoMynpoBoaHuKoB uM. A.B. Pxanosa CO PAH, np-kt akazemuka JlaBpenthesa, 13, r. HoBocubupck
630090
6.7.8 MockoBckuii rocyIapcTBeHHbII TexHHuecKui yausepeuter uM. H.D. Baymana, yi. 2-1 Baymanckas, 5, r. Mocksa 105005
1 alingol-nsk@yandex.ru (ORCID 0000-0002-4100-9461)
2 shklyaev@isp.nsc.ru (ORCID 0000-0001-7271-3921)
3 lisa@igm.nsc.ru (ORCID 0000-0001-9550-4137)
4 lobanovsi@igm.nsc.ru (ORCID 0000-0001-9685-8172)
5 kurusaf@igm.nsc.ru (ORCID 0000-0001-8397-7762)
6 zendel@yandex.ru (ORCID 0000-0002-2979-7039)
7 aateslenko@gmail.com (ORCID 0000-0001-9715-1099)
8 tarabrinmike@yandex.ru (ORCID 0000-0002-1419-530X)

AnHoranus. Co3naHne aHTHOTPAKAIOMINX MUKPOCTPYKTYP (ARM) Ha MOBEpXHOCTH ONTHYECKHX JIEMEHTOB
13 KPHUCTAJIOB XaJIbKOTEHHOB ITO3BOJISICT CYIIECTBEHHO MOBBICHUTH HMX MNpomyckaHue. OJHAKO MOBEPXHOCTH C
MHUKPOCTPYKTYpaMH MOXXET OBITh MOJBEPKEHA MPOIleccaM, BBI3BIBAIOIINM H30BITOYHOE MOTJIONICHHE Ha Ompese-
JICHHBIX JUTMHAX BOJH. DTOT 3QeKT XapaKTepeH IS CeJIeHorajlaTa U THOTaJulaTa JIUTHA — IEepPCIEeKTUBHBIX He-
JMHEHHO-ONTHYEeCKNX MatepuanoB st cpeanero UK. Jlns yka3aHHBIX MaTepualioB CHIbHOE MOTJIOMIEHHUE ITOSIB-
JsIeTCsl Ha CTIeKTpax BOJMM3M 3 U 6 MKkM. B HacTosmel paboTe nmpruBeAeHbI pe3yabTaThl KOMIUIEKCHOTO HCCIIEI0Ba-
HUS U3MEHEHUH noBepXHOCTH KpructainioB LiGaSe, u LiGaS, nocie peMTocekyHIHON Ta3epHON aONsAIiH, a TaK-
)K€ OIMCaHa METOJIWKAa CHW)KEHHS M30BITOYHOTO MOTJIOMIEHHUS IyTeM OT)KUra ONTHYECKHUX IJIEMEHTOB C MHUKPO-
CTPYKTYpaMH B CIIEIIMAILHON aTtMocdepe. YcraHoBieHo, uTo s LiGaSe, Ha noBepxHoct ¢ ARM npucyrtcTBy-
eT M30BITOYHOE KOJIMYECTBO CeJIeHa, B TO BpeMs Kak jis LiGaS, xapakTepHo npeobiafaHie COeINHEHUN TalIns.
IIpu stom, B otiuuune ot LiGaSe,, mns LiGaS, Ha n3MEHEHHOH MOBEPXHOCTH C MUKPOCTPYKTypaMu obOpa3syercs
TUTOTHBIA «HaJeT». B pesynpTare mpoBeIeHHBIX SKCIEPUMEHTOB OBIIO MOKa3aHO, YTO OTXKUT ONTHYECKUX dJIEMEH-
ToB LiGaSe,, LiGaS, ¢ ARM no3BoJiseT ycTpaHUTh MTOTJIONIEHUE Ha JJIMHAX BOJH 3 ¥ 6 MKM.

KiawueBble cioBa: ceneHorauiat autus LiGaSe,, troramiar nutus LiGaS,, HeIMHEHHO-ONTHYECKUE KPH-
CTaJITBI, aHTHOTPAXKAIOIINE MUKPOCTPYKTYphl (ARM), heMTocekyHHas a3epHas aOsIus, TTOBEPXHOCTh ONTH-
YEeCKOTr'0 3JIEMEHTa, CIIEKTPBl NPOITyCKAHMs, ITOTJIONIEHNE, CIEKTPOCKONHS KOMOMHAIIMOHHOTO PacCesiHUs, OTXKUT
KPHCTAJIIOB.

Buaaropapnocru: Pabora BeimonHeHa npu noanepxke Poccuiickoro Hayunoro ¢gonga (rpant Ne 20-72-10027-
IT): poct KpHCTA/UIOB, M3TOTOBJIEHHE ONTHYECKUX JIEMEHTOB, CO3JJaHUE MHKPOCTPYKTYP, CIIEKTPOCKOIUYECKHE
UccieIoBaHusl. AHaJIN3 COCTaBa MIMXTHI JUI POCTa KPUCTAIJIOB BBIMOJHEH B paMKaX roCyJapCTBEHHOTO 3a/1aHMs
FSUS-2025-0011 «HoBble BOJOKOHHBIE KOPOTKOMMIIYJIbCHBIE JIa3epHbIE CHUCTEMBI, BKIIIOYAIOIIUE IEPEIOBbHIE
KOMITO3HUIIOHHBIE MaTEPHAIIbl, HHTEIJICKTyaIbHbIE TEXHOJIOTUH M METPOJIOTHYECKHE paciIMpeHus». O4ducTka uc-
XOZHBIX PEaKTHBOB [ BBIPAIIMBAHUS KPHCTAJUIOB OCYIIECTBICHA B paMKaxX TOCYNapCTBEHHOTO 3ananus VHcTH-
TyTa reonoruu u mMuHepamoruu CO PAH (Ne 122041400031-2). ABTOpHI BBIpaXKaroT OiarogapHocTh LleHTpam
kosutektuBHOTO Tosib3oBanus LIKIT «BTAH» (LII1T) dusngeckoro dakymnbprera HI'Y u IIKIT «cHAHOCTPYKTYVY-
PbI» UncturyTa Qusuku mosrynpoBoaunkoB uM. A.B. PxanoBa CO PAH 3a mHCTpyMEHTaIbHYIO MOINEPKKY, a

© I'omomrymosa A.A., IlIknseB A.A., Ucaenko JL.I., Jlobanos C.1., Kypycs A.®., Bynrynos A.A.., Tecnenxo A.A., Tapadbpun M.K., 2025



Brusinue nazeproil abnsyuu Ha cocmas nOGEPXHOCMU U CEOUCMEA ONMUYECKUX INEMEHMO8 175
us kpucmannos LiGaSe,, LiGaS, npu coz0anuu anmuompaxcarouux Mukpocmpyxkmyp
S ——————

TaKxke TIy0OKyIo mpu3HatenbHOCTh B.H.c. HI'Y, mpodeccopy B.A. Bononuny 3a mionoTBopHOE 00CYXKICHHE pe-
3yJIBTATOB.

Jns murupoBanmns: [onomrymosa A.A., Illknses A.A., Ucaenko JLU., Jlobanos C.U., Kypycs A.®., bymyHos
A.A.., Tecnenko A.A., Tapabpun M.K. BrusiHue nazepHoit abisiuyuy Ha COCTaB TIOBEPXHOCTH M CBOMCTBA OITHYe-
CKHX OJJIeMeHTOB u3 KpuctaiuioB LiGaSe,, LiGaS, npu co3maHMH aHTHOTPAXKAIOIIMX MHKPOCTPYKTYDP.
/| ®yamamenTanbpHBle  TPOOJIEMBI  COBpeMeHHOTO MatepuanoBemenums. 2025, T. 22, Ne 2. C. 174-183.
doi: 10.25712/ASTU.1811-1416.2025.02.005.

Original article

THE IMPACT OF LASER ABLATION DURING THE CREATION OF ANTIREFLECTION
MICROSTRUCTURES ON THE SURFACE COMPOSITION AND PROPERTIES OF OPTICAL
ELEMENTS OF LiGaSe; AND LiGaS, CRYSTALS

Alina A. Goloshumova®, Alexander A. Shklyaevz, Ludmila I. Isaenko®, Sergei I. Lobanov*,
Aleksey F. Kurus®, Andrey A. Bushunov®, Andrey A. Teslenko’, Mikhail K. Tarabrin®

12345678 Novosibirsk State University, 630090, Novosibirsk, Russia

1345V S, Sobolev Institute of Geology and Mineralogy SB RAS, 630090, Novosibirsk, Russia
2 AV. Rzhanov Institute of Semiconductor Physics SB RAS, 630090, Novosibirsk, Russia
678 Bauman Moscow State Technical University, 105005, Moscow, Russia

L alingol-nsk@yandex.ru (ORCID 0000-0002-4100-9461)

2 shklyaev@isp.nsc.ru (ORCID 0000-0001-7271-3921)

8 lisa@igm.nsc.ru (ORCID 0000-0001-9550-4137)

4 lobanovsi@igm.nsc.ru (ORCID 0000-0001-9685-8172)

5 kurusaf@igm.nsc.ru (ORCID 0000-0001-8397-7762)

6 zendel@yandex.ru (ORCID 0000-0002-2979-7039)

7 aateslenko@gmail.com (ORCID 0000-0001-9715-1099)

8 tarabrinmike@yandex.ru (ORCID 0000-0002-1419-530X)

Abstract. The creation of antireflection microstructures (ARM) on the surface of optical elements made of
chalcogenide crystals makes it possible to significantly increase their transmission. However, a surface with mi-
crostructures may be subject to processes that cause excessive absorption at certain wavelengths. This effect is typ-
ical for lithium selenogallate and thiogallate, promising nonlinear optical materials for mid-IR. For these materials,
strong absorption appears in the spectra near 3 and 6 microns. This paper presents the results of a comprehensive
study of changes in the surface of LiGaSe, and LiGaS, crystals after femtosecond laser ablation, and describes a
technique for reducing excess absorption by annealing optical elements with microstructures in a special atmos-
phere. It was found that LiGaSe, has an excessive amount of selenium on the surface with ARM, while LiGaS, is
characterized by a predominance of gallium compounds. Unlike LiGaSe, crystals, a dense "plaque” forms on the
modified surface with microstructures of LiGaS,. It was experimentally shown that annealing of optical elements
LiGaSe,, LiGaS, with ARM makes it possible to eliminate absorption at wavelengths of 3 and 6 microns.

Keywords: lithium selenogallate LiGaSe,, lithium thiogallate LiGaS,, nonlinear optical crystals, antireflection
microstructures (ARM), femtosecond laser ablation, optical element surface, transmission spectra, absorption,
Raman spectroscopy, crystal annealing.
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BBeaenne

Hemuneiinste xpucramisl LiGaSe, (LGSe),
LiGaS, (LGS) — BocTpeOoBaHHBIE MATEPHAIIBI IS
npeoOpa3oBaHus JIa3€PHOTO U3IMYUYCHHUS B CPEIHEM
UK gmamazone. OHE XapaKTepHU3YIOTCS IIHPOKAM
nmuana3zoHoM npospauHoctd (0.37 — 13.2 Mxm ans
LGSe; 0.32 — 11.6 mxm s LGS), BbIcOKO# yde-
BOH cToitKkocThIO (80 MBT/CMZ, 5.6 uc mig LGSe;
240 MBt/cM?, 14 He s LGS) 1 goctatodHoit He-
JuHeHol BocnpuumMunBocThio [1]. Ho mpu stom
JUISl HUX XapaKTEPHbl 3HAYUTENIbHBIC TOTEPU Ha
orpaxkerue (25 % u Oojee Ha OXHOW MOBEPXHO-
CTH) BCJICJICTBHE BBICOKMX TIOKa3aTeleil mpeaoM-
aenus (ny, N, okoso 2.32, 2.14 s LGSe n LGS,
COOTBETCTBEHHO). TpaauliOHHbIC TUICHOYHBIE aH-
THOTpaXKAIOIUe TMOKPBITUS, KaK MPaBUJIO, o0ecte-
YHMBAIOT MPOCBETJICHUE JIMIIb B CPABHUTEILHO y3-
KHX JMana3oHax JUIMH BOJIH, IIPH 3TOM MOTYT IIPH-
BOJIUTH K CHIDKEHHUIO ONTHYECKOH CTOMKOCTH TIO-
BEPXHOCTH KPHCTAIIOB, OCOOCHHO B ClIydyae MHO-
TOCJIONHBIX KOH(UTrypanuii. [IpuHIunuansHo 1py-
roii crmocod 00ecreYnTh MPOCBETIICHNE 3aKIova-
eTCsl B CO3JJaHMM Ha pabodvel MOBEPXHOCTH ONTH-
YECKHX DJJIEMEHTOB aHTHOTPAKAIOIIMX MHKPO-
ctpyktyp (antireflection microstructures, ARM) —
MUKpopenbeda crenuanbHOH  KOH(UTYpaluw,
c(hOopMHUPOBAaHHOTO TIOJ] BO3JEicCTBHEM QemMToce-
KYHIHOW JiazepHO# alOmsiuu. Jlas KpUCTauoB
LiGaSe,, LiGaS, 6buta mokazana 3((eKTHBHOCTD
TaKOTO TOJIXOZa: MPOITyCKaHHE YIaBaIOCh IOBHI-
CUTh BIUIOTH 70 95-98% Ha OoTAeabHBIX 00pa3iax
[2]. OnHako OBLIO YCTaHOBJIEHO, YTO IPH 3TOM
3HAYUTENILHO YBEIIMYMBACTCS MOTJIONICHUE BOIU3U
3 u 6 MKM, KOTOPO€ XapaKTepHO IJIs CIEKTPOB
KPHUCTAIIOB JINTHICOIEPKAIUX XaJTbKOTCHUIOB H
oOycnoBiieHo konebanusimu cBsized O-H [3]. ns
VIy4IICHUs] ~ MPONMYCKaHUs  KpUCTauibl  Li-
COJIepKAIMX XaJIbKOTCHUIOB IOJIBEPraroT T0-
CTPOCTOBOMY BBICOKOTEMIIEPATYPHOMY OTXKUTY B
cnenuansHol atMmocepe [4,5]. [dannas pabota
MOCBSIIIEHA WM3YYEHUIO W3MEHEHUI MOBEPXHOCTH
kpucramioB LiGaSe,, LiGaS, nocne nasepHoii ad-
JSUA ¥ anpo0anuyi METOJUKU CHUKCHHS TIOTJIO-
IICHUA OKOJIO 3 W 6 MKM IyTeM OTXXHTa OINTHYe-
ckux 31eMeHTOB ¢ ARM B crienmansHO# aTMocde-

pe.

MarepuaJbl 1 METOABI

Momnoxkpuctamisl LGSe, LGS ontmdeckoro
KadecTBa OBLIM BBIPAIIEHb MOAW(UIIUPOBAHHBIM
MeTonoM bpumxmena-CtokOaprepa B yCIOBHSX
HU3KUX TEeMIIEpaTypHbIX TpaaueHtoB [6]. Jms
JMATPHEUIINX HCCIEeNOBAaHNA W3 HUX OBUIM H3rO-
TOBJICHBI ONTHYECKHE DIIEMEHTHI — MOJMPOBAHHBIE
TUIOCKOMApaljIeNibHbIe TUIACTUHKK € 3aJJaHHOU
opuenTtupoBkoit: Theta=90, Phi=39 mma LGSe u
Theta=90, Phi=42 nnsa LGS. OpuentupoBka Oblia
BBIOpaHa B COOTBETCTBHUM C MAaKCHUMAaJIbHOW 3(-
(DEKTHBHOCTBIO peaiu3allii TEeHEepalnuu BTOPOI
TapMOHUKH 5 MKM. Pa3Mmep MmiIacTHHOK COCTaBIISLI
5x4x1 mm® st LGSe u 5x5%1 mm® s LGS.

Ha moBepxXHOCTH TONYyYEHHBIX ONTHYECKUX
AJIEMEHTOB CO3JAaBalld AHTHOTPAKAIOIIUE MHUKPO-
cTpykryphl. [lapamerpsl mazepHo#l aGusuuu IUist
00paboTku kpuctamwioB LGSe: cpeaHss MOLITHOCTh
3.5 MBT, KOJIMYECTBO HMMIIYJIbCOB Ha OTBEPCTHUE:
20, cMelieHre OTHOCHUTEIIFHO TOBEPXHOCTH -1
MKM, Tepuos; | MKM, 4acToTa TOBTOPEHUS HM-
nynbcoB 200 kI'n, anuuHa Bonuel 513 uM. [lapa-
METpBI J1a3epHOW aOisuu JUisi 00paOOTKH KpH-
cramwioB LGS: cpenusas momuocTts 0.7 MBT, KOMH-
9YecTBO MMIYJIbCOB Ha oTBepcTHe: 10, cMemeHue
OTHOCHUTENIFHO TOBepXHOCTH -1 MKM, mepuon 1
MKM, 4YacToTa MOBTOpeHus umiyiabcoB 200 kI,
JITMHA BOJIHEI 513 1M [2].

Penped mnoBepXHOCTH IIIACTUHOK C MHKPO-
CTPYKTypaMH M3y4Yalld C IIOMOIIbI0 CKaHUPYIOIIIe-
ro O9JIeKTpoHHOTO MuKpockona (COM) Raith
PIONEER (I'epmanus), coctaB MOBEPXHOCTHOTO
ciost 00pasnoB ¢ ARM 1 ¢ 4ucToil HoMMPOBaHHOI
MOBEPXHOCTHIO - METOJIOM SHEProAUCIEPCHOHHOMN
pentreHosckoi criekrpockonmu (EDX) Ha cxanm-
pytomiem snekTpoHHOM Mukpockore SU 8020
Hitachi (SImonws).

CriekTpsl TPOMyCKaHUS OBLTH TOJYYEHBI C
nomouslo MH(pakpacHOro MHKPOCKOIA CEpUH
«MHUKPAH» B xommiekce c¢ UK dypse-
criekrpometpoM cepun «DT-801» (OO0 HIID
«CHUMEKC», Poccus).

Jns uccnenoBaHusi CHEKTPOB KOMOWHAIMOH-
Horo paccesaus (KP) mcmonp3oBanmu CrieKTpoMeTp
Horiba Jobin Yvon «T64000» (®panius).

Pexumer omxura mis snemenToB LGSe, LGS
¢ ARM mnonbupany, ucxods U3 MOTYYCHHBIX pe-
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3yJIBTaTOB HCCIICIOBAHUIA C YY4ETOM HEOOXOIUMO-
CTH COXpaHEHHsI 0co0oro penbeda MUKPOCTPYK-
Typ. IlocnenHee yciioBHE HCKIIOYAIO BO3MOXK-
HOCTb BO3JICUCTBUS CIUIIKOM BBICOKMMH TeMIIepa-
Typamu, 4roObl u30exkaTh oriaBieHus ARM.
Kaxnayro miacTUHKY TepMETHYHO 3allauBaliid B UH-
TUBUAYAIBHYIO KBapLEBYIO aMITylly JAIUHOU 110 12
cM co ciabo paspexkeHHOW atMochepoll TapoB
xanbkorena - okono 0.7 arm. (puc.l). ['oToByro
aMITyJTy TIOMEIaan B My(QenbHYIO ITeYb U MEJICH-
HO HarpeBaju. MakcuMmalbHas TeMIiepaTypa OT-
skura cocrapisiia 400°C, AMUTEeTbHOCTD BBIICPKKH
IpU BBICOKOHN TeMmmepatype - 120 munyt. [danee
MPOUCXOJUIIO MENJICHHOE OXJIAXACHHE N0 KOM-
HAaTHOM TeMIIEpaTyphl B BBIKIOYEHHON M€Y H.

S it

- o

e

Puc. 1. TecroBsrii oopaszer; LGSe ¢ ARM
pazmepom 5x4x1 MM B 3alIasiHHO KBaplLEeBOM amIyJjie
TI0CJIe OTXKHUTa B aTMOc(epe cesieHa

Fig. 1. LGSe test sample with ARM 5x4x1 mm?®
in size in a sealed quartz ampoule after annealing
in Se atmosphere

Pe3yabTaThl 1 00cy:xKI€HUE

Ha puc. 2 npuseneno COM u3zo0pakeHue mo-
BepxHOCTH IutacTuHKU LGSe ¢ MukpocTpykrypa-
MH.

PesynbpraTel 3HEProAMCIEPCUOHHOW pEHTre-
HOBcKOM crekTpockonmu (EDX) mokazamm, d4to
JUIsl HEU3MEHEHHOW MOBEPXHOCTH IUIACTHHOK
LGSe xapakTepHo MOHMKEHHOE coepkanne Se (B
cpemaeMm Ga:Se = 1:1.7). D10 00BACHSIETCS TTOCTE-
MEHHOM Jerpanauveld MOJMPOBAHHOW MOBEPXHO-
ctu LGSe m oOpa3oBaHmeM Ha HEW IUICHKH,
HaO0I0JaeMON TIPH UINTENHHOM KOHTAaKTE C BO3-
nyxoMm. IlneHka MOXeT pacTBOpAThCS NMpH 00pa-
00TKe CIa0OKHUCIBIMHU BEIECTBAMHU U, BEPOSITHO,
HpECTaBIsIeT cOOOW COeAMHEHHs KHCIOpoJa aT-
Mocdepsl ¢ HOHAMH JIUTHSL, MUTPUPYIOIIAMH K T10-
BepxHOCTH. Ha 3TO yKa3pIBalOT U OCOOECHHOCTH

CIIEKTPOB TIPOMYCKaHUsI U (POTOIFOMHHECICHIINH,
CBsI3aHHBIC C Je(DEeKTaMU, BBI3BAHHBIMH JCUIIH-
toM nutws [4]. VBenmuenue konuerTpannn OF Ha
MOBEPXHOCTH MOXET MPHBOJAUTH K CHMKEHHUIO OT-
HOCHTEIIBHOTO COJIEPKaHUsI HOHOB CEJICHa.

Puc. 2. 3o0paxenue noepxHoctu miactuiku LGSe
¢ ARM, nonydyennoe ¢ nmomoipio COM

Fig. 2. SEM image of the LGSe plate surface with ARM

Hunst obnacreii moBepxHOCTH TutacTHHOK LGSe
¢ ARM panee 6611 3apuKCHpOBaH N30BITOK CEJIeHA
(Ga:Se > 1:2.5), uTo O0OBsCHSETCS pEaAKIUIMHU,
BO3HHKAIOIUMH BCJICJICTBHE MIHOBEHHOTO ((heM-
TOCEKYH/IbI) TOYEYHOT'O BO3JEHCTBHS Ha IMOBEPX-
HOCTb BBICOKUX TeMIIEpaTyp. ITO NPUBOIUT K 00-
Pa30BaHMUIO KHCIOPOJCOAEPKAIUX COECTUHEHUN
KaTHOHOB M BBICBOOOXKJICHHUIO CEJieHa C ero Jajb-
HEHIIMM OC&XICHUEM BOJIM3M MHKPOCTPYKTYD
[2,7].

Ha puc. 3 nokazansl cnextpsl KP minactunku
LGSe 14 nonupoBaHHON OBEPXHOCTH M y4acTKa
C MHUKpOCTpyKTypamu. llonmyueHHble NaHHBIE IS
guctoro LGSe xopomro coriacyrTcs C JmTepa-
TypHbiMH [4,8]. CaMbIMH Ba)KHBIMHU IIPEIICTABIIS-
I0TCS IBa BBIAEICHHBIX OTIM4MA criekTpoB KP s
ydacTkoB ¢ ARM. Bo-mepBpIX, Bo3pacTaHWE HH-
TEHCHBHOCTHU W YHIMPEHUE MUKoB BOJM3K 240-260
emt [Iupoxkas nmonoca okoiuo 251 cv™ B xambKo-
TeHHJaX YKa3bIBacT B TOM YHCIIE HA NPUCYTCTBUE
amop¢uoro cenena [7,9]. Bo-BropbiX, Hamuuue
cabo BbIpakkeHHOro ramo BOmm3H 500 cM™ Ha
CHEKTpax YYacTKOB C MHKPOCTPYKTYpaMH, 4TO
MOJXET yKa3bIBaTh Ha mpucytcTtBue Ga,0O; Ha mo-
BepxHoctH [7,10]. OHO TOTHOCTBHIO OTCYTCTBYET
Ha y4yacTKax C HEM3MEHEHHOU MOBEpXHOCThIO. OK-
cun tammus (1) — TyromiaBkoe BemIECTBO
(1900°C), ero mosiHOE YIAJICHHWE C TOBEPXHOCTH
MHUKPOCTPYKTYpP C MOMOIIBIO OTXKHUIa WM XUMHYe-

BPMS. 2025; 22(2): 174-183
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CKUX PEaKUUi IpH YCIOBUU COXPAaHEHHS MX PEllb-
eda He MpeAcTaBIIeTCs BO3MOKHBIM. B crekTpax
IPOIYCKaHUA OH IHPOABIIETCS HEOOJBIINUM IIO-
TJIOMIEHUEM BOIHM3U 8.5 MKM, B TO BpeMs KaK WH-
TEHCHBHOCTh HOTJIOLICHUS Ha JUTMHAX BOJH 3 U 6
MKM JIOCTUTAET JCCSITKH MPOLEHTOB (puc. 4). Otn
MOJIOCHI, 00yCIIOBIIEHHBIE KoJiebaHusaMu cBsi3eit O-
H, mpencrasnsior Oomnbiryto mpobieMy NpH Hc-
MOJIb30BaHUM HEITMHEHHO-ONTHYECKUX SJIEMEHTOB
LGSe, LGS ¢ ARM B kadecTBe npeoOpa3zoBaTeneit
Ja3epHOro H3Iy4eHus. Peskoe Bo3pacTraHue WH-
TEHCHBHOCTH HX TOTJIOIIEHHUS B 00JAacCTH MHUKpPO-
CTPYKTYP BBI3BaHO TE€M, YTO OCTATOYHBIE NPOAYK-
THI TIOCJI€ BO3ICHCTBHS JIa3epHOW aOIsIuH oca-
JKAAIOTCS B M3MEJbUEHHOM BHJE Ha CO3/JaHHBIN
penbed MOBEPXHOCTH ONTUYECKOTO JJIEMEHTa U
afcopOMpyIOT Biary W3 BHemIHeH cpexpl. B maH-
HOM cJIy4ae OT)KHUT B CIIeHalbHON aTMocdepe sB-
JSIeTCSl TOCTaTOYHO A(PPEKTUBHBIM PEIICHUEM.

2500 (a)

2000~

otH.en

1500~ H

WHTeHcmBHOCTS,

,_.
@ 2
3 3
3 8

K 100 200 300 400 500
BonHosoe uucno, oM’

ViKTeHCHBHOCT, OTH €A

100 a0 300 i 200 so0
BonHosoe uncno, cm™

Puc. 3. Cniexrpsr KP s o6pasna LGSe
Ha y4acTKax ¢ MOJMPOBAHHON OBEPXHOCTHIO (a)
u ARM (6)

Fig. 3. Raman spectra for the LGSe sample in areas
with a polished surface (a) and ARM (b)

CHexTpsl TPOITyCKaHUS IS HMCCIEAOBAaHHOU
miactuHkr LGSe, momydeHHBIC IS yYacTKOB C
YUCTOW MOBEpXHOCTHIO U ¢ ARM, mpuBeaeHsl Ha
puc. 4a. Buano, uro B obnactu 4-6 MKM yaajaoch
MOBBICUTH 00mIee npomyckanue ¢ 70 mo 80 %. Ho
MIPH TOM i1 00JaCTH MUKPOCTPYKTYP TOTJIOIIE-
Hue BOMM3u 3 U 6 MkM cocrasisier 10 20 %. Ha

puc. 40 moka3aHbl CIIEKTPBI MIPOMYCKAHUS JJI TEX
ke ydacTkoB TulacTMHKM LGSe mocne oTxura,
MPOBEJCHHOIO [0 ONHMCAHHOM B COOTBETCTBYIO-
LIEM pa3zelsie CXeMe. Y CTaHOBIECHO, YTO OTXKUI B
aTMocdepe ceieHa MO3BOJMI CHU3UTh MHTEHCHB-
HOCTh TOJIOC TOTJoueHus 10 5 %, OAHaKo Npu
3TOM W OOMIMH YPOBEHb MPOITYCKaHHUS ITOBEPXHO-
CTH C MUKPOCTPYKTypaMu cHM3mIOCh Ha 5 %. Ta-
KOE CHIDKEHHE JIErKO OO0BsSCHUMO. IS KaKaoro
MaTepuraia IoJ0uparoT CIEeNHaTbHYI0 KOHPUTypa-
U0 MAKPOCTPYKTYP, KOTOpasi o0ecreunBaeT Mak-
CUMaJIbHBIN aHTHOTpaxkaroumili 3ddekt [11]. Usz-
MEHEHHE COCTaBa Ha MOBEPXHOCTHU, a 3aT€M BO3-
JIEUCTBHE HAa HEE TEMIIEpaTyp HPHUBOJUT K H3Me-
HEHHSIM ee pesibeda, U4TO CKa3bIBaeTCs Ha 00IIeM
YpPOBHE IporycKkaHud. sl YucTol HENn3MEHEHHOU
MIOBEPXHOCTHU €r0 YPOBEHb HE MEHSETCS MOCTE OT-
JKHUTa I10 OIMMCAaHHOU METOIUKE.

100 T T T T T T

o]
o
1

MponyckaHue, OTH. ea.
N
o
1

6000 8000 10000 12000 14000
(a) [1nvHa BOMHbI, HM

MponyckaHwe, OTH. eq.

4000 6000 8000 10000 12000 14000
6) [nvHa BOnHbI, HM

Puc. 4. Criextps! nporryckanus miactTuaku LGSe
pasmepom 5x4x1 Mm® ¢ ARM 10 (a) 1 mocie (6)
orTxwura B cpaBHeHHH ¢ LGSe 6€3 MUKPOCTPYKTYp

Fig. 4. Transmission spectra of LGSe plate
5x4x1 mm? in size with ARM before (a) and after
(b) annealing compared to LGSe
without microstructures
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[ToBepxHocTh KpuctamioB LGS ¢ anTHOTpa-
JKAIOIUMH MHUKPOCTPYKTYpaMH B 3HAYUTEIHHON
CTETNIeHH OTIMYaeTcs OT ceneHupga (puc. 5a). s
HEe XapaKTepHO «OIUIBIBAaHUE», OOpa3oBaHUE
«HameTa» C BO3HHUKHOBEHHMEM MMHKDOTpPEIIMH Ha
HEKOTOpBIX yduacTkax. [Ipn sTOM Heu3sMeHeHHas
MMOBEPXHOCTH 00pasia ocraercs yuctoi. Mccieno-
BaHHUsI METOJIOM SHEPrOAMCICPCUOHHON pEHTre-
HOBCKOHM CIIEKTPOCKOMHHU MOKAa3ald, YTO COOTHO-
IIEHUEe KOMIIOHEHTOB JUIS ITOJUPOBAHHON IOBEPX-
Hoctn LGS Takxke OTIMYaeTCs OT CEICHOCOJEp-
JKAIeTo aHayiora - JJisi Hee XapaKTepeH JIMIIb He-
3HAYUTEJIBHBIA M30BITOK Tajulks MO OTHOIIEHHUIO K
cepe (B cpennem Ga/S = 0.63). B obnactu Mukpo-
CTPYKTyp  Talulusl  CYIIECTBEHHO  Ooiblie:
Ga/S~1.35 kak a1 y4acTKOB C IUIOTHBIM «Halle-
TOM», TaK U B 00JACTAX HAUMEHEE W3MEHEHHBIX
MHUKPOCTPYKTYP.
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Puc. 5. Uzo0paxenne moBepxHocTy riactuaku LGS
¢ ARM no omxura (a) u mocne (6), moxydaeHHOe
¢ nomonrsio COM

Fig. 5. SEM image of the surface of LGS plate with
ARM before annealing (2) and after (b)

[Ipu stom cnextpel KP ans obnacteii ¢ Muk-
POCTpYKTypaMH U 0e3 OTIMYaroTCs HE3HAYUTENb-
Ho. Ha puc. 6 npuBeneH oauH U3 IpUMEPOB HOIY-
YEHHBIX PEe3yJbTATOB VI YYaCTKOB ONTHYECKOTO
aneMeHTa LGS ¢ HEM3MEHEHHOI MOBEPXHOCTHIO U
C aHTHOTPAXKAIOLUIMMU MUKPOCTPYKTYPaMHU.

IlonyyeHHble TaHHBIE AJI1 HEU3MEHEHHOU IO-
BEPXHOCTH XOpOIIO COTJIacyloTcs C  Mpel-
CTaBJIEHHBIMU B JuTeparype [8,12]. 3ameTHOE OT-
mnune B criektpax KP misg yyacTkoB mo-BepxHOCTH
C MUKPOCTPYKTypaMH HaOIIOJaeTcs JIUIIh BOTU3N
350 cm™. COrIacHO JUTEPATypPHBIM JAHHBIM, yKa-
3aHHas Tpynna KojaeOaHui OTHOCUTCS K KOBaJIeHT-
Holi cBs3u Ga-S. Ilpu 3Tom He HaOmOmaeTcs Koe-
0OaHunH, XapaKTEPHBIX JJISI COSAMHEHUI KATHOHOB C
kuciaopogom: st Ga,Oz BOmm3u 500 CM'l, IUIS
Li,O, Li,COs, LiOH - oxomo 300 n 331 cm™
[7,10,13].

[Mony4yeHHsle pe3ynbTaThl YKa3bIBAIOT Ha TO,
YTO «HAJIET», 00pa3YIOIINNCSA Ha TIOBEPXHOCTH 00-
pasuoB LGS ¢ ARM, npenMy1iecTBEHHO COCTOUT
13 OECKUCIOPOAHBIX COCAMHEHWH Tammus. [Ipu
3TOM TIHMKH TOTJIONMEHU BOIM3M 3 ¥ 6 MUKPOH Ha
CHEKTpax MPOITyCKaHUsl 00pa3loB ¢ MHUKPOCTPYK-
TypaMu CBUACTCILCTBYIOT O IMIPUCYTCTBUH BOABI HA
HW3MEHEHHOW MOBEPXHOCTH.

CriexTpsl nponyckaHust i wiacTuiku LGS
¢ ARM 1o omxura npuBeneHs! Ha puc. 7a. Co3na-
HUE MHUKPOCTPYKTYp Ha TMOBEPXHOCTU IO3BOJIHIIO
yBeNUUUTh Hpomyckanue 10 90-95 %, HO mpu
sToM, Kak u st LGSe, mornoiienue okoio 3 u 6
MKM TI0 CPaBHEHHWIO C HEU3MEHEHHOW MOBEPXHO-
CTBIO BO3pOCNO 3HauuTenbHo — 110 20 %, urto
CBUJICTENILCTBYET O NMPHUCYTCTBUHU BOJIBI HA M3Me-
HEHHOHI IoOBepxXHOCTU. Ha cnekTpax IUIacCTUHKH
HIOCJIe OTXKUTa B aTMoc(epe cephl MOTIONIEHUE Ha
YKa3aHHBIX JJIMHAX BOJIH COCTaBJSIET BCETO He-
CKOJIBKO TPOLEHTOB, OJHAKO M 0OlIee MpoIycKa-
nue majaet ¢ 90-95 no 80-85 % (puc. 76). BaxkHo
OTMETHUTH IPUCYTCTBUE TOTJIOLUICHUS B 00J1aCTH 7-
8 MKM 111 00pasloB A0 OTKHra — OHO MOXKET
ObITh 00YyCIIOBIIEHO KoJieOaHusMu cBsizeir Ga-O u
S-S [7].

[lonmy4yeHnHble pe3ynbTaThl YKa3bIBalOT Ha TO,
9TO «HAJEeT» Ha MoBepxXHOcTH 00pasmoB LGS c
ARM 1npeuMylECTBEHHO COCTOUT M3 CIIOXKHBIX
KHUCIIOPOACOJEPKAILUX COeAUHeHU ramus. s
ompeesieHNsi UX TOYHOTO COCTaBa HEOOXOAMMO
OTJEIbHOE KOMIUIEKCHOE HCCIIE0BaHHE.
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BriBoabI

Pesynbrarsl poBeICHHBIX UCCIIEIOBAHMMA T10-
kazanu, 4to kpuctauiel LiGaSe, u LiGaS, mocie
BO3JICHCTBHS JIa3€pHOW alJisiuel BeayT cedst 1o-
pasHomy. Ha moBepxHocTH ceneHuaa 3aduKcHpo-
BaHO U30BITOYHOE KOJIMYECTBO CEJICHA, B TO BpEeMs
Kak JUIs cynb(duIa XapakTepHo Mpeodiiaanue co-
enquHeHuil rammusa. Ilpuw 3TOM, B OTJIMUME OT
LiGaSe,, nosepxnocth LiGaS, ¢ MHKpPOCTPYKTY-
pamMu TOABEepKEHa W3MEHeHusiIM (oOpa3oBaHue
«HajeTa»). bbUlo yCTaHOBIIEHO, YTO OT)KUI OITH-
yeckux deMeHToB LiGaSe,, LiGaS, ¢ ARM nos-
BOJISICT CHU3HTH TOTJIOIICHUE HA JUTMHAX BOJH 3 U
6 MKM, OJHAKO TPHU DTOM CHIDKACTCS W OOIIHiA
YPOBEHb MPOIYCKAHHS, YTO OOBSCHICTCS U3MEHE-
HUEM perbeda TOBEPXHOCTU C MUKPOCTPYKTYpaMu

B pe3yinbTaTe BO3ACHCTBUA TeMmIiepaTyp. MOoHO
3aKIJIFOYUTh, YTO IEIeCO00Pa3HOCTh TEMIIEpPaTyp-
HOW 00pabOTKH CTOWUT OIEHUBATh B 3aBUCUMOCTH
OT KOHKPETHOH 3a7a4d, JJIT KOTOPOH HCIOIB3YeT-
cs onrmuecknii snemenr LiGaSe, wnm LiGaS, ¢
MUKPOCTPYKTypaMu. Tak, s Ta3epHBIX CUCTEM C
JUTMHOM BOJIHBI MCTOYHMKA HaKaykH, OJIU3KOH K 3
MKM, WJIA C JJIMHON BOJIHBI BBIXOHOT'O M3ITYICHHSI
OKOJI0 6 MKM OTXHI KpHCTaula-HeIMHEHHOTO
npeoOpazosatenss ¢ ARM HeoOxoaum, B TO Bpems
KaK JUIs MPOYMX CUCTEM MpeoOpa3oBaHue B quarna-
30HE MPOCBETICHHUS MHUKPOCTPYKTYP MOXET OBITh
YCHEIIHO MOJIYYEHO ¢ UCTIOIb30BAHUEM JIEMEHTOB
0e3 JT0NOJHUTEIBHON 00paboTku [14].
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AnHotanus. PaccmarpuBaercsi OMaTOMHBIN KPUCTAIT €O CTPYKTypod B2 ¢ MexaToOMHBIMH B3aUMO/ICHCTBUSIMH,
onuckiBaeMbIMH ToTeHIUaioM f-Depmu-Ilacra-Ynama-luary. Ananusupyercst ciaydail OONbIION pasHUIBI B
ATOMHBIX Maccax KOMIIOHEHTOB, KOrJia B ()OHOHHOM CIIEKTpE KpUCTaJlla BO3HUKAET 1ieilb. [IpocTpaHCTBEHHO JIOKa-
JM30BaHHAas KoslebaTeabHas Mosia OOJBIION aMILTUTY IbI, Ha3bIBaeMasi AUCKPETHBIM OpusepoM ([1b), HalineHna mytem
MpUMEHEeHUsT (QYHKITNH JTOKATU3aIiK K JeTOKaIM30BaHHOW HeMHHEHHOH KomebarenpHoi mone (AHKM). THKM wu,
cireioBarenbHO, JIb nMeroT yacToTs B e (POHOHHOTO CIIEKTpA.
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Abstract. The biatomic crystal with B2 structure is considered with the interatomic interactions described by the
S-Fermi-Pasta-Ulam-Tsingou potential. The case of a large difference in the atomic masses of the components is an-
alyzed. The phonon spectrum of the crystal possesses a forbidden zone (gap). A spatially localized large-amplitude
vibrational mode, called the discrete breather (DB), is found by applying a localization function to the delocalized
nonlinear vibrational mode (DNVM). The DNVM and consequently the DB have frequencies in the gap of the pho-
non spectrum.
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BBenenue

Honros u, HezaBucumo oT Hero, Cusepc u Ta-
KEHO OOHapyXwiH, 4To B Oe3le(eKTHBIX Helu-
HEHHBIX IIETI0YKaX MOTYT CYIIEeCTBOBATH IIPO-
CTPaHCTBEHHO JIOKAIM30BaHHBIE KOJIeOaHUS da-
crull [1,2]. Takue nokaaTu30BaHHBIE BO30YXKICHUS
OBUTM Ha3BaHBI JTMOO TUCKPETHBIMH OpH3epaMu
(Ib), b0 BHYTpEHHUMH JIOKAJTM30BAHHBIMH MO-
namu. 1B cymiecTBylOT NOTOMY, YTO OHH KOJIEO-
JIOTCA Ha dYacToTe 3a mpeaenamMd (HOHOHHOTO
CIeKTpa Iemovkd. J[Ba HEOOXOMWMBIX YCIIOBUS
JUISL MX CYIIECTBOBaHMS — 3TO AMCKPETHOCThH Cpe-
Ibl, KOTOpas OrpaHu4uBacT (DOHOHHBIM CIIEKTp
pEIIeTKH, U HETMHEHHOCTh, KOTOpasi M3MEHSET Ya-
croty konebanuit JIb, mo3Bomsis it BeIATH U3 (o-
HOHHOTO criekTpa [3-5]. buatoMmHbIe pereTku Mo-
TYyT UMETh IIeNb B (POHOHHOM CHEKTpEe, U B ATOM
ciayyae Bo3MOXHBI JIb ¢ MsArkoil unm skecTkon aH-
TapMOHMYHOCTBIO C KOJIeOaTeIbHBIMU YaCTOTaMH B
npexenax menu [6,7]. B orcyTcTBHE mmenn MoryT
cyuecTBoBath ToJbkO J[b ¢ ’kecTkoil aHrapmo-
HUYHOCTBIO C YacTOTaMH BbIllle ()OHOHHOTO CIEK-
Tpa.

[IpumepHO Yepe3 mecsTwieTHE TOcie OOHa-
pyxenus JIb B mpocThIX pemieTkaX BHUMaHHUE HC-
cieoBaTesneil mepekIoYriIoch Ha KPUCTAJIIbI, T10-
CKOJIbKY ISl HHMX BBIMOJHSIOTCS 00a HEo0Xonau-
MBIX ycnoBus cymiectBoBanusi b [8]. B paborte
Kucenera u mp. [9] Oput0 mOKa3aHO, YTO B OH-
aTOMHBIX IIeTI0YKaxX C MOTeHnuaiamu Mopse mim
Jlennapaa-Jl>xoHCa BO3MOXKHBI TOJIBKO IIIEJIEBBIE
b, vHo He JIb ¢ wactoTramm BbIle (HOHOHHOTO
cnektpa. [Toatomy B 1997 rogy metogom Moiexy-
JSIPHOW TMHAMUKK OBUIO IPOBEACHO IEPBOE HC-
cnenoBanue Ans kpuctanna Nal, umeromiero mens
B ¢ononnom crekrpe [10]. B 2009 roay cyie-
CTBOBaHUE IeNieBbIX J[b OBLTO SKCTIEpUMEHTATBLHO
npogeMoHcTpupoBano [11]. 3arem ObUIO MOKa3a-
HO, YTO pe3yJbTaT, MOMy4YeHHBIH B [9], BepeH mns
omHOMepHEBIX (1D) pemerok, HO B pemnieTkax Ooee
BBICOKOH DPa3sMEPHOCTH C MOP30BCKMMH B3aUMO-
nercTBusiME BO3MOXHBI JIb ¢ wactoToi BeImIe ¢o-
HoHoro crnektpa [12,13]. Buepssie JIb ¢ kxecTkoi
AQHTapMOHUYHOCTBIO OBUIM YHCIICHHO OOHAPYKEHBI

B Ni u Nb [14], a 3aTeM 1 BO MHOTUX JAPYTUX KPH-
cTayiax, Hampumep, B anMase [15], aabga-ypane
[16], ynopsmodeHHbIX ciuiaBax [17-20], Oucioii-
HeIX Metaiwiax V, Fe u W [21], a Takxke B Tpex-
MEpHBIX pelIeTKax C TMoTeHmuaaoM f- Depmu-
[MacTta-Ynama-Ilunry (5-OITV1) [22,23].

[IpoBeneHO MOBOMBHO MHOTO JKCIEPUMEH-
TanpHbIX HcchaenoBanuil J[b, HampaBieHHBIX Ha
onpejiefieHNe MX BIMSIHHS HAa MaKpOCKOIMMYECKHE
cBoiicTBa kpuctaioB [24]. HauOosbliee BHUMA-
HUe OBUTO yNelneHo HWOHHOMY Kpuctamury Nal
[11,25-27], nockonbky b B 3TOM KpucTasuie Obl-
U Tpenckazansl Teoperndecku [10]. DoHOHHBIE
KoJie0aTeNbHbIe CHEKTPHl OBUTH WU3MEPEHBI METO-
JTaMU PEHTT€HOBCKOTO W HEUTPOHHOTO PACCEsTHHSA,
4yT0OBI OnpeaenuTs BiausHue b Ha MexaHuueckue
cBolicTBa o-ypaHa [28-30]. U3mepenust HEUTpOH-
HOro paccessaus (poHOHOB B PbSe moxazamm Bo3-
Oyxnenue JIb mpu BRICOKMX TeMIiepaTypax, U 3TOT
(dakT ToMoraeT OOBSICHUTH MPEKPACHBIE TEPMO-
ANIEKTPUYECKHE CBONCTBA XaJbKOTEHWIOB CBHHIA
[31].

B nociienHee BpeMs MHTEpEC K HEJIMHEHHOU
nuHamuke OLK pemeTkyu npuBiekaeT BHUMaHUE
WCCIIeIOBATENe, TIOCKOJBKY MHOTHE METalIbl
UMEIOT Takylo CTpykTypy [21,32]. B wactHOCTH,
ObUIM HAMIEHbl JEeJ0KAIN30BAHHBIE HEJIWHENHBIE
konebatensHpie Moabl (JJHKM) OLIK pemetkn
[22] ¥ nuCTONB30BaHBI ISl TECTUPOBAHUS U YIyd-
IICHUS] MEXATOMHBIX ITOTCHIHAJIOB JUIsl BOJb(pa-
Ma [33-35]. OrmerumMm, yto JHKM - 3t0o TOuHOE
pEIIeHNEe YpaBHEHWM JBIMKEHMS JUISl PEIIETKH,
HaliIeHHOe MyTeM aHajn3a TOJBKO CHMMETPUHU
peuietku [36]. B nelicrBurensHoctu, JJHKM - ato
emé olMH TePMHUH AJs1 OoJiee O0ILero MoHITUS Ky-
CTOB HEJIMHEWHBIX HOPMAJIHHBIX MO [36], KoTOpoe
MOJKET OBITh IPUMEHEHO He TOJBKO K KPUCTAJLIaM,
HO u Kk Monekynam [37]. Xaotuueckue b B OLIK
pemerke ObuTH M3y4eHsl yucneHHo [38,39]. Omu-
canbl JIb B kBagparnoii pemerke [-OITVYII, Bo3-
HUKAIOIME MPU BHEIIHEM BO3JIEHCTBUM B IIpene-
nax hoHoHHOTO criekTpa [40].

Crporo roBops, JIb - 3T0 TowHOE pemicHHE
YpaBHEHUHN [BIKEHUS YaCTULl HEIMHEWHOU pe-
LIETKY; Bce YacTHubl B TakoM JIb komebmroTes c
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OIMHAKOBOM yacTtoToil. He Bce pemerku, naxe oT-
HOCHTEBHO TIPOCTHIE, OMMYyCKAIOT TAKUE PEIICHHSI.
I'opa3no damie BcTpedaroTCss NPOCTPAHCTBEHHO
JIOKaJIM30BaHHbIE KoleOaTelbHbIE PElIeHUs, KOTO-
pBIe MEIJICHHO M3JIyYaloT BOJHBI MAJIOH aMILTHATY-
Il ¥ TIOSTOMY UMEIOT OOJBINOE BpeMs KU3HU. B
pabote Yeunna u Ap. Takue pelieHus: ObUIO Mpel-
noxeHo Ha3eiBaTh kBasuOpusepamu (Kb) [41]. b
KaK TOYHBIC PEUICHHWS OYeHb BAXKHBI JJISI TEOPHH,
HO B (u3MKe peaJbHBIX KPHCTAJUIOB, TAE HEU3-
0EKHO MPUCYTCTBYIOT Pa3lWYHbIC BO3MYIICHUS, a
MeXaTOMHBIE CHIIBI U3BECTHBI JIUITh B HEKOTOPOM
npuOmmkeHny, nouatue Kb BBIXOAUT Ha TepBBIN
wiad. B pganHOl paborte w3ywarorcst mMmeHHO KB,
HO MO TPaAULIUK OHU Ha3biBaroTcs J1b.

[Homemwxueie JIb mpencraBnstoT ocoObIid WH-
Tepec, MOCKOJBKY OHU CHOCOOCTBYIOT IEPEHOCY
SHEPTMH B KpHCTaIM4deckoil pemrerke [12,42].
Hemwxymmecs /Ib B3anmozneicTByrOT ¢ nedekramMu
U CTUMYJUPYIOT UX JBHXKeHue [43-45] unu omxur
[46]. [Hdewxymuecs b skcmepuMeHTAIBHO
HaOJIOAJIMCh B T MarHATHBIX MAasTHHKOB [47],
B MaccuBe MHKpokaHTeneBepoB [48,49], B omHO-
MEpHBIX TpaHyJIMpOBaHHBIX cpenax [50], u B uenu
Macc, COEOUHEHHBIX mnpykuHamu [51]. TouHsie
pemreHus s ABKymuxcst JIb ObUTH MOydeHb! B
pabote [52]. YcCTaHOBJECHBI YCJIOBHS TJIAJKOIO
pacnpoctpanenus JIb [53-55].

He cymecTByer crTporux MaTeMaTH4ecKUX
METOJIOB /I HaxoxKJeHus TouHblx /b B aBymep-
HBIX U TPEXMEpHBIX pemieTkax. OmHaKo I mouc-
ka Kb Obinm pa3paboTaH TUTOMOTBOPHBIN IOAXO],
OCHOBaHHBIM Ha wucnoiap3oBanun JIHKM. Bce
JAHKM, momnepkuBaeMbie KPUCTALUTMYECKON pe-
HIETKOM JaHHOW CHMMETPHH, MOTYT OBITH OTpe/ie-
JIEHBI C TIOMOIIBI0 TEOPUH TPYII, KaK MOKa3aHO B
pabortax Yeunna u Caxuenko [36], a Taxke Llep-
OounnHa [22,23,56] u Ps6osa [57]. Cnemyromm
[1aroM sIBJIAETCSA HAXOXKJIEHHE YaCTOTHBIX Xapak-
tepuctuk st Bcex JHKM. Jlo storo momenta
aHaJIM3 OCHOBBIBAETCS HAa WM3BECTHOM TEOPHH, HO
NOCJIEOHUN Mar — 3TO, MO CYTH, METOJ Mpod H
omnOOK NpUMeHeHHs (GYHKUUHM JIOKaIM3aluu K
JAHKM ¢ gacTtoramu BHE (hOHOHHOI'O CIIEKTpa pe-
meTku. Bo MHOTMX ciy4asx ymaercss MOTy4YUTh
nonroxusyiue Kb [22,23], HO X HaXOXIEHUE HE
rapaHTHPOBAHO.

B Hacrosielr pabote paccmaTpuBaeTcs Ou-
ATOMHBIN KpHCTaJII CO CBEPXCTPYKTypoi B2 tuna
CsCl, B KOTOpOM pa3HHIa B aTOMHBIX Maccax
KOMIIOHEHTOB JIOCTaTOYHO BEJIHKA, YTOOBI OTKPHI-
Jach mens B GOHOHHOM crekTpe. OCHOBHBIM pe-

3yJIBTaTOM SIBJIsIeTCSl oOHapyskeHue meneBoro /(b
B KpHCTaJlJIE 3TOTO THUIIA.

KoMmnbroTepHasi MmoaeJib

Crpykrypa CsCl mokazana Ha puc. 1(a). Ila-
paMeTp pEIIeTKH paBeH &8, a aTOMBI JABYX THIIOB
MUMEIOT Macchl My U My.

Puc.1. (a) Kpucrann co crpykrypoit CsCl ¢ atomamu
JIBYX TUTIOB, KOTOPBIE OTIMYAIOTCS TOIHKO MacCaMH,
a MEXaTOMHBIC B3aNMOJICHCTBHS OJMTHAKOBEI
U OMUCHIBAIOTCS moTeHImanoM S-OITVYI,
cM. ypaBHenue (2). [Tapamerp pemetku paseH a. (0)
Jenokann3oBaHHas HeIUHETHAs KojleObaTeapHas MoIa
¢ (100) aTOMHBIMH TUIOCKOCTSIMH, KOJIEOTIOTUMUCS B
npotuBodasze ¢ cCoceqHUMH ockocTsiMU. Konebmrorest
TOJIBKO aTOMBI OJIHOW TO/IPELIETKH, B TO BPEMs KaKk
aTOMBI JPYTOH MOJPEIIETKH HAXOAATCS B COCTOSIHUM
TTOKOSL.

HBmwxkenre N aToMOB B BBIYMCIMTEIBHON
sUeiike OINpenemseTcd YUCICHHBIM WHTETPHPOBA-
HUEM ypaBHEHHUH BUAA

m, = % = mathitF,, mathitF, = -
dv

dmathitry ' n=1..N (]_)
r7ie pagmyc-BeKTOp I OompeaesnseT MOJoKeHune N-
ro aroma, M, - Macca atoma, F, - cuna, nencTBy-
IOIasi Ha aToOM CO CTOPOHBI COCENEH B UETHIPEX
OJIMKaMIIMX KOOPJAMHAIIMOHHBIX 00004Kax, V -
CyMMa MOTEHIHAIbHBIX DYHEPrUil MeEXKaTOMHBIX
cBsi3ed. HeszaBucumo OT Tuma B3auMOACHCTBYIO-
IIUX aTOMOB, WCIIOJB3YETCS CICAYIOIMHMHA TTOTEH-
muan S-OITVI]

o) =L r =P+ R -3t 1=1,..4 ()
T7Ie ¢ - HEePrusl B3aUMOJCHCTBUS, I' - PACCTOSIHUE
MEXIy IBYMS aTOMaMu, | - HoMep KOOpIHHAITHOH-
HOI 000JI0YKH, pagryChl KOOPIUHAITMOHHBIX 000-
nouex (1=aN3/2, (=a, {z=a\2 u =aV11/2, ¢ u p
- KO3 PUIMEHTH TAPMOHUYECKOW M aHTapMOHU-
YecKOH JacTtei moreHImana. be3 morepu oOmIHO-
ctu a=1 u C;=1 3agar0TCs MyTeM HOPMHUPOBKHU

Oyna. npobi. coBp. Marepuanosen. 2025. T. 22. Ne 2. C. 184-193
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€JIHUI] PACCTOSIHUS W 3HEPTUH, COOTBETCTBEHHO.
[TapaMeTpbl TOTEHIMATIOB CJICIYIOIINE

¢:=1.0, ¢,=0.7, c3=0.4, ¢,=0.1 5,=10.0 ¢,

=1,..4 (3)

[TapameTpsl BBIOpaHBI TaKUM 00pa3oM, YTOOBI
Oojee JUIMHHBIC CBS3M OBUIM MEHEE >KCCTKUMU.
ATOMHBIE MacChl COCTaBIAIOT My = 3 mw M, = 1,
MpUYEeM TIOCJCIHSS BCEr/Ia MOXKET OBbITh 3a/iaHa
MyTeM HOpMaJIU3alluu CIUHUIIBI BPEMCHHU.

B mMopenvpoBaHuM MCTHONB3YIOTCA TEPHOIM-
YeCcKHe TpaHUYHBIE yCIIoBus. HauanpHbIE ycIoBHA,
UCIoNib3yemble Jiia Bo30Oyxknenus JIb, omucanbl
HUKE.

Meton Bo30y:xk1eHUsI JUCKPETHBIX OpU3€epoB.
Jlenokann3oBaHHAs HeJMHeHasi KoJle0aTelIb-
Hasl Mofia

B paccmarpuBaeMoM KpHcTajie MOXKET OBITh
Bo30yxkaena JIHKM, nokaszannas Ha puc.1(0). B
3T0# Mojie atoMHble mtockoctu (100) oxHOM TON-
pemIeTK: KOJIeOII0TCS BAOIb OCH X B MPOTHBOGa3e
¢ OMmKaIIMMU COCeNsIMU, a aTOMBI IPYTOH MOJ-
PCHICTKU HAXOAATCA B COCTOSAHHU ITOKOA. OTa Mo-
Jla TpeAcTaBiseT co00i KoebaTeNbHYI0 CUCTEMY
C OJTHOM CTETIEHBIO CBOOOMBI, W, YUUTHIBAs €€ CHM-
METPHIO, MOXKHO 3allicaTh COOTBETCTBYIOIIEE
ypaBHEHHUE JIBUKEHUS, KOTOPOE B TAPMOHHYECKOM
NpUOIDKEHUH 1AeT CIICAYIOIIYI0 4acTOTy KojieOa-
HUH

= —1 (—8 +4c, + 8c,+ 8 ) = it (4)
w c c c c,], w ;.
! my \3 ! z 3 N 2 m, !

Yactota ,=1.776 peanusyercs g ciydas,
KOrJla Mojia BO30YX/JaeTcsi Ha aroMax ¢ Maccou
m;, a KOrJa KOJeOIIOTCS aTOMbI C Maccoil M, TO
JacToTa KojiebaHuii cocTaBiseT w,=3.077.

IlioTHOCTH (POHOHHBIX COCTOSTHUI

PemmB 3amavy Ha coOCTBEHHBIC 3HAUCHUS IS
JIMHEAPU30BAaHHBIX YPaBHEHUHN NBUXKEHUA AJIS pac-
CMaTPUBAEMOMN PEIIETKH, MOKHO HAaWTH JJIS Kax-
JIOM TOYKM NEepBOMl 30HBI bpuimtosHa mecty ya-
CTOT, COOTBETCTBYIOLIUX PA3JIUYHBIM BETBSM JIHC-
MEPCUOHHBIX KPUBBIX. YacTOThl, pacCUUTaHHBIE
st 10° ciygaifHo BEIOPAHHBIX TOUYEK IIEPBOI 30HbI
BpumtosHa, 00beTMHEHBI B THCTOTPAMMY TIOTHO-
cTH (DOHOHHBIX COCTOSHUH, TIOKa3aHHYIO Ha puUC.2.
Paznuna mexay maccamu M; U M,, paccMaTpuBae-
MBIMH B JJaHHOU paboTe, T0OCTaTOYHO BEJIMKA, YTO-
OBl OTKPHITH 1IEeTh B (pOHOHHOM criekTpe. YacToTa
1 SIBISIETCS HWKHUM KpaeM IIeJid, a 4acToTa @; -

BEPXHHUM KpaeM (JOHOHHOTO CIIEKTpPa, CM. ypaBHe-
Hue (4).
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AHHoTanusl. Jlerkue MHTEPMETAUTMUECKAE COSAWHEHNS, TaKUe KaK aJIOMUHHIbI HUKEIsS, COYETaloT B cede
BBICOKYIO TETJIONPOBOJHOCTh M MEXaHHUECKYIO CTaOMIBHOCTh, OCOOCHHO TPH BBICOKHX TeMmmeparypax. JlaHHbIe
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CIIEZIOBAaHUH B KayeCTBE apMHPYIOLIETO 3JIEMEHTa I WHTEPMETAJUIMYECKUX MATPHIl NPEAIararoTcs YIriepoaHble
HaHOTPYOKM (YHT) m3-32 MX BBICOKMX MEXaHHMYECKHX CBOMCTB. VccrmenoBaHbl BIMSHUE TEMIIEPATyphl OKpYXKaro-
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Abstract. Lightweight intermetallic compounds such as nickel aluminides combine high thermal conductivity

and mechanical stability, especially at high temperatures. These intermetallic compounds have found wide applica-
tion in the aerospace and automotive industries. However, nickel aluminides have low fracture toughness and low
ductility. In this study, carbon nanotubes (CNTSs) are proposed as a reinforcing element for intermetallic matrices
due to their high mechanical properties. The effects of ambient temperature and CNT volume fraction in the compo-
site on the mechanical properties of the Al,Ni; intermetallic compound are investigated. In the present work, the
change in the Young's modulus and the tensile strength of the composite for temperatures from 300 to 1700 K and a
volume fraction of CNTs from 2% to 6% was studied using the molecular dynamics method. It was found that at
high temperatures, the Young's modulus of composites containing more than 2% CNTSs increases by 28%. However,
the obtained results show that the tensile strength of the Al,Ni; intermetallic compound decreases with the introduc-
tion of CNTs. A significant reduction is observed with the introduction of 1-2 CNTSs, however, for the model with 4

CNTs, a slight improvement in this indicator was obtained at high temperatures.

Keywords: carbon nanotubes, reinforcement, modeling, mechanical properties, molecular dynamics method,
intermetallic, tensile strength, uniaxial load, composite, LAMMPS.
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BBeaenue

HuTepmerammuabl cemericta Al-Ni obnamarot
BBICOKOW  TBEPAOCTBbIO, H3HOCOCTOMKOCTBIO H
MPOYHOCTBIO TI0 CPABHEHUIO C YHCTHIM aJFOMHHU-
eM u HukeneM [1, 2] u3-3a uX MeHblIero Beca, 00-
Jiee HU3KOM CTOMMOCTH M BBICOKOH MPOYHOCTHU NPH
BBICOKMX TeMIleparypax. JTH CBOWCTBA JaHHBIX
KOMITO3UTOB TIPHBIICKIM BHAMaHHE adpPOKOCMUYE-
CKOM M aBTOMOOWJIBHOM MPOMBIIUIEHHOCTEH.

Bnarogapsi cBoiicTBaM yriaepOIHBIX HAHOTPY-
6ok (YHT), takum kak moxyins lOura 1 TIla m
npenen npoyHocTH Ha paspeiB 150 I'Tla [3], onn
HAIUTU IHPOKOE NMPUMEHECHUE B KAueCTBE apMH-
pYIOIIETo MaTepuala B MOJMMEPHBIX [4], kKepaMu-
geckux [5] Metamndeckux [6] m MHTEpMETAILIN-
YecKUX MaTpuuax [7].

OmHako OCHOBHOE BHHUMAaHHE B HAYYHBIX HC-
cnenoBaHusx NiAl yaensercs MOTyYeHHUIO ONTH-
MabHOTO cocTtaBa NiAl, KOTOPBI IEMOHCTPUPYET
CHIDKEHHYIO TUIACTHYHOCTh W BSA3KOCTH pa3pylie-
HUS TIPA KOMHATHOW TEMIIepaType, COXPaHss IpH
3TOM CBOM YHHUKaJbHbIE HWHTEPMETAIUIMUYECKUE
CBOWMCTBA, TaKWE KaK HU3Kas IUIOTHOCTH, TEPMHUUC-
CKas cTaOMIBHOCTH, BHICOKAS TEIJIOMPOBOIHOCTD U
CTOMKOCTh K okucieHuto [8]. Heckonbko ucciemno-
BaTelel, Takux Kak y AMepu U coaBTOpoB [9],
Brmounsii YHT B maTpuilbl alfoMUHHIAa HUKENS
IUISL YAYYIIeHUS] MEXaHHYECKUX CBONCTB C TIOMO-
IO MEXaHUYECKOro JIETUpOBaHUS. Pe3ynbTaThl
MTOKAa3BIBAIOT 3HAYCHUS MUKpoTBepaocTH 5,6 I'Tla ¢
COOTBETCTBYIOIIUM YBEIHMUYEHUEM BS3KOCTH pas-
pymenus. B pabota [10] mpuBeneno mccienosa-
HUE O BJIVMSIHMU YTJICPOJHBIX HAaHOTPYOOK B Kade-
CTBE apMHPYIOIIETO AJIEMEHTA, B Pe3yJIbTaTe TOKa-
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3aHO, uTO noGaBneHue YHT MoxeT mpuBecTd K
0osee BBICOKOMY YHNPOUYHEHHIO KOMIIO3MTa Ha OC-
HOBE MeTaJUIMueckoil MaTpuiel. ABropamu [11]
nokaszaHo, uto BHeApenue 2% YHT B kommosut
NizAl yennuuBaer Moayie FOHra Ha 42%, a mpe-
nen mpodHocTH Oomee, yeM Ha 50%. Tak xe B
JaHHOW pa0oTe M3yueHO BIIMSHHE YIJIOB OpUEHTa-
UM YTIEPOAHBIX HAHOTPYOOK Ha MeXaHHUYECKHE
cpoiictBa maTepMmerammmmaa NisAl. TTokasano, uro
OpPUCHTUPOBAHHBIC BIOJb MPHIOKECHUS HATPY3KH
YHT narot HanOonpIuid apMUPYIOLIHA 3PQEKT.

B pamMkax naHHOro HcCCIE€IOBaHHUS H3YyYEHO
BiausHue oobemMHON fonu YHT Ha mexaHmueckue
cBoiictBa nHTepMetayuiuaa AlxNis ipu pasnnasbix
TeMIepaTypax METOJOM MOJIEKYJISIPHOW IWHAMU-
KU. JlaHHBIM METOA ILIMPOKO HCHOJB3YeTCA ISt
HN3Yy4YCHHA TOBCIACHUA H CBOMCTB MaTrcepuaioB Ha
MOJIEKYJISIPHOM YPOBHE IIPU PA3JIMYHBIX YCIOBUAX,

TaKUX KaK TEMIECpPaTypbl, JaBJICHUS U XUMHUYCCKUC
Bo3meticteus [12, 13].

MarepuaJibl H METOABI

HUmumayuonnass moden. B nanHO#l pabote
JUTSL BEITIOJTHEHHST MOJISITUPOBAHUS METOIOM MOJIE-
KYJSIDHOW JUHAMHKH HCIIONB30BAJICA KPYITHOMAC-
MITaOHBI aTOMHO-MOJICKYJISAPHBIN HapaiedbHbIH
cumynstop (LAMMPS) [14]. Busyanuzanus pe-
3yJNBTaTOB OCYIIECTBISIACH C MOMOIIBIO TPO-
rpammHuoro obecnieduenuss OVITO [15]. Ha pucys-
ke 1 npuBenena mozens uatepMmeramiuaa AlyNis,
KOTOpasi COJACPKUT BHEIPEHHBIE YTIIEPOTHBIC

HAHOTPYOKH THIIA «3UT3ar» ¢ XHPAJIbHBIMH HHICK-
camu (8, 0).

Puc.1. Mogens AlI2Ni3 ¢ BHEAPSHHBIME YIIIEPOJHBIMUA HAHOTPYOKAMH «THIIA 3Ur3ary, XUPAIbHBIMU
unaexcamu (8, 0).

Mopnens umeer 4 BapualMu: YHUCTHIN
AlyNis, ¢ ognoii (1,02 % 06.1), aByms (2,02 %
00.71.) 1 ueTeippMs (6 % 00.1.) YHT. CHauana
Obl1a co3/laHa MOJIENb METAITIMYEeCKOW Mat-
purbl Al;Nis, 3aTemM ObLTH BBIpE3aHBI OTBEp-
CTHSl 1O BCEH BBICOTE KPHUCTAJUIA M B LIEHTP
BHeApeHsl YHT. Uucno moxenupyeMbix aro-
MOB JUISl U3Y4aeMbIX MOJIEJNEN COCTaBIsUIO OT
15100 o 15800 aromoB. [lnameTp OTBEPCTHS
moAOUpasCs UCXOIs U3 JUaMETpa yriaepOoIHON
HAHOTPYOKH, /Ul ypaBHOBEIIMBaHUs cull BaH-
nep-Baanbca, Kk nuameTpy HaHOTPYOKH NpH-
6asnamach 3 A. TlocrosHHas omHOOCHAs
Harpy3ka IpHUKJIAJbpIBAIaCh BJOJb HaIlpaBiie-
Hus [001], yron opuenrauun YHT mno oTHO-
HICHUIO K IPUIaraéMoM Harpy3ke COCTaBIISI

0°. Boonp Bcex HanpaBIeHUH UCIIOJIB30BAIUCH
NEPUOANYICCKUC I'PaHUYHBIC YCIIOBUA.

Buvibop nomenyuanos ezaumooeticmeus. Bpl-
0op moTeHIMala MEKAaTOMHOI'O B3aMMOCHCTBUS
HUIrpacT BAXHYIO POJb B TOYHOCTHU PE3YyJIbTATOB
MOACIIUPOBAHUA. B JaHHOM CJIy4dac IIOJIHAsA 3HCP-
TUs UHTEPMETAILUINAA, apMHUPOBAHHOIO YIJIEPOA-
HbIMU HaHOpr6KaMI/I, COCTOUT U3 TpPEX qacTe
[12]:

E

wotal = Em-m + Ecc +Enc

B nmaHHOM WuCcnenoBaHWM UCHOJIB30BAHO TPH
MEKaTOMHBIX B3aUMOJICHCTBUI:

(1) B3aumomeiicTBre MEXIy aTOMaMH yTIIepoJia B
YHT (CC) omuceiBajics ¢ MOMOIIBI0 TMOTEHIHAA
AIREBO [16].

(2) BzammopeiicTBre MEXITy aTOMaMU METaJlInde-

ckoit matpurer (Ni-Al) omuceiBancs paspaboran-
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HbIM MUINUHBIM TOTEHIIUAJIOM METO/a BHEIPCH-
HbIX atoMoB (EAM) [17].

(3) BzammogeiicTBre MeXIy yriepoaoM W aToMa-
mu Metainueckoi Matpuiisl (C-Ni u C-AL) omu-
ChIBaeTCs C TOMOIIBbI0 MOTeHnuana JleHHapna-
Jxonca [18].

Pe3yabTaThl M 00CyKIEHHE

Kak HU3BECTHO, TCMIICPATYPHBIC KoJieOaHus
SIBJISIIOTCA Ba>XKHBIM q)aKTOpOM, CYIIECTBCHHO BJIU-

T=300K

Stress, GPa

005 0.10 015 020 0.2

Strain

Stress, GPa

SIFOIIUM Ha U3MEHEHUS! MPOYHOCTHBIX XapaKTepH-
CTUK MaTepuaina. JlJisi paccMaTpuBaeMOro HMHTEp-
metammunaa AlNi; ObUIH  pacCUMTaHBI KPHBEIE
HampspKeHue/ e opMartis i YUCTOTO KPHCTalIa
1 komro3uToB Al;Niz, apMUPOBaHHBIX pa3THIHBIM
kosmuectBoM YHT, mpu ogHOOCHOM pacTsArua-
IOLIEd Harpy3ke. Pe3ynbTarhl NOJyYEHHBIX H3Me-
pennit npu temmneparypax ot 300 K mo 1700 K
MIPEACTABICHBI HA PUCYHKE 2.
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Puc. 2. Kpussie Hanpspxenusi-nedopmanuu st komrno3utos Al Nig u Al,Niz-CNT npu pa3nuuHbIx TeMieparypax.

Fig. 2. Stress-strain curves for Al,Ni; and Al,Nis-CNT composites at different temperatures.

Ipu pactsoxkennu yuctoro Al,Niz B o6mactu
0,13 < & < 0,15 Ha KpHUBOH MOSBJIIETCA CKAuOK
HanpsDKEHUsI, CBUIETENBCTBYIOIIUI O Havaie Iuia-
ctudeckoit gedopmarnmu. s kommo3uTos ¢ 2 u 4
VYHT »sT10 mmana3on cmemniaercs B obdiacts 0,07<e
<0,1. IlepBoHauanpHOe HEOOJBIIOE MAJCHUC
HanpsDKEHUsl 03HAayaeT, YTo BCS CTPYKTypa Ipe-
B30I TpeJeN TEKydecTH. OTO CHWKEHHE
HaNpsDKEHUs] COOTBETCTBYET (pa3e TEKydecTH WH-
tepmeraiumaa AlpNiz, kotopas Bo3HHKaeT u3-3a
neopMaiy pacTsDKEHHUS ONPENesICHHBIX aTOMOB,
okpyxaromux YHT.

[Ipenen mnpoyHOCTHM oONpenensaca Kak
HauOoJbIllee 3HAUYCHUE HAIMPSHKCHHUS HA KpPHU-
BBIX MPEICTABICHHBIX Ha pucyHke 2. [Tanenue
npezena Npo4HocTu ¢ BHeapenueM YHT mpu
pacTAruBampIIe  Harpy3ke  0OYCJIOBJICHO

HAJIMYUEM JIOTIOJIHUTEIBHBIX HANpPSKCHUH B
KpHCTaJUIe, BO3HUKAIONIMX B MECTE KOHTAKTa
MeTaljla ¥ HAHOTPYOKH, YTO TPUBOIMT K T10-
SIBJICHUIO JTUCIIOKALMA NpPU MEHbIIUX aedop-
manusx. Ho onpenenstonmm GpakTopom siBIisi-
eTCsl METOJMKA DKCIIEPUMEHTa, T.C. MEPUOIH-
YecKue I'paHWYHbBIE YCIOBHUS, 9TO He olecrie-
YHBaeT COXpPaHEHHE 00beMa, U MpPU pacTshKe-
HUE CBOOOJHBIN 00bEM JIOKATU3yeTcsl BOMU3U
HAHOTPYOOK, YMEHBINACT UX POJIb KaK apMH-
PYIOILIEr0  3JEeMEHTa, OCNadssi KOMIIO3HT.
Moayns ynpyroctd pacCUMTHIBAICS MyTeM
PErpecCMOHHOr0 aHanu3a. Pes3ynprarsl [Uis
Bcex mojeneit kommosuta AlNiz mpuBeneHs
Ha pUCYHKeE 3.
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Puc. 3. Mexanunueckue cBoiicta narepmetamuna Al,Niz 6e3 YHT u ¢ pasznuusbiv konmuuectsom YHT
B auamna3one Temreparyp 300K-1700K: a) mogyne FOHra; 6) mpenen mpoYHOCTH.

Fig. 3. Mechanical properties of the intermetallic compound Al,;Ni; without CNTs and with different amounts
of CNTs in the temperature range of 300K-1700K: a) Young's modulus; b) tensile strength.

Otmeuaercsi, yto BHenpeHHsie YHT mo-
BJIMSUIM HA YBEJIWYEHHUE MOJYJISI YIPYTOCTH:
g Mojenu ¢ ogHol YHT BuAuMM IOBBIILICHUS
Ha 11%, nns monenu ¢ uvetbippms YHT Ha
28%. C yBennueHueM TeMIIEpaTypbl MOAYJb
IOHra nMeer TEHACHIMIO K YMEHBIICHHUIO, XO-
TS A1 HEKOTOPBIX OTNENbHBIX TOUEK (DUKCH-
poBaJICSl POCT B KOMIIO3UTE. Takx,e CTOUT OT-
METHUTh, YTO TEMIlepaTypa OKa3bIBAET MEHb-
miee BIWsSHHE Ha MOIyslb FOHra B KOMMo3uTe
AlLNig-YHT, 4YeM B YHUCTOM HHTEPMETATIUIE.
Jns TakoM MEXaHWYECKOM XapaKTEpPHCTHKHU
KakK IpeAes MPOYHOCTH OTMEYAETCsl CHUKEHUE
3HAYEHHUE C YBEJIMYEHUEM TemmepaTypsl. Tak
J)K€ OTMEYAETCs, YTO JaHHAas XapaKTEpUCTHUKA
mia Bcex monened ¢ YHT umeer 3Hauenwue
HUKE, YEM B MOJIEJIM YUCTOTO Kpuctaiia. Mo-
memu ¢ 1 m 2 YHT umeror Onm3Kue 3HAYECHUS,
Ha 5% BbIIIEe 3HAUCHHS HMMEET MOJACHL C 4
VHT.

BriBoabI

MeTogoM MOJIEKYJSIPHOW TUHAMUKH OBLIH
M3yYEHBbl MEXaHMUYECKHE XapaKTEPUCTHKH HHTEP-
metaunaa AlpNiz, apMUPOBaHHOTO yrIIepOIHBIMU
HAaHOTPYOKaMH, TPH OJHOOCHON HarpysKe Ipu
temneparypax 300K — 1700 K. IlomydeHHsle pe-
3yJbTaThl MOKA3aJH, YTO TEMIIEpaTypa UMEET Cy-
IIIECTBEHHOE BJIMSHHE HAa M3MEHCHMSA H3Yy4aeMbIX
XapaKTepUCTUK TIPU pacTATHBAIOIIEH Harpyske.
[Ipu mm3kux temneparypax (300 K) BnmusHue ap-
mupoBanusi YHT He ormeuaercs. Ilpu BbICOKHX

temneparypax (> 300 K) ormedanu moBbllIeHHE
MOJyJIsl YIIPYTOCTH 10 CPAaBHEHMIO C YHUCTBIM KPH-
craiiom AlpNi;. Haubonsimuit ekt moctura-
erca s mozenu ¢ asyms YHT. Uto kacaercs
pezesa MpoYHoCcTH, TO BHeapeHHele YHT okasa-
JIM OTPHULIATEIILHOE BIMSHUE HA KOMIIO3UT, KaK MPH
HU3KUX, TaK ¥ IPU BBICOKUX Temneparypax. Onpe-
JeNsomuM  GakTopoM  siBIsieTcs  (opMuUpoBaHUE
JNe(PEKTHBIX CTPYKTYpP B BHJIE MOp BOJIHM3H KOHTAK-
Ta Metaia 1 YHT BBUAY METOIUKU SKCIIEPUMEH-
Ta C MEPHOJANYECKUMH TPAHUYHBIMH YCIIOBHSMH,
HaKJIaJbIBAEMBIMH Ha MOJETb. TaKkke BaKHYIO
POJIb UIPAET CIOUCTAasl CTPYKTYpa METaUIMYECKOi
MAaTpHIIbI U JAaHHBIX HAlpaBJICHUHA HATrPY>KEHHSL.
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BJMSIHUE HIEJTOYHOM CPEJBI HA TOTOBBIE U3IEJINUSA U3 UACTBIX
®OTOHOJUMEPHBIX CMOJI U CMOJI, HATIOJIHEHHBIX TPA®UTOM
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AHHOTanusl. VccnenoBaHue HampaBiIeHO Ha Pa3padOTKy HOBBIX KOMIIO3WIIMOHHBIX MaTEpPHAJIOB Ha OCHOBE
(hoTOMOTMMEPHBIX CMOJI, MOANGHUIMPOBAHHBIX MUKPOAMCIIEPCHBIM T'Pa(UTOBBIM HAMOJHHUTENEM, C IIENBIO ITOBBI-
IIEHUS XUMHUUYECKOI YCTOMIMBOCTH K arpeCCHBHOH IEIOYHOH cpene. AKTyaabHOCTh paboThl 00ycIoBIeHa HEOOX0-
JMMOCTBIO CO3JIaHMsI XUMHYECKU CTOMKHX (DOTOMOJMMEPHBIX CMOJI K IIENIOYHOM cpene IJisl MCIOJIb30BaHUs B Ma-
IIMHOCTPOCHHUH, B YACTHOCTH, IIPH NPOU3BOACTBE CTPOUTENbHBIX 3D-puHTEepoB, nevyararomux 6eronom. [Ipusene-
HBI pe3yJbTaThl CO3JaHuUs rpaUTOBOTO HAMOJIHUTENS 11l Momudukanuu porononumepHbix cMoi Mapok SUNLU
ABS-Like (Kurait), HARZ Labs Industrial Nylon-Like (Poccust) 1 HARZ Labs Industrial Rigid (Poccus), momy-
YEHHOTO C MCIIOJB30BAHMEM IIapOBOil IIaHeTapHOW MenbHMIEL. [IpHBeneH aHAIN3 CTPYKTYPHI HOATOTOBIEHHOIO
rpaUTOBOrO HAIOJIHUTENS, BKIIOYAIONINN PEHTIEHOCTPYKTYPHBIN aHAJIN3 U PacTPOBYIO 3JIEKTPOHHYIO MUKPOCKO-
no. OnHcaHbl TPOLECCHl CO3/IaHMs MOAU(UIIMPOBAHHBIX (POTOMOIMMEPHBIX CMOJI 1 OLIEHKA BIIMSHUS HAIIOJHHUTE-
Js1 HA XUMHYECKYIO YyCTOWYNBOCTH CMOJI K IIETIOYHON cpejie METO/IOM KOHTaKTa 00pasIoB C IEJIOYHOH cpenoil. B
pe3yJIbTaTe MCCIIEIOBAHMS YCTAaHOBIICHO, YTO Pa3Mephl YacTHIl TPa(UTOBOTO HAOIHUTENS BapbUpOBAIHCH OT 10 10
40 MKM, a aHaJIM3 CTPYKTYPHI MOKA3aJl, 4TO OH OJIM30K K XapaKTepHCTHKaM IeKcaroHaJubHOTo rpadura. Kpome Toro,
pe3yJIbTaThl aHamM3a 00pa3noB (HOTOMOIMMEPHBIX cMoJ, cojepxamue 10% rpadura oT Macchl CMOJIBI, CBHIETEIb-
CTBYIOT O TOM, YTO OHH JEMOHCTPHUPYIOT HAUOOJIBIIYI0 YCTOMYMBOCTh K BO3AECHCTBHUIO LIETIOYHON Cpenbl MO CpaB-
HEHMIO C YUCTHIMH (DOTOTIOTMMEPHBIMH CMOJIAMHU.

KaioueBble cioBa. doromonuMepHas cMoja, KOMIIO3UT, rpaduT, PEeHTIeHOBCKas AU(PaKus, pacTpoBas
JIEKTPOHHAs MUKPOCKOIIHS, IIIeJIOYHAs Cpela, aAJUTHBHBIE TEXHOJIOTHU

Baaroaapuocrtu. VccnenoBanus, onucanHble B JaHHOW paboTe, ObLTH MPOBENEHHI B paMKax MpoekTa "Paspa-
60TKa criocoba yrpouHEeHus JeTalieil cTpouTesbHbIX 3D-pUHTEpPOB, U3rOTOBJICHHBIX M3 (OTOMOIMMEPHBIX MO,
noanepxkaHHoro B pamkax Ilporpammel nogaepxku HUOKP cTynaeHToB, acnupaHTOB U JIHMI, UMEIOIINX YUYEHYIO
CTEIeHb, 00ECIIeYNBAIOIINX 3HAYNTENIBHBII BKJIal B MHHOBAIIMOHHOE Pa3BUTHE OTpaciell 3KOHOMHUKH M COLMAbHOM
cdepsl Pecniyonukn Kapenus, B 2024 rony, ¢punancupyemoii IIpaButensctBom PecnyOnmkn Kapenus ([orosop
Ne3-I'24 ot 20.03.2024 mexny @I'BOY BO "Ilerpo3aBoackuil rocyaapcTBeHHbIN yHHUBepcUTET" U DOHAOM BEH-
yypHBIX HHBeCTHLIMH PecrryOomuku Kapenns).
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Abstract. The research is aimed at developing new composite materials based on photopolymer resins modi-
fied with microdispersed graphite filler in order to increase chemical resistance to aggressive alkaline environment.
The relevance of the work is due to the need to create chemically resistant photopolymer resins to an alkaline envi-
ronment for use in mechanical engineering, in particular, in the production of construction 3D printers that print
concrete. The results of the creation of a graphite filler for the modification of photopolymer resins of the brands
SUNLU ABS-Like (China), HARZ Labs Industrial Nylon-Like (Russia) and HARZ Labs Industrial Rigid (Russia)
obtained using a spherical planetary mill are presented. The analysis of the structure of the prepared graphite filler,
including X-ray diffraction analysis and scanning electron microscopy, is presented. The processes of creating modi-
fied photopolymer resins and evaluating the effect of filler on the chemical resistance of resins to an alkaline medi-
um by contacting samples with an alkaline medium are described. As a result of the study, it was found that the par-
ticle sizes of graphite filler ranged from 10 to 40 microns, and an analysis of the structure showed that it was close
to the characteristics of hexagonal graphite. In addition, the results of the analysis of samples of photopolymer resins
containing 10% graphite by weight of the resin indicate that they demonstrate the greatest resistance to the effects of
an alkaline environment compared with pure photopolymer resins.

Keywords. photopolymer resin, composite, graphite, X-ray diffraction, scanning electron microscopy, alkaline
medium, additive technologies.
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BBenenue MOKA3aTEeSIMHA TIPOYHOCTH M Ka4ecTBa, K KOTOPBIM
OTHOCSITCSI 1 MarHUTHBIE MaTepHalIbl, U MOJIUMEP-
B XXI Beke aiaMTUBHBIE TEXHOJOIMU aKTUB-  HbIE, U e HeMeHT [6-8]. OqHoi U3 pacmpocTpa-
HO BOILJIM B JKU3HB 4enoBeka. CoBpeMeHHble 3D-  HeHHBIX TexHOJOTHI 3D-Teyaty B MPOMBIIIIIEHHO-
MPUHTEPBl HAXOAAT CBOC NMPUMEHEHHE B pas3iud- cTu sBIsieTcs SLA-TexHoiorHs, Ui KOTOpOil B
HbIX cepax JeaTeNnbHOCTU: OT OBITOBOTO MCIHOJIb-  KAyeCTBE KCXOJHOTO Marepuaia HCIONb3YeTCs
30BaHMA [0 CIOXHBIX IPOMU3BOACTB M MEAUUMHLI  (OTOMOIMMEpHAs CMoJia, oONajgaromas yHHKab-
[1-5]. BertoBoe ucnonmb3oBanue 3D-PHHTEPOB B HBIMH CBOMCTBAMH, KOTOPBIE OOECICUHMBAIOT €M
3MOXY MHIYCTPUH YCTYNAET UHTEPECY K MX POJM B BBICOYANIITYIO IPOYHOCTb.
MIPOMBIIIUIEHHBIX TPOU3BOJICTBEHHBIX IpOLECCaX. Ha peiHke mpezacTaBiieHO IMPOKOE Pa3HOO0-
ANUTUBHBIE TEXHOJOIMH IO3BOJIAIOT CO34aBaTh  pasue (OTOMOIUMEPHBIX CMOJI ¢ HAOOpOM pasind-
JieTalld TIPAKTUYECKH JII000H IeOMETPUM, COKPA-  HBIX (DU3MKO-XMMHUYECKHX CBOMCTB, YTO MO3BOJISET
1as BPEMEHHBIE 3aTPaThl M YBEIUYMBAs NPOU3BO-  BHIOMPATh (DOTOMOIMMEPHYIO CMONY B COOTBET-
JUTENbHOCTh u3genuil. Kpome Toro, Ha pBIHKE CTBHH C KOHKPETHOM IOCTABJIEHHOW TEXHHUUECKOU
NpEJICTaBICH HIMPOKHH BBIOOp MarepuanoB Uil  3azaudeil [9]. OmHako ciiefyeT y4uTHIBAThH, YTO B
NPOU3BOJCTBA KOHEUHBIX U3JEIUA C Pa3sIMYHBIMU  3aBHCHUMOCTH OT METOAA IeYaTH, COOIIOJCHUS pe-
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KOMEHJAUUH MPOU3BOAUTENS 0 HCIOJIb30BAHHIO
U TIe4aTH KOHEUYHbIX HM3AenMd u3 (oTomonmmep-
HBIX CMOJI, YCIIOBUI Ha MpeanpusITun (TeMIepaTy-
PBl, BI&KHOCTH, HaJIMYUE TBUIH B BO3AYXE H T.1.),
XapaKTePUCTUKN KOHEYHBIX M3AEIUH MOTYT OTJIHU-
YaThCsl OT TEXHUYECKHX TPeOOBaHWM, MperbsBIIs-
€MBIMH K KOHEYHOMY M3JEIHI0 HAa KOHKPETHOM
HOPEANPHUITUH.

ITomumo 3TOrO, (PU3MKO-XUMHUYECKHE Xapak-
TEPUCTHKH (POTOMOIMMEPOB MOTYT H3MEHSTHCS
[I0J BO3JEHCTBHEM psAa BHELIHUX (AKTOPOB, B
KOTOPBbIX OHH OyIyT HCIOJIB30BATHCS, OJHUM H3
KOTOpBIX SBJSIETCS Ieno4Has cpena. Kommanus
00O «Jlepro» [10], mo 3asiBKE KOTOpOH OCY-
IIECTBIISIOCH BBINOJHEHWE IPaHTa, MIPOU3BOIUT
ctpoutenbHble 3D-npuHTEpHl UIA TEeyatH OeTo-
HOM, JIeTaJld KOTOPOTO M3TOTaBIUBAIOTCS M3 (oO-
TOTIOJIUMEPHBIX CMOJI IIOJBEPKEHHBIE OBICTPOMY
u3Hocy. beroH mpuoOpeTaer Im1e104HOCTE C BOJO-
ponHbIM TokazareneM PH paBubM 13, Korma me-
MEHT U BOJIa BCTYNAIOT B peakuuio. M3BecTHO, 4To
IIEJIOYHbIE PpAcTBOpPBL, TaKUE KaK TUAPOKCHU
Hatpus (NaOH) wiu kanus (KOH), ciocoOHBI BbI-
3bIBaTh PA3INYHbIE XUMUYECKHE PEaKIMH C KOM-
noHeHTaMu (oronosmmepHbx cMol [11]. OcHoB-
HOE BIMSHHE 3aKJII0YAETCs] B THIPOJIN3E MOJIUMEp-
HOW LIENH, YTO MOKET MPUBOJIUTH K Pa3pbIBYy CBS-
3ell U CHM)KEHUIO MEXaHMYECKOH MPOYHOCTH H3Je-
nust. B nononHeHne K M3MEHEHUI0 MEXaHHMYECKHX
CBOWCTB, IEJIOYHAsI Cpella TaKkKe CIocoOHa OKa-
3bIBaTh HETaTUBHOE BO3JIEHICTBHE HA MOBEPXHOCTH
m3nenuii. Ha Hell MOryT oOpa3oBBIBATHCS TpEIIH-
HBl U Jpyrue JIeQeKThl, CyIECTBEHHO COKpaIlaio-
[IHE CPOK CITY>KOBI TOTOBBIX TIPOIYKTOB.

370, B CBOIO OYepeb, HOAUEPKUBAET HEOOXO-
JUMOCTH MCCIIEIOBaHHUSI HOBBIX MaTEpPHAaJIOB U Me-
TOJIOB MOJU(UKAIIMNA CBOWCTB YXE CYIIECTBYIO-
IIMX MaTepHaJIOB.

B pabore mpoBemeHBl MCCIEIOBaHUS YCTOM-
YUBOCTH K HIEIOYHOW Cpeie NOCTYIHBIX Ha PHIHKE
(OTOMOIMMEPHBIX CMOJI, MPEJICTABICHHBIX B Ta0-
mune 1, U3 KaTeropum «MHKEHEPHbIE», UCTIOIb3Y-
eMBble JUIA CO3JaHMA KOHEYHBIX M3JeNuid U olbna-
JAIONINE YIyYIIEHHBIMH XapaKkTepPUCTUKaMH, B
YaCTHOCTH, XUMUYECKOH CTOMKOCTBIO K OpraHudye-
CKHM pPacTBOPHUTENAM. 3aJlau, OCTABJICHHBIC NIPU
WCCIIEIOBAHNH, 3aKJIIOYAIOTCS B MPOBEIEHUHU JKC-
NEepUMeHTa KOHTaKTa OOpa3loB YUCTHIX (HOTOMO-
JIUMEPHBIX CMOJI C ILIEIOYHON Cpesloi, MOATOTOBKE
rpagUTOBOTO HANONHUTENSA JUIS MOAN(UKALUH
(GOTONONMMMEPHBIX ~ CMOJ, HCCJIEIOBaHUE €0
CTPYKTYpBl METOJIOM PEHTTEHOBCKOW TU(PPaKIUH
U OLIEHKE Pa3MEPHOCTH YacTHUI[ C TIOMOIIBIO pacT-

POBOM 3IeKTpOHHOM MHUKpockoruu (POM), a Ttak-
K€ CO3MTaHUH KOMIIO3UTa MOIU(pHUIMpoBaHHO# (ho-
TOTIOJIMMEPHOW CMOJIbI HATIOJHUTEICM M HCCIIE0-
BaHUE €T0 HA M3MCHCHUE YCTOWYMBOCTH K IIEI0Y-
HOH cpere.

Taosuna 1 — Mccnenyemsle 06pa3iisl
(OTONONMMEPHBIX CMOJT

Ne  006- | Toprosoe CrpaHa npou3BOIU-
pasiua Ha3BaHUE TeJNb
SUNLU ABS- N
1 ) Kuraii
Like
HARZ Labs In-
2 dustrial Nylon- | Poccus
Like
3 HARZ Labs Poccus
Industrial Rigid
4 SUNLU ABS-Like ¢ nob6asienuem rpa-
¢ura
5 HARZ Labs Industrial Nylon-Like ¢ mo-
OaBneHNEeM rpadura
6 HARZ Labs Industrial Rigid ¢ mo6asie-
HHUEM rpaduTa

Memoouxa sxcnepumenma. Co3laHUE Tpa-
(GUTOBOrO HAMONHUTENS s (HOTOMOIMMEPHBIX
CcMOJI ObLIO BBIMOJIHEHO Ha Kadenpe (GU3MKH TBEP-
nmoro Tena lleTpo3aBoACKOro TOCYIapCTBEHHOTO
yausepcuteta (Iletpl'Y, IleTpo3aBoack, Poccus) ¢
WCTIOJIb30BaHUEM TUIAHETAPHOW MENbHUIIBI MapKH
PULVERISETTE 7 premium line.

HccnenoBanne peHTreHOCTPYKTYPHBIX Xapak-
TEPUCTHK Tpadura MPOBOJMINCH B Y4eOHO-
Hay4yHOW ITadopaTopuy PEHTIEHOCTPYKTYPHOTO
aHaNM3a U KOMIIBIOTEPHOTO MojenupoBanus llet-
PO3aBOJICKOTO TOCYAApCTBEHHOTO YHHBEPCHUTETA
(ITetpIl'Y, Ilerpo3aBoack, Poccusi) Ha aBTOMATH-
3upoBaHHOM nudpaktomerpe [APOH-4 B MoKa-
mnyuesnn (A = 0.7107 A), mMoHOXpOMaTH3MpO-
BaHHOM KPHCTAIJIOM MUPOIUTHYECKOro Tpadura.
PentrenoBckue au)pakuMOHHBIE KAPTHHBI CHUMA-
JMCh B aBTOMAaTHYECKOM PEXHME B WHTEpBaJle yT-
7oB paccessaust oT 2 1o 70°, ¢ marom 0.2°, u ¢ 70
1o 145° ¢ marom 0.5°, BpeMs 3KCHO3HULIMU B KaX-
1ot Touke coctaBuwio 10 cexkynn. CbeMKU IPOBO-
JUITICh B TEOMETPUU Ha TPOCBET. JKCIEPUMEH-
TaNbHbIE KPHUBBIC paclpesielieHnsi HHTEHCHBHOCTH
paccestHus 1,,,(20°) yepennsimcs mo 10 cbemkam.
3aTemM, corimacHO METOINKE, N3JI0KCHHOU B paboTe
12, B KCIIepUMEHTATBHBIC KPUBBIE PACTIPEACIICHUS
UHTECHCUBHOCTH paccestuus 1(20°) ObutH BBEIEHBI
MOINIPaBKH Ha KOMIITOHOBCKOE paccesiHue, MOJspH-
3aHio, TIOTJIONICHUE W TIEPEBEACHBI B AIIEKTPOH-
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HBIE CIUHMLBI (3M1. €lI.) U PACCUUTHIBANN ITapHbIE
¢ysaxmrm D(r), XapakTepusyromune pacupeaeneHne
9NEKTPOHHOH MJIOTHOCTU MaTepuaa.

U3 xpuBBIX pacrpeneneHus MapHbIX QyHKIHHA
D(r) nmsa rpaduToBOrO0 HAMOTHHUTENS OBUIM pac-
CUHMTaHbl PAJNYChl KOOPAMHAIIMOHHBIX cep rjj ux
Pa3MBbITUS Gjj U KOOpAMHALMOHHbIEe uKcna Nj. s
pacuera B MEpBOM HPUOIIKEHUH OBLTH MPUHSTHI
paarychl KOOpAMHAIMOHHBIX cep I, pacCUnTaH-
HBIE JUISI TEKCaroHaJbHOTO TrpaduTa, KOTOPBIH
NpeACTaBIsieT co00M H3YyYEHHYIO KpUCTaJuTH4e-
CKYIO CTPYKTYypy C IUIOTHEHIIEeH BYXCIOHHOM
reKcaroHaJbHOU ymakoBko# [13].

OrneHka pa3MEpHOCTH YAaCTHUI[ MOATOTOBJICH-
HOTO HAIOJHUTES] MPOBOJMIACHE HA PAaCTPOBOM
aNeKTpoHHOM  MuKpockore  (POM)  Hitachi
Scanning Electron Microscope SU1510 B HaHOII-
eatpe [leTpo3aBoackoro rocyiapcTBEHHOTO YHU-
Bepcurera (Ilerpl'V, Iletpo3aBonck, Poccus).

[ledats oOpasmoB KyOuueckol (opmbl YH-
CTBIX (DOTOMONMMEPHBIX CMOJ JISi UCCIIEOBaHMS
Ha YCTOMYMBOCTH K LIEIOYHOU Cpele OCYLIECTBIIS-
nack Ha 3D-mpuraTepe Mapku Anycubic Photon S
(Anycubic Light-cured) 1000. TIpuntep obaamaer
CIIeTyIOLIMMH TTapaMeTpaMu: CKOpOCTh meyary 10—
20 MM/4, JUTMHA BOJIHBI yIBTPAa(UOIETOBOTO U3ITY-
yennst 405 HM, pabouas kamepa 115x65x165 mm,
texuosoruss nedatn DLP/LCD, ucTo4HHK CBeTa
Y®-LED, pazpemenune 2560*%1440 dpi, Tommmna
ciost ot 10 MKMm.

Co3zmanue KoOMIO3WTa MOAMDUIMPOBAHHON
(OTONONMMEPHON CMOJIBI C HCIIOJIB30BAaHHEM I10-
POIIKOBOTO  rpadUTOBOrO  HAMOJHUTENS  OCY-
HIECTBISIOCh B XUMHYECKOM CTaKaHe IMPH KOM-
HATHOW TemIieparype M MepeMelnBalIoch J0 J0-
CTW)KEHHUS OJHOPOIHOW KOHCHCTEHIMU C IIOMO-
IIBI0 MarHuTHOW Memranku mapku TAI'JIEP MM-
135HM, paboraromieii Ha ckopoctu 400 00/MuH.
O06pasnpl KyOuueckoir (Gopmbl U3 MOIUPHULIUPO-
BaHHOH (HOTOMONMMEPHON CMOJIBI CO CTOPOHOM
pasMepoM 2 CM OBUTM HM3TOTOBJICHBI C ITOMOIIBIO
3D-neuarn na npunrepe BIQU Pixel L. Jlanublit
3D-npunTep 00NamaeT ClEAYIOIIMMH apaMerpa-
MH: JIuHA BOJHBI Y@ 405 HM, UCTOYHHMK CBETa
Y®-LED, pabouas kamepa 115x65x165 mmM, pas-
pewenne nedatu 2560%1440 dpi, TexHonorus me-
gatu LCD, Tommmuua ciost 1o 10 MKM, CKOpOCTh
nevaru 10-20 mm/4.

UccnenoBanus oOpa3noB Ha yCTOWYMBOCTH K
XUMHAYECKHM BO3JCHCTBUSIM (ILeNIOYHast Cpena)
HPOBOJMINCE METOJIOM MOJEIMPOBAHUS IpoIlecca
KOHTaKTa 00pa3lLoB C MIEN0YHOH cpenoit. s aTo-
ro o0Opasipl MOMEINATH B XWMHYECKHH CTakaH

00bémMom 30 M, IpM KOMHATHOH Temmeparype,
3aIl0JIHEHHBIN 1ETOYHOM Cpesioil ¢ BOJIOPOJHBIM
nokazateneM pH paBueiM 13. Bo Bpems mposene-
HUSl DKCIEPUMEHTa OCYLIECTBIISIICS BU3YyaJbHBIH
KOHTPOJIb 332 M3MEHEHHEM BHEIIHETO BHAa 00pas-
OB ¢ WHTEepBajgoM B 12 dacos. Ilo ucreuenun 36
4acoB M3/EHs U3BJIEKaINCh, TPOMBIBAIIUCH BOJON
W MPOCYIIHMBANKCh B TeueHne 30 MUHYT MPH KOM-
HAaTHOH Temmeparype.

Pe3ynomamut ucciedoeanus u ux oocysicoe-
Hua. TlockonbKy BEIOOp HAIOJHUTENSI O0YCIIOBIICH
KOHKPETHBIMH TpeOOBaHUSMH K CBOWCTBaM KO-
HEYHOTO TIPOJIYKTa, & UMEHHO YCTOWYHBOCTH K
IICJIOYHOM cpene, HanboJiee ONTHUMAIBLHBIM XHUMHU-
YECKH HWHEPTHBIM HAIOJTHHUTENEM SIBISETCS Tpa-
¢uT. DTO MOCTYIMHBIN MaTepHall, TPOU3BOJAUMEBIN U
MOCTAaBJISIEMbIN POCCUMCKUMU IPOU3BOAUTEISAMH, a
TaKXKe He TpeOYIOIMI 3HAYMTENLHBIX 3aTpaT Ha
obopynoBanue. Kpome Toro, cormacuHo mapOpma-
LMY YIPAaBJICHUs HEIPOIOiIb30BaHUd MHUHHCTED-
CTBa MPHUPOAONOIB30BAHUS W JKOJNOrMu Pecmy6-
muka Kapemus [13], B Kapenmnn nacumthiBaetcs
OJTHO KPYITHOE MECTOPOXKIIeHUH TpaduTa — Mxansb-
CKOE MECTOpOXKICHHE, NpH (IOTAUU KOTOPOTO
coaepxaHue yriaepoda aocturaer nopsaka 90% u
OTBeUaeT TpPeOOBaHUSAM TOCYJAPCTBEHHBIX CTaH-
JIApTOB Ha rpadwur.

[MoaroToBneHHbIN TPaQUTOBBIN HAITOTHHUTENb
MPEJICTABIST COO0M TEMHO-CepPBId KpHCTaLTNYe-
CKMH MOpOIIOK, OO0JaJaroluii ciadbIM MeTallu-
YECKUM OJISCKOM M PBIXJION CTpykTypou. Ilapa-
METpHI TIpoIlecca MPOU3BOACTBA KOTOPOTO TIPE-
CTaBJICHBI B Ta0IUIE 2.

Tabduuua 2 — [TapamMeTpsl IPUTOTOBICHUS
rpaduTOBOrO HAMOIHUTEIS U1l MOTU(UKAIH
(oTOmOIMMEPHON CMOJIBI

ITapameTp KonunuectBo | IlpogomxuTenbHOCTD
Yucino 1MK-
1 20 10 MuHyT
JIOB
Tlay3a wmex-
Y 9 1 MmuHyTa
Iy IIUKJIAMHU
PeBepc Bpa-
p p . Jla
LEHNS
CKopocTh
P - 500 06/MuH
BpaIlCHHS
Pazmep mMmo-
JSIUX  Ia- | - 5 MM
poB
Yucno ma-
- 50
pOB MoMoJia
Marepuan
mapoB  Io- | - arat
MoJta
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CtouT OTMETHTH, 4TO 3D-TIpUHTEPHI CIOC00-
HBl TI€YaTaTh C TOPOIIKAMH MEJKOW (pakinu
MUKPOHHOTO pa3mepa. COOTBETCTBEHHO, HEOOXO-
JTIUMO, YTOOBI YaCTHUIIBI HCIIOJIB3YEMBIX MOPOIIKOB
HATNIOJTHUTENIEHl  COOTBETCTBOBAIM  YKAa3aHHOMY
nuamnazony. OIlleHKa pa3MepoB IMOJYYCHHBIX 4Ya-
CTHI] B 00pasie rpaduToBOro HAMOJIHUTEIS, MPO-
BelleHHas ¢ moMoIpio POM, moka3zana, 9ro pas-
MEpPBI YaCTHUI] BAPHUPOBAIKCH OT 5 MKM JI0 25 MKM
(puc. 1), 9TO ABNSACTCS JOMYCTUMBIMU pa3MepaMu
JUTst TpuMeneHus B 3D-nieuatu.

SEMHV:2000KY  WO: 14.36 mm
View fleld: 2072m  Del: SE
Pe: 10 SEMMAG: 1.00 K¢

Puc. 1. POM uzo0paxenue rpaguToBOro HaOJIHUTEIS

B xone pentrenorpau4eckoro 3KcrepuMeH-
Ta OblJIa MOJTydeHa peHTreHorpamMma odpasua rpa-
(uroBoro HamoyiHUTENsA (pUC. 2, a), HA KOTOPOH
HaOmronaeTcss Habop y3kux peduiekcoB. [pucyrt-
CTBYET MakCMMyM B oOmactu 20 = 12°, xapakrep-
Hell ans orpaxenus (002) rpadura. OcTanbHble
MIOJIOXKECHHUSI OCHOBHBIX MaKCUMYMOB TaK)Ke COBIIa-
JIAIOT C aHAJIOTHYHBIMH 3HAYCHUSIMH IS TeKcaro-
HaJILHOTO rpaduTa, YTO YKa3blBae€T Ha YNOPSAAO-
YEHHYI0 CTPYKTYpY T'pa)UTOBOTO HAIOIHHUTEIS.
CornacHo JuTepaTypHbIM HCTO4YHHKaM [14], rpa-
¢uT oTnHMYaeTcsi BBICOKOH yCTOWYMBOCTBIO K BO3-
JIEHCTBUIO arpeCCUBHBIX CPEl, B YACTHOCTH HIEJO-
YM, KOTJa B3aUMHOE PACIOJIOKECHUE KPUCTAJUIOB
rpaduTa XapakTepU3yeTcsl YMOPAOOYEHHOU Kpu-
CTaJUIMYECKOU CTPYKTYPOH.

W N

Dl 14

o .
u : e o om om 5

Puc. 2. Pe3ynbTaThl peHTT€HOCTPYKTYPHOI'O aHAIU3a
rpauTOBOro HANOJIHUTES, TJE @ — KAPTUHA PACCEsHUS
1(26°); 6 — kpuBBIe pacrpee/ieH s TaPHBIX
¢dbynkuumit D(r)

Ha pucynke 2 (0) mpejacraBieHbl TOaOUpac-
Mas mapHas QyHknus pacrpeneierus D(r) u skc-
NEepUMEHTaNbHasl A HCcleayeMoro oOpasma.
CreneHb HECOOTBETCTBUS NOAOOPAHHOMN Dyj0,06(T) €
AKCIIEPUMEHTAIBHOW KPUBOH D, y(r) cocTaBmia
meHee 6%. Ilomydennsie nannsie 1j;, Nj, ojj cBene-
HBI B TA0IUILY 3.

Tabauna 3 — 3HaueHus pafuycoB Tjj, Pa3MBITHI Gjj
KOOPAMHAIIMOHHEIX chep ¥ KOOPANHALIMOHHEIE YHCIIa
Nij a1 ucenemyeMoro rpapuTOBOro HaOJIHUTENS

Tpadut H I'paduroBeIii  HamonHH-
TCJIb
No | rii, Nii,
C(l). K a"[l‘] I’ij, A Gij, A Ni, arT.
1 142 | 3.0 | 144 |0.00 |27=+0.1
199 | 0.00 |4.2=+0.1
2 246 | 6.0 | 248 | 0.12 |6.67+0.2
3 2.84 | 3.0 | 287 | 0.00 |282+0.1
4 335 |10 |35 0.00 | 2.38+0.1
5 3.68 | 15.0 | 3.75 | 0.15 é12'43 *
6 |427 210|429 | 018 36469 *
7 5.01 | 30.0 | 5.04 | 0.21 (2396198 *
541 | 6.0 |567 | 019 |6.62+0.1
5.67 | 3.0 | 583 |0.10 |3.15+0.7

U3 ananusza Tabauubl ciedyeT, 4TO PaauycChl
PasMbITHI TIEPBBIX TpeX, MEeCTO U ceabMoi chep
HE3HAYUTEIBHO OTIMYAIOTCS OT COOTBETCTBYIOLIMX
3HAYEeHHUH I reKcaroHanbHoro rpadura. OaHako
JUI 4eTBepToil u msAtoi cdep y rTpaduToBOTO
HATIOJTHUTENS HAOI0JaeTCsa OTKJIOHEHUE PaInyCOB
PasMBITHH OT TeKCaroHaAIBHOrO rpaduTa B CTOPO-
Hy O6onpmnx 3HadeHnid. KoopauHannoHHbIe Yricia
NepBOi U MATOH chep rpadUTOBOr0 HAITOIHUTEIS
YyTh HWXKE, YEM KOOpPJMHALMOHHBIE YHWCIA M
reKcaroHaJbHOTO rpadurta ykazaHHbBIX cdep. ITO
MOJKET OBITh 0OYCIIOBIEHO MPOSBIEHNEM KpPaeBbIX
YCIIOBUH M HAaJMYHEM TOYEUHBIX NEPEKTOB, Mpe-
CTaBJIEHHBIX BakaHcusiMu. Co BTOpOro HoMmepa
cdepsl 10 EBATOTO, MCKIFOYas TTHIA, HaOIr01a-
€TCsl yBeJIMYeHHEe KOOPAWHAIIMOHHOTO YHCIa, YTO
MOKET OBITh 00YCJIOBJIEHO MPHUCYTCTBHEM O0JIOM-
KOB CETOK WJIM HAJINYUEM CBOOOIHBIX aTOMOB YT-
JIEpOZa B MEXKXCETOYHOM IIPOCTPAHCTBE.

BBenenue HamomHUTENsI B (OTOMOIMMEPHYIO
CMOJY IIPH BBICOKHX 000pOTax ¢ MCIIOIb30BAHUEM
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MarHUTHOM MEIIAJKH TO3BOJSET JOCTHYL OJHO-
pomHOI cycrieH3nn 0e3 00pa3oBaHUS KOMKOB.
Habmionenue 3a KOMIO3UTOM B JKUAKOM COCTOSI-
HUH B T€UCHHE CYTOK TOKAa3ajlo, YTO MOPOIIOK He
OCEJIaeT, a OCTAETCS BO B3BEIICHHOM COCTOSHUU B
(hoTommOMTMMEPHOI CMOJIE, a IBET KOMITO3UTA CO-
XpaHseT CBOIO OJHOPOAHOCTE.

OmneITHBIE 00pa3Lbl KyOuueckoi hopmsl (2 x 2
CM) OBLTH M3TOTOBJICHHI Ha 3D-ipUHTEpE I KaX-
Joi MoAu(UIMPOBAaHHOW CMONBI C TPaQHUTOBBIM
HamonHuTeneM.  Kpome — MoauduIMpoBaHHBIX
CMOJI, TaKkXKe OBUIM CO3/TaHBI 00PA3Ibl KyOMIeCcKoi
thopmsr (2 X 2 cM), BBITIOTHEHHBIE M3 YUCTHIX (O-
TOTIOJIUMEPHBIX CMOJI, UCIIONB3yEeMBIX ISl CO3/a-
HUSl KOMIIO3WTA, C IIENBI0 aHANHW3a BIMSHUS BBE-
JIEHHOTO HAIIOJTHUTENS Ha YCTOWYMBOCTh K XUMHU-
YECKOMY BO3JICUCTBHIO (IIETOYHOMN CPEIbI).

Ha pucynkax 3 — 5 npencraeieHsl ¢ororpa-
(hum oOpasmoB Ne 1 — 3 mocre BO3A€WCTBUS HA HUX
LEJOYHOU cpeabl. I HarIsgHOCTH C MTOMOIIbIO
CPEIICTB KOPPEKIMH W300pasKeHUH KPacHOW JIMHH-
el BBIJIeNIeHa 9acTh 00pasiia, KOTopas MoMenlanach
B IIETIOYHYIO CPEIy.

"JI0" XHMHYECKOro Bo3neficTBH

. I

"TIocz1e" XHMHUECKOro BO3XefiCTBHY

Puc. 3. M3roroBreHHbIH ONBITHEI 00paser Nel
KyOmn4eckoit popMEI mmociie BO3AeHCTBUS MEITOYHON
cpenst ¢ pH 13

"J10" XHMHYECKOro BosaeficTBHS

[

"Toce" XHMHYECKOro BO3JefiCTBHE

™

Puc. 4. M3rotoBiieHHEIH ONBITHEIH 00pa3er No2
KyOmn4eckoli popMEI mocie BO3ACHCTBHUS MICTOYHON
cpenst ¢ pH 13

"TIoc1e"” XHMHYECKOro Bo3aeficTBis "JTo" XiIMHYecKoro Bo3aelicTBHT

Puc. 5. M3rotroBneHHbI# ONBITHEIH 00paser Ne3
KyOm4eckoi (popMbI mociie BO3ACHCTBUS MICTOYHON
cpensl ¢ pH 13

Y obpasior Nel (puc. 3) u Ne2 (puc. 4) moce
BO3JICUCTBUS IIEJIOYHON Cpelbl Ha Mapajuieenu-
nejax MpocMaTpUBaeTCsl YeTKas TpaHHIa paszena
JIBYX Cpel, YTO CBUAETEILCTBYET 00 WU3MEHECHUH
MOBEPXHOCTHOTO cjos. B pesynprare sToro mo-
BEPXHOCTb 00pAa3LOB, IOTPYKEHHBIX B IIEJIOYb,
cTaHoBUTCA Tiankou. [Ipu BU3yaslbHOM KOHTpOJIE
Ha TOBEPXHOCTH OINBITHBIX 00pa3LOB, MOJBEPrHY-
THIX BO3JIEHCTBUIO IIEIOYHON Cpeabl, He OBLIO 00-
HapY’>KEHO SIBHBIX BUJIUMBIX NOBpexaeHU. Taxxe
HE TpoM30HLI0 (POPMOMBMEHEHUH BIIEMEHTOB
OMBITHOrO 00pasla: OTCYTCTBOBAIM IePOPMHUPO-
BaHHBIE YYacTKH, KOpPOOJEHHE, TO eCTh pa3HOHa-
MpaBJCHHBIC BBHITYYHBAaHUS TUIOCKMX YacTed KOH-
CTPYKLMH, MIPOBUCAHUS U IPYTHUE OTKIOHEHUS OT
MEPBOHAYAIILHOTO COCTOSIHUS. OTH (OTOMOTUMED-
HBIE CMOJIbI IPOSIBWJIA YCTOMYUBOCTD K IIEJIOYHOU
cpene.

VY o6pasua Ne3 (puc. 5) B TeueHHE BCEro Ie-
proaa HaOmoJeHNsT (UKCHPOBAIOCH YBEIHUYCHUE
paccianBaHus ¢ 00pa3oBaHUEM TIYOOKHX TpPEIINH
W YacTUYHOro pactBopeHus KyOa. Takxke ObuIO
3a()UKCUPOBAHO PACTBOPEHUE MHUTMeHTa (HOTOIMO-
JUMEPHOM CMOJIBI, YTO TPOSIBIISUIOCH B 00pa3oBa-
HUM TIPO3pPayHbIX M MOJYHNPO3PAYHBIX YYacCTKOB,
OPUEHTUPYIOLIUXCS TPEUMYIIECTBEHHO 110 I'PaHsIM
Ky0a. B pesynbrare, mo ucreueHnn 36 4acoB BU3Y-
ANBHOTO KOHTPOJII TOBEPXHOCTH OIBITHOIO 00-
pasia, IMOABEPrHYTOr0 BO3AEHCTBHIO IIETOYHON
cpenpl, ObUTH BBISBICHBI SBHbIE W 3aMETHBIC I10-
Bpexaeraus. Illemounas cpema ¢ pH 13 cmoco6-
CTBOBaJIa YaCTUYHOMY PACTBOPEHHIO OIBITHOTO
o0pasua, COIpOBOXKAABLIEMYCS PAacCIOEHHEM 10
BCEH JUIMHE, MPEUMYIECTBEHHO BIOJIb pedbep u
yrioB Ky6a. Ilpousonuio ¢opmonsmeHeHnue sie-
MEHTOB OIIBITHOI'O 00Opa3ua: HabIIoAaIuCh Pa3Ho-
HalpaBJICHHbIE BBIIYYMBAHUS IUIOCKMX dYacTel
KOHCTPYKLIMHM BJIONIb TpaHed Ky0a, YTO MOXKHO
OO0BSICHUTh KamWUIIpHBIM 3 dexTom. [Ipu Haly-
XaHUM (HOTOMOJUMEPHOM CMOJIBI ObLIO 3a()UKCH-

Oyna. npobi. coBp. Marepuanosen. 2025. T. 22. Ne 2. C. 201-209
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POBAaHO CHMXKEHHE MEXAHWYECKOW HMPOYHOCTH: 00-
pasern cTajg MATKMM M NOJJABAJICS IUIACTUHYATOMN
JaeopMaiy o ASHCTBHEM MPUIOKEHHON CHJIBL.
doTrononuMepHas CMOIa OKazajach HEYyCTOHYH-
BOM K XUMUYECKOMY BO3JCHCTBUIO.

Ha pucynke 6 mpencraBieHbl Mogu(UIUPO-
BaHHbBIE ()OTOMOJIMMEPHBIE CMOJIBI ¢ TPa(UTOBBIM
HaIlOJIHUTENIEM IIOCIIE BO3JEHUCTBHS ILIEIOYHOMN
cpennl. Ilo ncredennn 36 JyacoB HAXOXKIEHHUS 00-
pasloB B LIETOYHOH cpesie He ObUIO 3aUKCHPOBa-
HO BHIUMBIX Pa3pyLICHUHN UX CTPyKTypbl. OnHaKo
ClelyeT OTMETUTh, 9TO y obpasma Ne6 mocie Bo3-
JIeHCTBUS LIETIOYHOM Cpeabl He HaOII0Aanoch pac-
TBOPEHHS MHTMEHTa (OTOMOIMMEPHON CMOJIBI;
LBET COXpaHsAeTCs Ojarofapsi HaIOJHUTEII0 —
rpaduTy, Ha KOTOPBIA WIEIOYb HE OKa3bIBAET BO3-
nevicteus. Tem He MeHee, HaOIIOMAaETCS pacciioe-
HUE TPAaHEW, XOTS U B MEHBIICH CTEIECHH, YEM Yy
obpasna 0e3 HamomHUTENS. Takke MpU BBEACHUU
rpajura B oOpazer; Ne2 MpOUCXOAUT H3MEHEHUC
[[BETA: CMOJIa MPUOOpPETaeT CBETJIO-CEphId OTTe-

HOK, OJTHAKO Ha XMMHYECKUE XapaKTEPUCTUKU 3TO
He ckasbiBaeTcs (puc. 6, 0). M3MeHeHue nBera
MOXET JIMIOb Or'PpaHUYHUTH 00J1aCcTh IMPUMCHCHUA
CMOJIBI M3 COOOPaKEHHUH BCTETHKHM WM TPEIbIB-
JISIEMBIX K KOHCYHOMY U3JICITUI0 TPEOOBAHUIA.

Puc. 7. U3roToBieHHBIE OMBITHBIE MOTU(PHIIHPOBAHHBIC
00pasiel rpaUTOBBIM HAITOJIHUTENEM TOCIIe
BO3JICHCTBUS 1IeTI04YHOM cpenbl ¢ pH 13,
rae a — oopaser Ned; 6 — obpasery No5;

B — oOpazer] Ne6

Boi6oos. B xauectBe moamdukatopa ¢oro-
NOJMMEPHBIX CMOJ ObT  BBIOpaH WHEPTHBIN
HAIOJIHUTENb TpaduT, NPEACTaBISIOMNNA coOO0M
KPUCTAJUTMYECKHUH MTOPOIIOK TEMHO-CEPOTO IIBETA C
MeTajuimueckuM  Oneckom. [IpoBenena oneHka
pasMepoB YaCTHI[ MOPOLIKA C HCIOJIB30BAHUEM
PacTpoBOroO 3JIEKTPOHHOTO MUKPOCKOTIA, B PE3YIhb-
TaTe 4Yero yCTaHOBJEHO, YTO YacTHILI Tpadwura
HUMEIOT pa3Mepsl OT 5 MKM A0 25 MKkM. PeHTreno-
CTPYKTYPHBIH aHaJu3 IOoKa3all, uyTo IpadUTOBBIH
HaIlOJIHUTEb 00J1alaeT KPUCTANIMUYECKOH KapTu-
HOW paccesiHUs M, COIJIaCHO IAaHHBIM OJMKHETO
YIOPSAOYEHHUS, UIMEET YIOPSAOUYCHHYIO CTPYKTY-

py, ONM3KyI0 K TeKcaroHaabHOMY Tpaduty. Bse-
JICHUE HAIOJHUTENIEH B (DOTONOIMMEPHYIO CMOILY
IpU BBICOKMX 00OpOTax ¢ MCIOJIb30BAHWEM Mar-
HUTHOW MEIIAJIIKA TO3BOJISIET JOOUTHCS OJHOPOI-
HOW cycrieH3uu 0e3 oOpa3oBaHWsI KOMKOB. Takke
MPOBENEHO HCCIIENOBaHUE TI0 00Pa30BaHMIO OCa[l-
Ka HaToJHUTeNeH B pOTONoMMMEpHOI cMoJIe ¢ Lie-
JbI0 OINpPENENCHUS BO3MOXHOCTH JUINTEIBHOTO
XpaHeHUs MOIU(DUIMPOBAHHOW CMOJIBL. Y CTaHOB-
JICHO, YTO B TEUEHHUE CYTOK IMOPOIIOK HE OCEMIAET, a
ocTaeTcs BO B3BELICHHOM COCTOSHHM B (pOTOIO-
JIMMEPHOU CMOJIE.

I[J'DI HCCJICAOBaHUs BJIMAHWSA HAIIOJTHUTCIIA Ha
YCTOMYMBOCTH (POTOTIOTUMEPHON CMOJIBI K IIEJI0Y-
HOW cpefie ObUTa OCYIIECTBIIEHA TMeYaTh 00pa3IoB
KyOnueckoit Gopmbl Ha 3D-npuHTEpEe KaK YMCTHIX
(oTOMONMMEPHBIX CMOJ, TaK M CMOJI, HATIOJHEH-
HBIX TPapUTOM.

HccnemoBanne ombITHRIX 00pa3IoB HA yCTOM-
YHUBOCTh K XUMHNYCCKUM BO3}Z[CI710TBPI$IM (HICHO‘IHaH
cpena) mocine MomupuKamuu TpaduTOM TPOe-
MOHCTpHpOBaJIO, 4TO y oOpasma HARZ Labs
Industrial Rigid uépHoro nsera 6bu10 3adurcupo-
BaHO HE3HAYHMTENHHOE PACCIOCHUE TPaHH, MEHb-
ure, yeM y obpasua 6e3 Hanonnutens. [locne Bo3-
JIEUCTBUS LETOYHOU cpeibl B TeUeHHE 36 4acoB HE
HaOJIOIaI0Ch PACTBOPEHUSI MUTMEHTa (HOTOIOIH-
MEpHOW cMoiibl Onarogapsi rpaduTy, Ha KOTODPBIH
LIeJI0Yb HE OKas3bIBaeT BIMsHUA. OcTalbHBIC IBa
obpasia QortononumepoB mapok SUNLU ABS-
Like u HARZ Labs Industrial Nylon-Like, mox-
BEPrHyTbIE€ BO3JEHCTBUIO LIEJOYM, MOKA3aJH BBI-
COKHE pe3yJbTaThl, aHAJIOTHYHO cMoiiam 0e3 co-
JACPpKaHUA HAIIOJIHUTEIA, OCTaBasiChb HCU3MCHHBI-
MHU. BUIuMBIX paspylieHuid CTpyKTypbl HE HaOJIO-
nanock. LIBer u3MeHwmics nuip y odpasna MapKu
HARZ Labs Industrial Nylon-Like npu no6asie-
HUM rpadura.

bnaronapss uHepTHOCTH HaMOJHUTENST 00pas-
116l (POTOTIOTMMEPHBIX CMOJT TIPOJAEMOHCTPUPOBAIIN
BO3pAaCTaHUE YCTOMUYMBOCTM K LICJIIOYHOM Ccpene.
CrnenoBarenbHO, Uil IPUMEHEHHS (OTOMOTUMED-
HBIX CMOJI B XMMHUYCCKHU aKTHUBHBLIX Cp€lax, 0CO-
6eHHO IICJIOYHBIX, OIITHMAJIbBHBIM HAIIOJTHHUTCIEM
MOJKET CITy>KUTh I'padur.
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AnHoTanus. B pabore mpencTaBieHO UCCIICIOBAaHUE CBOWCTR CJIOEB, CHOPMHUPOBAHHBIX Ha MATHUEBOM CILIABE
MAS8 MeToJ0oM TIa3MEHHOTO JJeKTposmTuieckoro okcuaupoBanus (I190) B Gopcoaepkammx dSIEKTPOIHUTAX.
ONEeKTPOXUMHUYECKHE CBOICTBA MOKPHITHH HCCIEAOBAHBI METOAOM 3IEKTPOXUMHUUECKOW HMMIIETAaHCHOH CHEKTpO-
ckonmuu. MexaHHYeCKHe XapaKTePUCTUKU MOKPHITHI OIEHUBANNCH 10 BEJIMYMHE 3HAYCHUH MUKPOTBEPIAOCTH U MO-
nyns FOwnra. TToka3ano, 4To 00pasibl ¢ MOKPHITHAMH, (POPMUPYEMBIMH B IMOTEHIIMOJMHAMHYECKUX PEXKUMaX, Ipe-
BOCXOJIAIT TI0 TIOKa3aTesiM KOPPO3MOHHOW CTOMKOCTH CIUIaB O€3 MOKPHITHS Oosiee 4eM Ha | MOpSIOK BEIWYHHBI.
Brenpenne gactun 60pa B cOCTaB MOKPBITHIA MO3BOJISIET YIIyUYIINTh MEXaHNYECKHE CBOWCTBA: YHUBEpCAIbHAS MUK-
POTBEPIOCTh MOKPHITHII ¢ YacTHIaMu TpeBbimaer Ha 10-12 % BenmuuHy naHHOTO MapaMerpa s 6a3oBbix [190-
MOKPBITHH.
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Abstract. The paper presents a study of the properties of layers formed on magnesium alloy MA8 by plasma
electrolytic oxidation (PEO) in boron-containing electrolytes. The electrochemical properties of the coatings were
investigated by electrochemical impedance spectroscopy. The mechanical characteristics of the coatings were esti-
mated by the values of microhardness and Young's modulus. It is shown that samples with coatings formed in poten-
tiodynamic modes are superior in terms of corrosion resistance to an uncoated alloy by more than 1 order of magni-
tude. The introduction of boron particles into the composition of coatings makes it possible to improve the mechani-
cal properties: The universal microhardness of coatings with particles exceeds by 10-12% the value of this parame-
ter for basic PEO coatings.
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BBeaenne

B nacrosmiee Bpemst A1 3aLIUTHl OT HETATHB-
HOTO BO3JCHCTBUS OKPY>KAIOLIECH Cpeibl MarHusi 1
€ro CIUTaBOB NMPUMEHSIOT Pa3IMYHbIe METOMAbI MO-
IuuKanuy ToBepxXHOCTH. OIHUM M3 TepcIek-
TUBHBIX CIIOCOOOB IMOBBIIIEHUS] KOPPO3UOHHOW H
MEXaHUYECKOW CTOMKOCTel siBisieTcss GpopmupoBa-
HUE TIOBEPXHOCTHBIX CIIOEB METOJIOM ILIa3MEHHOTO
aneKkTponuTHIecKoro okcuaupoBanus (I120) [1-
3]. HaHHBIi crmoco® MIMPOKO PpaclpocTpaHeH B
MPOMBIIIIJIGHHOCTH Onlaroiaps pesysibTaraM Hayuy-
HBIX HCCIICIOBaHUH, NPOBOJUMBIX Pa3IMYHBIMH
HAay4YHBIMH KOJUIEKTHBaMHU MO Bcemy mupy [4-9].
Taxol mojxon sipnsieTcs: G HEKTUBHBIM JIISL TIOTY-
YeHHsI ~ TOBEPXHOCTHBIX  KEPaMHKOMOJOOHBIX
CTPYKTYp Pa3sHOOOPa3HOr0 XHMHYECKOI'O COCTaBa
Y Ha3HAYeHHUS Ha MeTaJlaX BEHTWJIBHOM IPyNIbl, B
ToM umucie u Ha marHuu [3]. [lokpertus Gopmu-
pYIOTCA TIOCPENCTBOM COBOKYIHOCTH IPOTEKAIO-
IIMX 3JEKTPO-, TUIa3MO- U TEPMOXHMHUYECKUX pe-
aKIMil Ha IOBEPXHOCTH METAJUIMYECKUX U3/CIINI B
BOJIHBIX JJIEKTPOJIUTAX.

bnaronmapss mporekaromum npu  GopMupoBa-
HuM crierduyeckuM peakiusaMm  [190-TIoKpbITHS
00mamaroT BBICOKOHM aaresuel K momioxke. [Ipo-
TEKaHue Ha TrpaHuLEe pazznena JNIEK-
TPOJ/INEKTPONIUT  TJIa3MEHHBIX  MHKPOPa3psioB
oOycraBiMBaeT HAJTWYME Pa3BUTON TOBEPXHOCTH,
NoaXoasIel g GOpMUPOBaHKS KOMIIO3UTOB Ha
ocHose [190-cnos. OgHUM K3 COCOOOB yydiiie-
HUS  (QYHKIMOHAJIBHBIX  XapakTepucTuk I[190-
MOKPBITHI SBJISETCA BBEJEHHE MHUKPO- U HAHOYA-
CTHI] B COCTaB DJJIEKTPOJMTA S IIJIa3MEHHOTO

ANEKTPOIUTHIECKOro oKcuaupoBanus [10-12]. B
HacCTosIIlee BPEeMsi MUKPO- U HaHOpa3MepHbIC Ma-
TEpUabl LIMPOKO MPUMEHSIOTCA B Pa3IMYHBIX OT-
paciiax IPOMBIIUIEHHOCTH, UX CBOMCTBA MO3BOJIS-
I0T CO3/aBaTh MaTepuallbl, CoUyeTalolne B cede
YHHKaJIbHbIE XapaKTepUCTUKU. Takue marepuaibl
BOCTPEOOBaHBI B MHKPOIJICKTPOHHUKE, MEIUIIVHE,
aBHACTPOEHUH, KOCMHYECKOW TEXHUKE U B JIPYTHX
001acTsX COBpEMEHHOI HayKy M IIPOU3BOJCTBA.

B MupoBoli HaydyHOH NPAKTUKE CYLIECTBYET
MHOXECTBO Pa0OT, MOCBSIICHHBIX MOAH(UKAIUH
noBepxHOCTH [IDO-TIOKpEITHI ¢ UCTIONB30BAHUEM
BBOJUMBIX B JJIEKTPOJUT HAHO- U MHUKPOYACTHIL
[13-18]. Tak, B paborax [15—17] ObLIO MOKa3aHo,
9T0 00aBIeHNEe HAHOPAa3MEPHBIX JTUOKCHIOB IIUP-
KOHMSA M KPEMHHs YJIydllaeT KOPPO3HOHHBIE Xa-
pPaKkTEepUCTUKM MaTepuana, a BBEIEHHE OKCHIa
ATIOMHUHUS WJIM HUTPUJA TUTaHA MOXKET Ha TOpS-
JIOK YBEJIMYMBATH CTOMKOCTBH MOKPBITHI K MEXaHU-
yeckoMy u3Hocy [13, 18]. HacTuusl okcuaa HUHKA
MOTYT CIOCOOCTBOBATh MPHUAAHUIO AHTHOAKTEPH-
anbHOro 3¢¢eKTa MOBEPXHOCTH, a BKIIOYECHHUE
THIPOKCHAIIATUTA B COCTAaB MOKPHITUH yBEIHNYMBa-
€T OCTEOMHTETPAINI0 U OMOCOBMECTHMOCTh MaTe-
puana ¢ KOCTHOU TKaHbio [19]. YacTurp! quokcuaa
TUTaHA MOTYT CIIOCOOCTBOBaTh NPOSBICHUIO Y
[I30-mokpbITHH  HOTOKATATUTHYECKUX CBOWCTB
MpH B BHEIPEHHH MX B COCTaB MOBEPXHOCTHOTO
cros [13, 20].

MaTepnanLI U METOAHMKH UCCJICT0BAHUA

B kauecTBe MOMJIOKKH HCIIOJIB30BAIUCH ILjia-
CTHUHBI M3 MarHueBoro ciuiaBa MAS8 (B macc. %:

BPMS. 2025; 22(2): 210-220
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1,30 Mn; 0,15 Ce; ocranbHoe — Mg) pazmepom
20 x 15 x 1,5 mm°. Tlepen QopMupoBaHHEM I10-
KpBITHI 00pasnbl NuTH(oBaINCh U 00€3KUPHBA-
muck. Ilpomece popmupoBaHus MpoBOAMIICS B OH-
MOJISIPHOM PEXHUME OKCHIUPOBAHUS, MOIPOOHO
OMKCAaHHOM B mpeapiaymeil padore [21]. B kaue-

cTBe 0a30BOT0 DJEKTPOJIHMTA ObLT BHIOpAH BOIHBIN
pactBop NaF (5 r/m1) u Na,SiO;z (20 r/m), comep-
armui gacturel 6opa Mapok BB m BA (OCY,
Poccust). B tabmmme 1 mpuBEAeHBI COCTaB DIICK-
TponuTa i npoBeneHus [190, pexxuMoB momnsipu-
3alUK U 0003HaUYEHHNE MOTYYEHHBIX 00Pa3LOB.

Tabéauna 1. O603HaueHNE UCCIIEAYEMBIX 00Pa3IOB B 3aBHCHMOCTH OT UCIOIBb3yEMBIX JIEKTPOJINTA H PEKUMA
I150.

Table 1. The designation of the studied samples depends on the electrolyte used and the PEO regime.

Ne DNEeKTPOIHUT Pexum Oo6pazen
. TanbBaHOCTATUYECKUI I150-2

1 NaF —5 r/n; Na;SiOs — 15 r/n IToTeHnmosuHAMHUYECKUIH I150-4
2 NaF — 5 r/im; Na,SiOs — 15 r/i; BB — 5 /i Ta1bBanocTaTHeckiit BB12
TToTeHIIMO TMHAMAYECKUIA BB14
3 NaF — 5 r/m; Na,SiO3 — 15 r/im; BA — 2,5 1/n T"anbBaHOCTATUYECKHN BA22

DJEeKTPOXUMHUYECKUE CBOHCTBAa C(HOPMHUPO-
BaHHBIX MOKPHITUH OBUTH HMCCIIEOBAaHBI METOAOM
ANEKTPOXUMHUYECKON HMIETAHCHONU CIEKTPOCKO-
nuu. V3MepeHus] MPOBOAMIINCE B TPEXIICKTPO-
HOW sueiike Ha ycrtaHoBke VersaSTAT MC
(Princeton Applied Research, CILIA) npu Temme-
patype (36,5+0,5) °C. B kauecTBe IEKTPOJIHTA
ucnoab3oBaiics 3,5 macc. % pactBop NaCl. Drnek-
TPOJIOM CpaBHEHUsI CIIY>KWJI HACHIIIEHHBIH Kajo-
MENBHBIN AIeKTpo]] (H.K.3.). Pabouas miomanes 06-
pasia cocrasmsia 1 cm®. J{is JOCTHKEHHS MeK-
TPOXMMHUYECKOTO PABHOBECHS TEpe]] HA4aIoM H3-
MepeHnui 00pa3Ilbl BEICPIKUBAJINCH B JIEKTPOJIATE
B TeueHue 30 muH. B kauecTBe BO3MYyILAIOIIErO
CUTHAJIa TIOJaBaJiCsl CHHYCOMJAIBHBIA HMITYJIbC
ammumatynol 10 mMB. Crhektp 3ammcheiBayics Npu
3HaYEHWM IIOTEHIIMaia CBOOOJHON KOpPPO3WU B
muanazone yactot oT 0,01 I'm no 1 MI'y ¢ nora-
pudMUIecKoil pa3BepTKON 7 TOYEK Ha JeKaiy.
O0paboTka JaHHBIX U MOJEIMPOBAHHE UMIIECIAHC-
HBIX CIIEKTPOB C HCIIOJIb30BAHHEM COOTBETCTBYIO-
IIUX SKBUBAJICHTHBIX AeKTpudeckux cxem (D3C)
MPOU3BOJMINCH C IOMOIIBIO TPOTPaMMHOTO obec-
neueHus ZView 4. IloTeHIMOAMHAMHYECKHE KpU-
BbIC 3aMMCHIBAINCH B JIUANA30HE MMOTECHIMAJIOB OT
Ec-0,15B no Ec+0,50 B co ckopocThio pa3Bepr-
ku 5 MB/c. [lorennman xopposuu (Ec), MIOTHOCTh
ToKa Koppo3uu (lc), HaKIIOH KaTOJTHOTO M aHOJIHO-
ro TadeNeBCKUX y4aCTKOB MOJISIPU3AIIMOHHON KpU-
BOH (fc, fla COOTBETCTBEHHO) OBUIM PACCUUTAHBI
(ypaBrenwue (1)) ¢ npumenenunem noaxona JleBeH-
Oepra-Mapksapara [22, 23]. ITlomspuzanuoHHOE
conpotusienue (Rp) pacCYUTHIBANOCH 1O HOJSAPH-
3allMOHHOM KPHUBOW, 3allMCaHHOW B OTAEIHHOM

IKCIIEPUMEHTE, B COOTBETCTBHHU C ypaBHEHUEM (2).
O6pasupl  nosspusoBasiuck ot Ec—0,02B 1o
E:+0,02 B co ckopoctsio 0,167 mB/c.

BB _E-E

I =i-(10 Ba —10 Fc ) @
AE

Ry = (E)AE—»O 2)

Muxkpotséprocts (H,) 1 monyns FOnra mo-
KPBITHI OBLUTH OTpEeNieHbl C MOMOIIBI0 JTHHAMU-
4ecKoro ymnbTpamukporBepaomepa DUH-W201
(Shimadzu, SlnoHust), OCHAILLIEHHOTO TPEXI'PaHHOU
anMa3HoOM nupaMujoi bepkoBuua ¢ yriom npu
BepminHe 115°. IlpuknagsiBaemasi Harpyska BO
Bcex 3kcnepumeHrax cocrtaBisuia 100 mH, cko-
pocth Harpyxenus: — 13,23 mH/c, Bpemst ynepxka-
HUS MakcuManbHOM Harpy3ku — 30 c. Temnepary-
pa BO3AyXa B MOMEIIECHUH, II€ NPOBOAMUINCH HC-
IbITaHus, cocTaBisuia 22 — 24 °C.

Pe3y.]'ll)TaTbl H UX oﬁcymelme

AHanu3 MoJIIpU3aLMOHHBIX KPHUBBIX (pHC. 1),
a TaK)Ke 3HAYCHUH IUIOTHOCTH ToKa KopposuH (l¢),
noteHmana xopposun (Ec) u monspusannoHHOTO
conportusneHus (Rp) (Tabm. 2), yka3plBaeT Ha 3Ha-
YUTENbHOE  YyNYYIIEHWE  aHTHKOPPO3MOHHBIX
CBOWCTB 00pa3LOB M3 MAarHUEBOro CILIaBa IOCTE
ux 00pabOTKU METOJOM IUIa3MEHHOIO JIEKTPOJIU-
TUYECKOTO OKCUIMPOBAHUS.

®opmuposanue [190-nokpeITuii Ha TOBEpX-
HOCTH MarHueBOrO CIUIaBa NPHUBOAUT K yMEHbIIIE-
HUIO IUIOTHOCTH TOKa KOPPO3UM U IIOBBIILIEHHIO
MOTEHIMaIa KOPPO3HUH, YTO CBSI3aHO C YJTyYIIEHU-
€M  3allUTHBIX  XapaKTEepPUCTHK  IOKPHITHUS.

Oyna. npobi. coBp. Matepuanosen. 2025. T. 22, Ne 2 C. 210-220
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Hawunyumme 3amutHbeie cBOMCTBA JEMOHCTPHPYET
oOpaser; ¢ mokpeitrieM [130-4. HecmoTps Ha ToO,
YTO TOKPHITHS, (hOpMUpyeMbIe B TOTEHI[MOTUHA-
MHYECKHX peKHMax Ooiiee TOHKHE (TPUMEpPHO
BJIBOE), OHU SIBIISIIOTCS OoJiee TUIOTHBIMH, Ha YTO
yKazbIBatoT napameTpbl DOC 11 AaHHBIX HMOKPHI-

0 —
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T
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il (Tabn. 3), a cruemoBarenbHO, 00ECTICYMBAIOT
0ojice BBICOKHE AHTHKOPPO3UOHHBIC XapaKTepHU-
ctuku. Taxke y MaHHBIX MOKPHITHI Oojlee TIOT-
HBIH W TOJICTBI BHYTPEHHWIN OECIIOPHUCTBIA ITO-
CJIOH, KOTOPBI BHOCUT HauWOOJBINIMN BKIAJ B 3a-
uTHbIe cBolicTBa [190-nokperThii (Tabmn. 3) [24].

T —
Ak ;
= gk "
= L d
i) - i
u 1.6 — BB12 ]
[ — BB14 ]

[ — BA22 |

1,8+ -
-2,0 T m——
10° 10° 107 10° 10° 10° 10° 10° 10

1, Almm®

Puc. 1. Tlomsipu3annoHHbIe KPUBEIE U 00pa3lioB U3 MarHUEBOTO cIuiaBa MAS 6e3 MOKPHITHA
u ¢ [I90-okpeITHsIMHU, CHOPMHUPOBAHHBIMH B Pa3JIMUHBIX AJIEKTPOJINTAX.

Fig. 1. Polarization curves for MA8 magnesium alloy samples without coating and
with PEO coatings formed in various electrolytes.

Buenpenune wactuir 6opa B coctraB [190-
HOKPHITHE Ha MarHUEBOM CIUIaBE HETAaTUBHO CKa-
3bIBAETCS Ha €T0 3alIUTHBIX XapaKTePUCTHKAX, O]
HAaKO 3HAYCHUS TUIOTHOCTH TOKA KOPPO3UH H TOJIsI-
PH3aI[IOHHOTO CONPOTHUBIICHNUS MO-TIPEKHEMY 3Ha-
YUTENBHO MPEBOCXOIAT COOTBETCTBYIOLIHME Iapa-
METpBI MaTepuaia 6e3 MOKPHITHUSL.

Taoauna 2. Koppo3uoHHbIE XapaKTEPUCTUKI
nccieyeMbIX 00pasios.

Table 2. Corrosion characteristics of the studied

samples.
Ob6pazen I, Alem® Ec, B Rp, OM M’
MAS8 3,2510° -1,55 5,52 10°
[150-2 2,6510° -1,49 1,28 10*
120-4 5,58 107 -1,48 7,79 10
BB12 6,07 10° -1,50 1,04 10*
BB14 1,3110° -1,52 1,75 10*
BA22 1,43 10 -1,47 2,01 10*

[Monsipu3anoHHOe CONPOTHBICHHE 00Pa3IOB,
(bopMHPYEMBIX B TallbBAHOCTATHYECKOM PEXKUME,

bonee ueM Ha 50 % NPEBOCXOIUT JAHHBINA TMapa-
MeTp mis Mmerauia O0e3 mokpbitHa. [lokpeiTus,
(hopMupyemMbIe B MOTEHIIMOJAUMHAMUYECKOM PEXKHU-
Me, MPEBOCXOAT IO MOKa3aTeNsIM KOPPO3HMOHHON
cToiikocTH cruiaB MAS 0e3 MmoKphITHS Oojiee deM
Ha 1 mopsmok BenuunHbL. Takum 00pa3oM, MOXKHO
cJieNiaTh BBIBOJ, 4TO (DOpMHUpOBaHUE OOpCoaepka-
IIMX TIOKPBITMA Ha MarHueBoMm crmjaBe MAS
YIIy4IIaeT KOPPO3MOHHYIO CTOMKOCTh MaTepualia
(puc. 1, Tabm. 3).

Ha pucynkax 2, 3 mpezncraBieHbl UMIIEJAHC-
HbIE CIEKTpHl B Bune nauarpamm bone u HalikBu-
cra. Jluarpamma HaiikBucta a1 MarHueBoro
ciiaBa 0e3 MOKPBITHS MMEET BHJI IOITYOKPY>KHO-
CTH B 00JIaCTH BBICOKUX H CPEJIHUX YaCTOT, XapaK-
TEpU3YIOIIEH €MKOCTHOW XapakTep TpaHHIIBI pa3-
Jena 3eKTpoa/snektponut (puc. 2). CTpyKTypHOE
MOJIETTMPOBAHME IIPENAIOJIaraeéMbIX MPOIECCOB Ha
0a3e IKCIEPUMEHTAIBHBIX JaHHBIX 3JIEKTPOXHMU-
YECKOM UMIIEAAHCHOU CIEKTPOCKONUHU OCHOBBIBA-
eTCsS Ha CHUCTEMHOM ITOAXO0Je, TPH KOTOPOM WC-
cleyeMbIii 0OBbEKT pacCMaTPUBACTCS KaK DKBUBA-
JICHTHAs JJIEKTPUYECKas CXeMa, BKIIOYaroIias B
ce0s1 DIIEMEHTHI, XapakTepu3yommue (pa3oByro rpa-
HUILy pasjerna siektpon / snekrponut. [Ipu co-
CTaBJICHUW YKBUBAJICHTHBIX DJIEKTPUUECKUX CXEM B

BPMS. 2025; 22(2): 210-220
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JAHHOM pabOTe UCIOIB30BaH IEMEHT NOCTOSHHON
daser CPE (constant phase element) Bmecto ume-
AIBHOTO KOHJEHCAaTOpa, IOCKOJIBKY MOAEIHpYye-
MBI€ O3THM 3JEMEHTOM CJOM TE€TEPOre€HHBI II0
CTPYKTYpE H COCTaBYy.

Huarpammbr HaiikBucra st [190-nokpeituit
UMEIOT BHJ JBYX MOIyOKpyXKHOcTed. O6e moiy-
OKPY>KHOCTH OTHCHIBAIOT 3aBUCUMOCTH €MKOCTHO-
rO XapakTepa W TaKKe CBA3aHBI CO CTPYKTYpPOi
II20-nokpeiTHii. TakuM 00pazoM, TpaHUIA pasjie-
na II30-nokpeITHE / DIEKTPONUT MOXKET OBITh

aJIeKBaTHO CMOJICTTMPOBAaHA 3KBHBAJCHTHOU 3IICK-
Tpudeckoit cxemoit (O2C) c¢ mBymss R—-CPE-
nenoukamu (puc. 4). Tak, TOTyOKpyKHOCTB, pac-
MOJIO’KEHHAasT B O0O0JAacTH BBICOKHX YacTOT, O00y-
cioBneHa HaiauuueM y I1DO-mokpeiTuil BHemHen
MOPHUCTON YacTH, B TO BpeMs KaK BTopas, Ha Cpe.l-
HUX YacTOTaX, XapaKTepu3yeT TOHKHW Oecropwu-
creiii moacion. Daemednt R;—CPE; onmceiBaeT mo-
puctymo, a anement R,—CPE; — Gecnopuctyro ua-
ctu [120-mmokperTHiA [25].
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Puc. 2. Imnenancusie ciektpsl (Juarpammer HaiikBucra u bone) o0pa3sioB n3 maraueBoro cruiaBa MAS
6e3 nokpeitus 1 ¢ [130-nokpsITHEM, GOPMUPYEMBIM B CHITUKATHO-(DTOPUTHOM 3JIEKTPOJINTE
B rajpBaHoctatuaeckoM (I190-2) mwim norernmonuHamudeckoM (I190- 4) pexxume.

Fig. 2. Impedance spectra (Nyquist and Bode diagrams) of MA8 magnesium alloy samples without coating and
with a PEO coating formed in a silicate-fluoride electrolyte in galvanostatic (PEO-2)
or potentiodynamic (PEO-4) mode.
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Puc. 3. Umnenancusie cnekTprl ([Juarpammer Haiiksucta u bone) ams o6pasios ¢ [190-mokpeITHsIMH,
(hopMHUpPYEMBIMHU B a3 THYHBIX PEKIMAX B AIEKTPOIHUTAX, COACPIKAIINX YaCTUIH 00pa B KPUCTAIUIMIECKOM

1 aMOp()HOM COCTOSTHHH.

Fig. 3. Impedance spectra (Nyquist and Bode diagrams) for samples with PEO coatings formed in various modes in

electrolytes containing boron particles in a crystalline and amorphous state.

Ta6auna 3. PacueTnbie mapameTpsl neMenToB DOC 1t 00pa3ioB, GOPMHUPYEMBIX B Pa3IMIHBIX PEKAMaX

U DJICKTPOJINTAX.

Table 3. Calculated parameters of the EES elements for samples formed in various modes and electrolytes.

CPE, CPE,
Ob6pazen Ry, OM cm? Qq, R,, OM cM? Qy,
Oomtem?¢" My Oom?tem?¢" M2

MAS - - - 4.8-10° 3,3-107 0,85
I120-2 2,2:10° 4,6:107 0,70 1,3-10* 1,6:10° 0,79
120-4 9,8-10° 3,8-107 0,72 2,3-10% 1,6:10° 0,73
BB12 1,5-10° 1,2:10° 0,66 9,6:10° 22-10° 0,77
BB14 42107 49107 0,70 2,4-10 1,0-10° 0,82
BA22 2,5-10° 3,7-107 0,74 1,9-10* 1,7-10° 0,76
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Puc. 4. Mognens crpykrypsl [190-nokpsITH
Ha MarHueBoM cruiaBe MAS 1 cOOTBETCTBYIOIIAS
9KBHBAJICHTHAs IEKTPUUIECKas CXeMa, UCIOJIb3yeMast
JUTSL MOJICTUPOBAHMS SKCTIEPUMEHTAIBHBIX
HMMIEJAaHCHBIX CIIEKTPOB.

Fig. 4. A model of the structure of PEO coatings on
magnesium alloy MA8 and a corresponding equivalent
electrical circuit used to simulate experimental
impedance spectra.

Amnanmu3 nuarpammsl bone ans popMupyeMbix
[I20-noKkpeITHIT TakkKe CBUAETEIBCTBYET O HaJH-
YUM JBYX MUHHUMYMOB ()a30BOro yriia: B 001acTH
Beicokux = 10°-10° 'y (@ or -30 mo -60°) u
cpeaanx yacror f = 10~ 10° I'n.

Bce mokpbITHS UMEIOT CXOXKME 3HAYEHUs Ma-
pamerpoB O3C, 4TO 00YCIOBICHO XapaKTEPHBIMU
ocobenHocTsiMu ctpoenust [190-nokpeituii. Hus-
KHE 3HAYCHUS INPEIIKCHOHEHIMAIBHOTO MHOXKH-
tens Q; yKas3plBalOT Ha HaJM4YHE TOJCTOrO MOpHU-
CTOTO OKCHJHOTO CJIOSI OKPBITHH, a 3HaueHHs N;
MeHbIIE | yKa3bIBalOT HAa €ro T'eTePOTCHHOCTb.
Hanporus, 6onee Boicokue 3HaueHust Q, u N, cBU-
JEeTEIbCTBYIOT O Ooibliel OXHOPOAHOCTH U
MEHBIICH TOJIIMHE BHYTPEHHETO OECHOPHUCTOrO

noxacios I1D0-nmokpeituii. Ilpudem, yuuThIBas
Oomu3kre 3HaueHus mapamerpa Q, =(1,6-2,2) 10°
¢ omtem? JUTSL BCEX BHUJIOB MOKPHITHN (TIONy4eH-
HBIX B TaJIbBAHOCTATUYECKOM M B ITOTCHIMOANHA-
MHYECKOM PEXKHMaX), MOKHO CJIIeJIaTh BBIBOJ, YTO
MO 3HAYEHUSIM TOJIIMHA OECIOPUCTOrO MOACIION
st uccnenxyeMbix  [100-mokpeituii  Onm3ka
(Tabm. 2).

Bce mokpeiTus, GopMupyeMble B TalabBaHO-
CTaTHYECKOM PEXHME, BHE 3aBUCHMOCTH OT COCTa-
Ba UIEKTPOJINTA, TMPAKTUYECKH HE PA3IUIUMBI MO
KopposuonHoil  croiikoct  (Rp oxomo  1,0—
2,0 10* Om cMm?, Tabu. 2). BeposiTHO, 3TO CBSI3aHO C
00JIBIION MOPUCTOCTHIO U KPYIIHBIM Pa3MepoM IOp
BHEIIHETo cyos (Tabi. 3), B pe3ysbraTe dYero
HanOOJBIINI BKJIJ B 3alJUTHBIC XapaKTEPUCTHKH
BHOCUT BHYTPEHHMH O€CHOPHUCTBIN MOACIOH, KO-
TOPBIN IS BCEX MOKPBITHIA UMEET IPUMEPHO OJIH-
HakoByro Tonmuny (CPE,, tabn. 3). [laHHbIil BbI-
BOJ] TAK)X€ TTONTBEPIKAACTCS pe3ysIbTaTaMH pacue-
Ta napameTpoB aneMeHToB DJC (3HaueHus R, Ha
1-2 mopsiaka Beime R;), a Takke pe3yibTaTamMu
HpeIbUIYIINX HecaeaoBanuii [25-27].

Hns  moxpbiTuii, (GOPMHPYEMBIX B OIHOM
AIIEKTPOJIUTE B Pa3HBIX PEKUMAX, XapaKTEepHbI 00-
Jiee BBICOKWE 3HA4YCHHUs R, M N, MPU MOTEHIMOM-
HaMHYECKOM PEXHUME, Ha OCHOBAaHMU YEro MOXKHO
cacjatb BBIBOJ, 4YTO B IIOTCHIHOJMHAMHYCCKOM
pexxuMe HOpPMHUPOBAHUS CTPYKTYpa MOKPBITHIA SIB-
nsiercst Oosiee IJIOTHOM, HECMOTPSI HA MEHBILYIO
TONIUHY (Tabm. 2).

B nanHoi1 paboTe OBUIO HUCCIICOBAHO pacIpe-
JCIICHHUEC 3HAUCHUI MHUKPOTBEPAOCTU MO TOJIIIHUHE
dopmupyembix [I120-mokperTHii. B nanaom cirygae
HaI/IGOHI)HII/Iﬁ HHTCPEC TMPEACTaBIIAIIO BJIUAHUC
BHEJPEHMS YaCTHI] OOpa Ha BEIMYUHY MUKPOTBEP-
nocth nokpeiTMd. Ha pucyHke 5 mpeacraBineHsl
rpaduKy  paclpeneNeHus] MUKPOTBEPAOCTH IO
ronuae [190-nokpeiThii, GOpMHUPYEMBIX B rajib-
BAaHOCTATUYECKOM  PEXHME B  CHJIMKAaTHO-
¢TopugHOM AnekTposute 6e3 yactui Oopa (I120-
2), ¢ YacTHIlaMH KpHcTajndeckoro oopa (BB12)
u amop¢uoro (BA22).
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Puc. 5. PacnipenencHre 3HaYCHUA MUKPOTBEPAOCTH 1O ToMIIUHE [1DO-TIOKPHITHIA, (OPMHIPYEMBIX
B raJIbBaHOCTaTUYECKOM PEIKHME B CHITUKATHO-(DTOPHIHOM JIeKTpostuTe 6e3 yactuu dopa (I150-2),
¢ YacTHIaMH KpucTaumaeckoro 6opa (BB12) u amopdnoro (BA22).

Fig. 5. The distribution of microhardness values over the thickness of PEO coatings formed in galvanostatic
mode in a silicate-fluoride electrolyte without boron particles (PEO-2), with particles of crystalline boron (BB12)
and amorphous (BA22).

AHanM3 TONYYEeHHBIX JAaHHBIX CBUAETENb-
CTBYET O TOM, YTO BHEIpEHHE YacTHll Oopa B CO-
craB II30-cinos moOBBILIAET MHUKPOTBEPAOCTD
BHEIIHEW YacTH T'eTepOOKCHJIHBIX cioeB. Tak, Ha
rnyonae 40 MKM OT MOBEPXHOCTH YHUBEpCalbHas
MHUKpoTBepaocTh [190-nokpeiTusa Oe3 yactuy 60-
pa, cocrapiger nopsiaka 1,6 ['Tla, B To Bpems Kak
MOKPBITHSL C YacTHIIaMH Oopa HMMEIOT 3HA4YeHUs
oonee 2,5 I'Tla. [lokpeITHs, coaepxaliie 9acTHIIBI
0opa, UMEIOT BEJIMYMHY YHHBEPCAIbHOM MHUKPO-
tBepaocti Ha 10-12 % BeimIe, 4eM MOKpHITHA 03
yacTuil. COOTBETCTBEHHO, MOXHO C/ENaTh BBIBOJ,
YTO BHEAPEHME YacTUL] OOpa MOJIOKUTEIBHO CKa-
3bIBAETCSI Ha MeXaHW4eckux cBorcTBax [190-
MOKPBITUH, (POPMUPYEMBIX Ha MarHHEBOM CILIaBe
MAS.

3akIoueHne

MeTtoaMu  3JIEKTPOXUMHUYECKOW HMIIEJaHC-
HOM CHEKTPOCKONWU W MMOTEHIIMOJIUHAMUYECKON
MoJIIpU3aIiy OBUIO YCTaHOBJICHO, YTO MPH MOTEH-
[IUOTMHAMHYECKOM pekrMe (OPMUPOBAHUS aHTH-
KOPPO3UOHHBIE CBOMCTBA MOKPBHITUI BBIIIE, YEM
MpU TaJIbBAHOCTATUYECKOM, YTO CBS3aHO CO pas-
JUYUSIMU B CTPYKTYpe MOKpHITUM. BHeapenue ua-
CcTUIl Oopa B COCTaB MOKPBHITHA TO3BOJIAET YIIyd-
miaTh MEXaHUYECKHWE CBOMCTBA: YHUBEpCAJbHAS
MUKPOTBEPAOCTh MOKPBITUI C YacTUI[AMU MPEBHI-
nraet Ha 10-12 % BeMMYUHBI JaHHOTO Mapamerpa
JU1s1 6230BBIX 1D O-TIOKPBITHH.
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HNudopmanus 06 apTopax

M.C. I'epacumenxo — unocenep HMucmumyma
xumuu /JBO PAH.

C.H. Cyukog — unoicenep Mncmumyma xumuu
J[BO PAH.

UM Umwuneykuti — kanouoam xumu4eckux
HAYK, CIMapuiuii Hayunvltl compyoHux Mncmumyma
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K.B. Haoapaua — KkanOudam XumMu4eckux
HAyK, Cmapuuti Hayunsiid compyoHux Hucmumyma
xumuu J[BO PAH.

.B. Mawmanap — 00kmop XumuyecKux Hayk,
3asedyrowuil 1abopamopuell KOMRO3UYUOHHBIX NO-
Kpbimuil buomeouyurnckozo uasnavenus UX J{BO
PAH.

CJL  Cunebproxos — uleH-KOPPECHOHOEHM
PAH, Ooxmop xumuyeckux Hayk, 3amecmument
oupexmopa HUncmumyma xumuu /[BO PAH.

C.B. I'nedenxoe — unen-xoppecnonoenm PAH,
OOKMOp XUMU4eckux Hayx, oupexmop Hucmumy-
ma xumuu J[BO PAH.
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Abstract. The structural-phase states and defect substructure of plasma surfacing with non-current flux-cored
wire in the nitrogen medium of R2M9 high-speed steel on the substrate of medium-carbon steel 30HGSA in the ini-
tial state, after high-temperature tempering and electron beam treatment were analyzed using scanning and transmis-
sion electron microscopy. Electron beam processing was carried out with the following parameters: the energy of
accelerated electrons is 18 keV, the energy density of the electron beam is 30 J/cm? the pulse duration is 50 micro-
seconds, the repetition frequency is 0.3 Hz, the number of pulses is 5. The formed deposited layer with a thickness
of ~5 mm has a frame-type carbide structure, which is not fractured during subsequent tempering and pulsed elec-
tron beams irradiation. Carbides in compositions MC, M¢C, M»Cs and M-,Cs are present in the initial state after sur-
facing and after tempering. After electron beam treatment, the main carbide forming the frame is MgC carbide.
Plasma surfacing is accompanied by the formation of martensitic structure; nanosized inclusions of the second
phase, having the following compositions: MoC, Mo,C, MgC, were identified along the boundaries and in the vol-
ume of martensite crystals. Their relative content is 34 wt. %. in the initial state, 33 wt. % after tempering and 19 wt.
% after electron beam treatment.

Keywords: deposited layer, electron microscopy, transition zone, tempering, pulsed electron beam, structure,
properties.
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Introduction High performance properties of deposited high-

speed steels (HSS) are achieved by special alloying

Reliability and durability of the working sur-
faces of equipment and mechanisms are deter-
mined mainly by the quality of their protection
against wear and corrosion. The most common
causes of premature failure of machine and equip-
ment parts are abrasive and impact-abrasive wear,
cavitation, corrosion, and fatigue processes. This
problem is solved by controlled changes in the
properties of working surfaces through surfacing
that provides the required set of properties [1-4].
Development of coatings with improved perfor-
mance characteristics under extreme conditions is a
fundamental task of great economic importance [5-
7].

and complex heat treatment, which ensures a cer-
tain phase composition [8-12]. High hardness and
wear resistance of high-speed steels are due to their
alloying with carbide-forming elements: tungsten,
vanadium, molybdenum and chromium. These el-
ements, under certain temperature and time condi-
tions, form particles of the carbide phase in steel,
which are the strengthening phase of the material
[13].

The use of a shielding and alloying medium of
nitrogen during plasma surface treatment, which
has significant advantages over other methods,
substantially improves abrasive wear resistance,
corrosion and impact resistance, and strength due
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to the formation of carbonitrides with increased
microhardness [14,15]. Plasma surfacing in the ni-
trogen medium with a non-current-carrying flux-
cored wire leads to the production of deposited
high-speed steels alloyed with nitrogen and alumi-
num, which increases their hardness and wear re-
sistance and reduces the cost of surfacing
[1,14,15]. Improvement of tribological and me-
chanical properties and the quality of the deposited
surface layer can be achieved by electron beam
treatment [16-20]. It provides good damping prop-
erties under mechanical and thermal loads and pre-
vents the premature initiation of brittle mi-
crocracks.

The analysis of related literature published in
Russia and abroad shows that there are very few
studies devoted to the physical nature and for-
mation mechanisms of improved HSSs surfacing
properties using transmission electron microscopy
[1,20].

The purpose of this work is to analyze the re-
sults obtained from studying the elemental and
phase composition, the state of the defective sub-
structure of the layer deposited on 30HGSA steel
with PP-R2M9 flux-cored wire and subjected to
high-temperature tempering and electron beam
treatment.

Materials and methods

The deposited material was investigated in
three states: firstly, after the formation of the de-
posited layer (hereinafter referred to as the initial
state), secondly, after three temperings of samples
in the initial state, and thirdly, after three temper-
ings and additional irradiation with a pulsed elec-
tron beam.

The samples for research were produced by
plasma surfacing using PP-R2M9Yu non-current-
carrying flux-cored wire on 30HGSA steel in the
nitrogen medium. Chemical composition of
30HGSA steel, % (by weight): 0.3C; 0.9Cr;
0.8Mn; 0.9Si. Chemical composition of R2ZM9Yu
alloy, % (by weight): 0.86C; 4.8Cr; 2.5W, 9.4Mo;
0.5V; 0.85Al; 0.08N; the rest is iron. Plasma sur-
facing modes did not differ from those described in
[1,2,15]. Some samples of 30HGSA steel with a
deposited layer of R2M9 alloy were subjected to
high-temperature tempering at a heating tempera-
ture of 580 °C, holding time — 1 hour, number of
temperings — 3. After tempering, part of the sam-
ples was subjected to additional irradiation with a
pulsed electron beam. Pulsed electron beam treat-
ment was carried out on the SOLO installation

(IHCE SB RAS) [19,20] with the following pa-
rameters: energy of accelerated electrons — 18 keV;
electron beam energy density — 30 J/cm?, exposure
pulse duration — 50 ps, pulse repetition frequency —
0.3 s™, number of pulses — 5; irradiation was car-
ried out at a residual gas pressure (argon) in the
working chamber of the installation — 0.02 Pa.

Studies of the structure and elemental composi-
tion of the deposited layer were performed using
scanning (KYKY-EM6900 device equipped with
an AZtec Live Lite Xplore 30 EDS energy-
dispersive microanalysis system) and transmission
diffraction (JEM2100 device) electron microscopy
[21-23]. The phase composition and state of the
crystal lattice of the phases were studied by X-ray
diffraction analysis (DRON-8N X-ray diffraction
meter).

Results and discussion

Plasma surfacing in the nitrogen medium with
PP-R2M9Yu non-current-carrying flux-cored wire
on 30HGSA steel led to the formation of a layer
with a thickness of 5 mm. The deposited layer has
a frame-type carbide structure formed by grains of
two dimensional levels [20]. The grains of the first
level have sizes varying within the range of (15-
35) um. The grain sizes of the second level vary
within the range of (3.5-11) um. At the grain
boundaries, predominantly of the first size level,
inclusions of the second phase are located, forming
a discontinuous shell. Additional heat treatment
did not result in a fracture of the deposited layer
frame structure. It should be noted that pulsed elec-
tron beam irradiation of the deposited layer pol-
ished surface led to the formation of a large-scale
(=900 pm) honeycomb-type structure. This may
indicate self-organization of the surface layer
structure subjected to high-speed melting and sub-
sequent high-speed hardening.

A lamellar-type structure typical for lamellar
martensite is observed in the volume of grains of
the deposited layer.

Heat treatment of the deposited layer does not
lead to fracture of the lamellar structure. In the
volume and along the boundaries of the plates, par-
ticles of the second phase are distinguished, the
sizes of which vary from 20 nm to 45 nm. Addi-
tional treatment of the deposited layer with a
pulsed electron beam is also accompanied by the
formation of a plate-type structure with numerous
nano-sized precipitates of the second phase in the
volume of surface layer grains.

BPMS. 2025; 22(2): 221-231
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The phase composition of deposited layer at the
macro level was studied using X-ray phase analy-
sis.

It was found that the main phase of the deposit-
ed layer in the initial state and after repeated heat
treatments is a solid solution based on a-Fe (bcc
iron-based crystal lattice) (Fig 1). Along with the
a-phase, the y-phase (solid solution based on the
fcc iron lattice, retained austenite) is present in a
small amount (3-5 wt. %) in the deposited layer (in
the initial state and after heat treatment). The
change in the crystal lattice parameter of the a- and
y-phases depending on the treatment mode, shows
that repeated temperings lead to a decrease in the
crystal lattice parameter of both phases. This indi-
cates the decomposition of the solid solution fol-
lowed by the release of carbide phase particles.
Additional irradiation of the deposited layer with a
pulsed electron beam is accompanied by a signifi-
cant increase in the crystal lattice parameter of the
a-phase, which obviously proves re-hardening of
the deposited layer surface. At the same time,
pulsed electron beam irradiation is accompanied by
a decrease in the crystal lattice parameter of the y-
phase. The latter indicates the decomposition of the
solid solution based on y-iron with the subsequent
release of carbide phase particles in the deposited
layer surface.

It was found that the main phase of the deposit-
ed layer in the initial state and after repeated heat
treatments is a solid solution based on a-Fe (bcc
iron-based crystal lattice) (Fig 1). Along with the
a-phase, the y-phase (solid solution based on the
fcc iron lattice, retained austenite) is present in a
small amount (3-5 wt. %) in the deposited layer (in
the initial state and after heat treatment). The
change in the crystal lattice parameter of the a- and
y-phases depending on the treatment mode, shows
that repeated temperings lead to a decrease in the
crystal lattice parameter of both phases. This indi-
cates the decomposition of the solid solution fol-
lowed by the release of carbide phase particles.
Additional irradiation of the deposited layer with a
pulsed electron beam is accompanied by a signifi-
cant increase in the crystal lattice parameter of the
a-phase, which obviously proves re-hardening of
the deposited layer surface. At the same time,
pulsed electron beam irradiation is accompanied by
a decrease in the crystal lattice parameter of the y-
phase. The latter indicates the decomposition of the
solid solution based on y-iron with the subsequent
release of carbide phase particles in the deposited
layer surface.

As mentioned above, the deposited layer is
characterized by the presence of inclusions of the
second phase. Following the results presented in

Fig. 1, it can be stated that repeated temperings do
not lead to an increase in the relative content of
carbide phase particles. Additional pulsed electron
beam irradiation contributes to a significant (1.8
times) reduction in the relative content of carbide
phase particles. X-ray phase analysis showed that
the deposited layer in the initial state contains car-
bides in the following compositionsr: MC (15 wt.
%), M@C (10 wit. %), M7C3 (7 wit. %), M23C6 (2 wit.
%). Repeated temperings led to a slight change in
the composition and ratio of carbide phases: MS
M-C; (traces). Additional pulsed electron beam ir-
radiation of the deposited layer, subjected to re-
peated temperings, caused significant transfor-
mation of the carbide phase, namely, the main car-
bide is MS (19 wt. %), M¢C (traces).

Transmission electron diffraction microscopy
showed that particles of the carbide phase can be
divided into two categories according to their size.
Firstly, carbide particles, the transverse dimensions
of which are a few micrometers. Such particles
form a carbide framework. Secondly, in the vol-
ume of grains and crystals of lamellar martensite
there are particles tens to hundreds of nanometers
in size. Micro-X-ray spectral analysis proves that
the particles of the carbide framework are enriched
predominantly in molybdenum and tungsten atoms.

The analysis of microelectron diffraction pat-
tern, obtained from micron-sized inclusions, indi-
cates that this formation is a carbide of complex
composition of the M¢C type.

It was noted above that the second phase parti-
cles of nanoscale range are located in the volume
and at the boundaries of martensite plates. Studies
carried out using mapping methods indicate that
these particles are enriched in molybdenum atoms.

Indeed, the analysis of microelectron diffraction
pattern obtained from the region of foil containing
such inclusions showed that these particles are mo-
lybdenum carbide of composition Mo,C.

Previously it was noted that pulsed electron
beam irradiation of the deposited layer does not
lead to the fracture of frame-type structure. Mi-
cron-sized inclusions located along grain bounda-
ries are enriched, as mapping results show, in at-
oms of iron, molybdenum and tungsten.

Dark-field analysis with a subsequent indexing
of the microelectron diffraction pattern, obtained
from the foil region given in Fig. 2a, showed that
this inclusion is s carbide of composition M¢C
(Fig. 2b).

It was found that the main phase of the deposit-
ed layer in the initial state and after repeated heat
treatments is a solid solution based on a-Fe (bcc
iron-based crystal lattice) (Fig 1). Along with the
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a-phase, the y-phase (solid solution based on the
fcc iron lattice, retained austenite) is present in a
small amount (3-5 wt. %) in the deposited layer (in
the initial state and after heat treatment). The
change in the crystal lattice parameter of the a- and
y-phases depending on the treatment mode, shows
that repeated temperings lead to a decrease in the
crystal lattice parameter of both phases. This indi-
cates the decomposition of the solid solution fol-
lowed by the release of carbide phase particles.
Additional irradiation of the deposited layer with a
pulsed electron beam is accompanied by a signifi-
cant increase in the crystal lattice parameter of the
a-phase, which obviously proves re-hardening of
the deposited layer surface. At the same time,
pulsed electron beam irradiation is accompanied by
a decrease in the crystal lattice parameter of the y-
phase. The latter indicates the decomposition of the
solid solution based on y-iron with the subsequent
release of carbide phase particles in the deposited
layer surface.

relative content, wt.%

As mentioned above, the deposited layer is
characterized by the presence of inclusions of the
second phase. Following the results presented in
Fig. 1, it can be stated that repeated temperings do
not lead to an increase in the relative content of
carbide phase particles. Additional pulsed electron
beam irradiation contributes to a significant (1.8
times) reduction in the relative content of carbide
phase particles. X-ray phase analysis showed that
the deposited layer in the initial state contains car-
bides in the following compositionsr: MC (15 wt.
%), MsC (10 wt. %), M;Cs (7 wt. %), M53Cs (2 Wt.
%). Repeated temperings led to a slight change in
the composition and ratio of carbide phases: MS
(18 wt. %), MesC (12 wt. %), MxCs (3 Wt. %),
M-C; (traces). Additional pulsed electron beam ir-
radiation of the deposited layer, subjected to re-
peated temperings, caused significant transfor-
mation of the carbide phase, namely, the main car-
bide is MS (19 wt. %), M¢C (traces).

mode of treatment

Puc. 1. OTHOCHUTENBHOE conlepKaHue (a3, BRIIBICHHOE METOIaMU PEHTTCHOCTPYKTYpHOTO aHanm3a: | — a-Fe,

Il — y-Fe, Il — kapOuapl; pexxumbl 00pabOTKH: | - HATUTABIEHHBIN CJIOH B ICXOJHOM COCTOSIHHH, 2 - HATUIABJICHHBIN

CJIOi1 ITocTIe MHOTOKPATHOTO OTITYCKa, 3 - HAaIJIaBJICHHBIN CJIOH IOCIe MHOTOKPATHOTO OTITYCKa M JOMOIHUTEIEHOTO
00y4eHUST IMITYJIbCHBIM 3JIEKTPOHHBIM ITYYKOM

Fig. 1. Relative content of phases revealed by X-ray diffraction analysis: | — a-Fe, Il —y-Fe, 11l — carbides;
processing modes: 1 — deposited layer in the initial state, 2 — deposited layer after repeated temperings,
3 — deposited layer after repeated temperings and additional pulsed electron beam irradiation.
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Puc. 2. DneKTpOHHO-MUKPOCKONNYECKOE H300paKEHUE BKIFOUEHN T MUKPOHHBIX Pa3MEpPOB, BHIIBICHHBIX
Metonamu STEM aHanu3a B HaIIaBJICHHOM CJIOE TTOCJIE MHOTOKPATHOTO OTITyCKa (a)
Y JIOTIOJIHUTEIHEHOTO 00TyYeHHUsI UMITYJIECHBIM JICKTPOHHBIM Iy4KOM (0)

Fig. 2. EM image of the deposited layer structure after repeated temperings and additional pulsed electron
beam irradiation: a — bright field; b — dark field obtained in the [511]M¢C reflection; ¢ — microelectron diffraction
pattern, the arrow indicates the reflection in which the dark-field image was obtained (b).

Transmission electron diffraction microscopy
showed that particles of the carbide phase can be
divided into two categories according to their size.
Firstly, carbide particles, the transverse dimensions
of which are a few micrometers. Such particles
form a carbide framework. Secondly, in the vol-
ume of grains and crystals of lamellar martensite
there are particles tens to hundreds of nanometers
in size. Micro-X-ray spectral analysis proves that
the particles of the carbide framework are enriched
predominantly in molybdenum and tungsten atoms.

The analysis of microelectron diffraction pat-
tern, obtained from micron-sized inclusions, indi-
cates that this formation is a carbide of complex
composition of the M¢C type.

It was noted above that the second phase parti-
cles of nanoscale range are located in the volume
and at the boundaries of martensite plates. Studies
carried out using mapping methods indicate that
these particles are enriched in molybdenum atoms.

Indeed, the analysis of microelectron diffraction
pattern obtained from the region of foil containing
such inclusions showed that these particles are mo-
lybdenum carbide of composition Mo,C.

Previously it was noted that pulsed electron
beam irradiation of the deposited layer does not
lead to the fracture of frame-type structure. Mi-
cron-sized inclusions located along grain bounda-

ries are enriched, as mapping results show, in at-
oms of iron, molybdenum and tungsten.

Dark-field analysis with a subsequent indexing
of the microelectron diffraction pattern, obtained
from the foil region given in Fig. 2a, showed that
this inclusion is s carbide of composition M¢C
(Fig. 2b).

The intragranular structure of the deposited lay-
er irradiated with a pulsed electron beam is charac-
terized by the presence of nanosized particles of
the second phase. With the help of the mapping
method it was established that these particles are
enriched in molybdenum atoms and, in a lesser ex-
tent, tungsten atoms.

Using dark-field analysis with subsequent in-
dexing of microelectron diffraction patterns, it was
found that these particles are molybdenum carbides
of composition MoC and carbides of complex
composition MgC. The sizes of particles having a
globular shape are 50-65 nm. Along with these
particles, particles with sizes of (3.5-4.5) nm were
identified in the volume of plates on dislocations.

It was noted above that pulsed electron beam
irradiation of the deposited layer leads to crystalli-
zation of the surface layer with the preservation of
a significant amount of retained austenite. Trans-
mission electron diffraction microscopy estab-
lished that the main location of retained austenite is
the boundaries of martensite crystals (Fig. 3).
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Puc. 3. DeKTpOHHO-MHUKPOCKOITMYECKOE U300pakeHNE CTPYKTYPhl HAIUIABIEHHOTO CIIOS T10CIIe
MHOTOKPATHOT'O OTITYCKa ¥ MOCJIEAYIOIEr0 00JyYEeHHUs UMITYJILCHBIM 3JEKTPOHHBIM ITyYKOM:!
a — CBETJIOE 10Jie; O — MUKPOJJIEKTPOHOTPaMMa; B, T' — TEMHBIE I10JIs1, MOJyYeHHbIE B OJIN3KO PACHIOJIOKEHHBIX
pednexcax [110]a-Fe + [103]MoC (B) u [110]a-Fe +[002]y-Fe + [100]MoC (r). Ha (6) cTpenkamu yka3aHbl
pediexchl, B KOTOPBIX MOJIy4eHbl TEMHOIOJIbHBIE n300paxenus: 1 — (B), 2 — (1)

Fig. 3. EM image of the deposited layer structure after repeated temperings and subsequent pulsed electron
beam irradiation: a — bright field; b — microelectron diffraction pattern; ¢, d — dark fields obtained in closely located
reflections [110]a-Fe + [103]MoC (c) and [110]a-Fe + [002]y-Fe + [L00]MoC (d). In (b) the arrows indicate

the reflections in which dark-field images were obtained: 1 — (c), 2 — (d).

Three high-temperature temperings of steel
samples with a deposited layer did not lead to a
significant change in the morphology of particles
of the carbide phase in the transition zone. As in
the initial state, particles of spherical, globular and
lamellar shapes are observed in the structure of the
transition zone after tempering. The sizes of globu-
lar particles vary within a range of up to 100 nm;
spherical particles — within a few nanometers.

Conclusion

Plasma surfacing in the nitrogen medium with a
non-current-carrying flux-cored wire PP-R2M9Yu
on 30HGSA steel formed a layer with a thickness
of (4.5-5) mm having a frame-type carbide struc-
ture. It was shown that additional heat treatment
(repeated temperings, pulsed electron beam irradia-
tion) does not result in a fracture of this structure.
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It was established that plasma surfacing is accom-
panied by the formation of a martensitic structure;
nanosized inclusions of the second phase are ob-
served along the boundaries and in the volume of
martensite crystals. X-ray phase analysis showed
that inclusions of the second phase are carbides,
the relative content of which in the deposited layer
is 34 wt. %, in the deposited layer after tempering
— 33 wt. %, after tempering and additional pulsed
electron beam irradiation — 19 wt. %. In the depos-
ited layer in the initial state and the state after tem-
pering there are carbides in compositions MC,
MeC, MxCs and M,Cs; after additional pulsed
electron beam irradiation, the main carbide of the
deposited layer is MC carbide. It was established
that, regardless of the heat treatment mode of the
deposited layer, the main phase forming the car-
bide frame is carbide of composition MsC. Nano-
sized particles of the carbide phase located in the
volume and along the boundaries of martensite
plates have the following compositions: MoC,
Mo,C, MeC
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AHHoOTamMsl. 3aKaJKOW U3 paciuiaBa (CIMHHUHTOBAHHEM) MTOJIyYeHA JIeHTa MarHuToMsirkoro cruasa Fe-Ni-Si-B
(2HCP), nernpoBaHHOTO Me/bI0 M HHOOMEM. M cronb3yst METOIbI COBPEMEHHOTO (PU3NYECKOT0 MaTepuanoBeAeHHs,
MPOBEIECHO M3y4YEeHHE MEXaHWYECKHUX M MarHUTHBIX CBOMCTB M CTPYKTYpHO-()a30BBIX COCTOSIHMI cIulaBa. Bpemen-
Hoe cornpoTtuBieHue pa3pbiBy 1is JeHTbl 2HCP coctasiser 615 MIla npu HU3KON BeNMYMHE YAJIMHEHUS 10 pa3py-
wenus €, = 0,68%, moxyns ynpyroctu coctasisier E = 91 I'Tla. Metonom DIC (Digital Image Correlation) ¢ no-
Motrsio iporpamMmbl «VIC 2Dy (Correlated Solution Inc., CIIIA) Ha 0CHOBE ONTHYECKOTO SKCTCH30METpa MOCTPOe-
HBI TIOJISI paclpesiesieHns] MPOJIOJILHON U MOoNepeyHod KOMMOHEHT Aedopmanuii. Chemka Benach ¢ yactotod 11
MIPY HArpy>KEHUH BIOJb HANpaBJICHUs] CHHHUHTOBaHUA. [IpoaHann3upoBaHO pacrpesieseHne 3JIEMEHTHOIO COCTaBa
JICHTBI METOJIOM MHUKPOPEHTTCHOCTIEKTPAIILHOTO aHANN3a U BBIABIICHBI HEOAHOPOAHOCTH 0 MEIH U yriepoay. Me-
TOJIaMH CKaHHUPYIOIIEH 3IEeKTPOHHONH MHKPOCKOIUHU MPH HU3YyYCHHH MOBEPXHOCTH Pa3pyLICHHUS YCTAHOBICHO MOD-
(hosormueckoe IByXCIIOIHOE CTPOEHHUE JICHTHI, C KOTOPHIM CBsi3aHa HaOIro/1aeMas MaKpOJIOKaIH3ays H3-3a HECOB-
MECTHMOCTH Pa3BHUTHS AehopMaIiii B KaXXI0M 13 cJIoeB. J{ByXCIOHHOE CTPOCHHE MOXET OBITh 00YCIOBICHO HEO-
CTaTOYHBIM COZEp’KaHWEeM KOOAJIbTa W HACJICJOBAHUEM CTPYKTYPHI CIIMHHUHTHpPYIOIIEro aucka. IIpoBexeHo cpas-
HeHue nedopmannonHoro nosegenus Jentsl 2HCP ¢ npyrumu marantomsrkumu marepuanamu 30KCP u 84KXCP.
O6cyxeHbl Gpu3nvecKue MPUYMHBI Pa3IN4Ms NOBEepXHOCTeH paspymienus jJeHT ciuiaBoB 2HCP, 84KXCP u 30KCP
NPU CTaTHYECKOM pacTshKeHHH. I10 COBOKYNMHOCTH pe3yJsIbTaTOB aHaiu3a Je(OPMALMOHHOTO ITOBEICHUS ClIENIaHO
3aKII0OYEHHE O KOHKypeHTHocnocoOHoctu crmaBa 2HCP, nermpoBanHoro Nb m Cu B kiacce MarHUTOMSITKHX
aMOpP(HBIX JICHT.

KiroueBble cji0Ba: MarHUTOMSTKHE CIUIaBBl, CTPYKTYpa, MEXaHHYECKHE CBOMCTBA, e(OpMAIIMOHHOE TTOBEJIEe-
HHUE, MarHUTHBIE CBOWCTBA
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/| ®ynnamenTanbHble MPOOJIEMBl  COBpeMeHHoro MmarepuanoBenenus. 2025. T. 22, Ne 2. C. 232-243.
doi: 10.25712/ASTU.1811-1416.2025.02.011.
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DEFORMATION BEHAVIOR OF QUASI-AMORPHOUS RIBBONS OF SOFT MAGNETIC
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Abstract. A soft magnetic Fe-Ni-Si-B (2NSR) alloy ribbon doped with copper and niobium was produced by
melt spinning (spinning). Using modern physical materials science methods, the mechanical and magnetic proper-
ties, as well as the structural-phase states of the alloy, were studied. The ultimate tensile strength of the 2NSR ribbon
is 615 MPa with a low elongation to failure (g, = 0.68%), and the elastic modulus is E = 91 GPa. The Digital Image
Correlation (DIC) method, implemented via the "VIC 2D" software (Correlated Solution Inc., USA), was used to
construct strain distribution fields for longitudinal and transverse components based on an optical extensometer. Re-
cording was performed at 1 Hz under loading along the spinning direction. The elemental composition distribution
of the ribbon was analyzed using micro-X-ray spectral analysis, revealing inhomogeneities in copper and carbon.
Scanning electron microscopy of the fracture surface revealed a morphological two-layer structure of the ribbon,
which is associated with the observed macro-localization due to incompatible strain development in each layer. The
two-layer structure may be attributed to insufficient cobalt content and the structural inheritance from the spinning
disk. The deformation behavior of the 2NSR ribbon was compared with other soft magnetic materials (30KSR and
84KHSR). The physical reasons for the differences in the fracture surfaces of the 2NSR, 84KHSR, and 30KSR alloy
ribbons under static tension are discussed. Based on the comprehensive analysis of deformation behavior, it is con-
cluded that the Nb- and Cu-doped 2NSR alloy is competitive in the class of soft magnetic amorphous ribbons.

Keywords: soft magnetic alloys, structure, mechanical properties, deformation behavior, magnetic properties.

For citation: Semin A.P., Gromov V.E., Ivanov Yu.F., Panin S.V., Kornienkov B.A., Mogilnikov P.S. & Selivanov
1.D. (2025). Deformation behavior of quasi-amorphous ribbons of soft magnetic alloys. Fundamental 'nye problemy
sovremennogo materialovedenia (Basic Problems of Material Science (BPMS)), 22(2), 232-243. (In Russ.).
doi: 10.25712/ASTU.1811-1416.2025.02.011.

BBeaenue

Buumanune uccnenoBareneit B obnacti Qpusm-
YeCKOr0 MaTepHUajOBEJCHHUS B IOCIEAHEE BpEMs
MIPUBJICYEHO K HOBOMY KJIacCy COEIWHEHMH —
aMOp(HBIM CIUTaBaM, METOABI, TMOIY4YEeHHS KOTO-
PBIX U CBOWCTBA IPEANONAraloT OOJIbIIOE pa3Ho-
o0pa3ue CTpyKTyp MaTepHajoB M UX CBOMCTB [l-
5]. Takue maTepuasbl MOTYT H3TOTOBISATHCS TPH
MTOMOIIM M3BECTHBIX B METAJUTYPTHH TEXHOJOTHH,
1100 MOTYT MCIIONIb30BATHCSI HOBBIE TEXHOJIOTHYE-
CKUE NPHEMBl U MaTepUallbl, II03BOJIAIOLINE HOTY-
YUTh  CIUIaBbl C  YHUK&JIbHBIMM  (PU3HKO-
MEXaHMYECKUMHA M (QYHKIHOHATBHBIMH XapakTe-
puctukamu [6-8]. Vcnonp3oBaHuE 3THUX CILIABOB
OTKPBIBA€T BO3MOYKHOCTb IIOJIyYEHMS M3IEJIUN C

TpeOyeMbIMH  (DU3UKO-MEXaHUYECKUMH, MAarHUT-
HBIMH U JIPYTUMH cBoOMcTBamu [9-11].
U3meHeHnem coctaBa 3JIEMEHTOB MOKHO
¢dopMHpoBaThH cTeNeHb TpeOyeMbIX (QyHKIHOHAIb-
HBIX XapaKTEPUCTHUK TAKUX CILIABOB — MPOYHOCTH,
(MHOYKIIMIO HACBIIIECHHUS), COMPOTHBICHUE W3-
HamuBanuio u apyrue [12]. B paborax [13-15]
00HApPYXEHO, YTO METAJDIOUIHEIC AieMeHTH (B, P,
Si), a Takxe Nb u Ti, MOTYT 3HAUUTENBFHO YIIy4-
IINTh KOPPO3HOHHYIO CTOMKOCTh W MAarHUTHBIE
CBOWCTBa aMOP(HEIX CIJIABOB Ha OCHOBE JKee3a.
[Ipu uccnenoBaHNKM MarHUTHBIX CBOMCTB psina
aMOp(QHBIX CIUIaBOB OblIa OOHApy>KEHa MEpPCIHeK-
TUBHOCTb Pa3pabOTKU MAarHUTOMATKMX MaTepua-
JIOB, IPUYEM HU3MEHITh MAaIHUTHbIE XapaKTEePUCTH-
KA (MHAYKUOUIO HACHIICHHS, BEJIUYMHY KOIPLU-

BPMS. 2025; 22(2): 232-243
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TUBHOHM CHJIBI) MOKHO IYTEM JIETHPOBAaHUS U Tep-
Moo0paboTku [16-18].

B nocneanee Bpemst ObLIO JOCTUTHYTO 3aMeT-
HOE yNy4lIeHHE CBOMCTB MarHUTOMSTKHUX aMopQ-
HBIX CIUIAaBOB, YTO OBUIO BBI3BAHO TPEeOOBAHUSAMU
MPOMBIIIUIEHHOCTA TI0 pa3paboTKe MaTepHhajoB C
Oosee BBICOKOW HaMarHWYEHHOCTHIO HACBIIICHUS,
Ooylee HU3KOW KOIPIUTUBHON CHIION, BBICOKOM
MarHUTHOM NpPOHULAEMOCTbIO. M3roToBiICHHE W3-
JeNuil U3 TaKuX MaTepUasoB TMO3BOJSET AOCTHYD
3HAUYUTENFHOTO  JHEprocOepeXeHusi, TOBBICUTh
KIIJT w ymeHbmUTh TabapUTHl AIEKTPOHHBIX
yctpoiicts [19].

Oco0bIit UHTEPEC MPEACTABISIIOT TOHKUE JICH-
Thl U3 BBICOKOIHTPONHMHHBIX CIUIABOB, MOJIy4YeH-
HBIX METOZIOM CITUHHUHTOBaHUs. PerynmupoBanne u
yIy4llleHNe MEXaHWYeCKMX W MarHWTHBIX Xapak-
TEPUCTHK JICHT W3 aMOp(QHBIX MArHUTOMSTKHX
CIUTABOB OCTaeTCs aKTyalbHOU mpobiemoit [21-
22].

Beuto ycraHoBieHO, 4TO aMOp(QHBIE CIUIABBI
cuctem Fe-Ni-Si-B (tuna 2HCP) npu omnpezernes-
HBIX PEKHMax TEPMOOOPAOOTKH UMEIOT YCTONYH-
ByI0 TCHICHIMIO K POCTy HaMarHWYeHHOCTH
Haceierns [23-25]. B crurae 2HCP ¢ HeGounb-
muMu o6aBkamu Nb u Cu npu HEKOTOPBIX pe-
KUMax TepMO-MarHUTHOH o00paboTKu B ToJe
yrnpyrux HampsbkeHuid (cokpamiernno TYQ) 0bu1o
0o0OHapy)XeHO  yBENMYEeHHE  HaMarHUYEeHHOCTH
nacermenus Ha 20 - 25% [26]. TTogobHoe n3meHe-
HUE MarHUTHBIX XapaKTEPUCTHK MOXET OBITh CBS-
3aHO ¢ POCcTOM 3((HEKTHUBHOTO MATHUTHOTO OIS
Ha siapax sxenesa [27]. Ilpenmonaraercsi, 4To pocT
HAMarHMYEHHOCTH CBSI3aH C COCTOSIHUEM aMopQ-
HOU CTPYKTYpPBHI B CTaJIUH MPEIKPUCTAIUIN3AIIH, C
MOSIBJICHHEM OCTPOBKOB KPUCTAJNTUUECKON (a3bl B
pe3ynbTare pacnaga aMmophHON MaTpuIls! [23].

Lensto mamHOW pabOTHI SBISJICS —aHAIU3
CTPYKTYpHO-(a30BbIX  COCTOSHUH, MAarHUTHBIX
CBOWCTB M Ae()OpPMAIIIOHHOTO MOBEICHHS JICHT M3
amophHbIX cruiaBoB. (XHUMHYECKUM COCTaB
yKazaH B Tabn 2) \

MaTepnaﬂ U METOABbI UCCJICA0OBAHUA

B kadecTBe OCHOBHOTO HCCIIETyEMOTO MaTe-
puana ObLT BEIOpaH MarHUTOMSITKUH CIDIAB MapKH
2HCP, nerupoBaHHBIA Menpi0o U HuoOmeM: (at%
Fe-78, Ni-1, Si-8, B-13; Nb (~ 0,8%) u Cu (~
0,3%), moka3zaBIIMi yBeTHMYCHHE HaMarHUYE€HHO-
¢ty Haceimenus nocie TYO [23].

st onipeneneHuss MHIYKIMU HACHICHNS ObLI
MCIIOJIb30BaH BUOPAlMOHHBIA MarHuToMeTp VSM-

250. lanHble KpUBOM HaMarHUYWBAHUSA, MOTydac-
MbIe Ha MarHHUTOMETpeE, MPEeACTaBISIOT co0oii 3a-
BUCHMOCTb BEJIIMYMHBI yJEIbHOH HaMarHUYeHHO-
cTH 654, oT BenmuuHbl noiist H. O6paboTka gaHHBIX
0T BHOPOMAarHMTOMETpa MPOM3BOAMIACHE C TOMO-
mpl0  mporpamMmmHoro  obecmedenuss  Model
DJAW2000 [19, 28].

VYnenpHas HaMarHWYEHHOCTh HACBHILEHUS GS
omnpenensuiach B MarautHoM Trosie 40 kA/m. Ilepe-
BOJ Os B B ocymectBisuica mo ciemyromei dop-
MyJe:

Bs=0s'p-1000-1y, THE p — IIIOTHOCTH CILIABA,
n0 — yHuBepcaibHasi MarHUTHAS IIOCTOSIHHAS.

Crpyktypy u ¢a3oBsiii coctaB neHTel 2HCP
WCCIIEIOBATM METOJIaMU CKaHHpYyomeh (rmpudop
KYKY-EM6900, KHP) u mpocBeunBatomieir au-
(pakIMOHHON 3JEKTPOHHOH MUKPOCKOMWH (TIpH-
6op JEOL JEM-2100F, Smonus). ®onpru (00beK-
Thl HCCIICJIOBAHUS METOJAMH IPOCBEUUBAOIIEH
AIIEKTPOHHON TUPPAKIUOHHONH MHKPOCKOIIHMH) H3-
rOTaBIMBAJIM MOHHBIM YTOHEHHEM (ycTaHOBKa lon
Slicer EM-091001S, yToHeHHE OCYIIECTBISIETCS
WOHAMH aproHa), YTO IMO3BOJUIO MPOCICIUTH H3-
MEHEHUE CTPYKTYpPBI, SJIEMEHTHOTO W (Ha30BOTO
cocTaBa MaTepuana 1o Mepe yJaajaeHHus OT HOBepX-
HOCTH.

H3mepenue eeruuunvl dehopmayuu memo-
oom Koppenauuu Yu@ppoevlx u3o0paxycenuil.
AnanuzupoBanu gegopMaoHHOEe NOBEACHUE 00-
pasIoB JICHT.

Bripeska 00pa3ioB st UCHIBITAHUST TIPO-
BOJMJIACh BPYYHYIO U3 0OpaslloB JICHTHI C MO-
MoIIbl0 HOXHHUIl. Dopma 00pas3IoB COOTBET-
cTtBoBasia cranaapty ASTM E345-16 tun B,
00pa3Ibl MPEACTABISUIM COOON MPsIMOYTOJIbHbIE
MOJIOCKH, pabouas 00yiacTh UMesa pa3mepbl 39 X
(4,5+6,5) mm. Temmeparypa Bosayxa - 23°C, xo-
JIMYECTBO 00pa3LoB - 3 . McnblTaHus IPOBOJMIIH C
MOMOIIBI0 YHUBEPCAJIBHOM HCHBITATEIBHON Ma-
mmHbl INSTRON 5582 (Instron, CIHA). M3mepe-
HUE pacnupeneneHus aehopMaIril mpoBeaeHo ¢
HCITOJIb30BAaHUEM MeTo/a Digital Image
Correlation (DIC) ¢ nomouipto nporpammsl «VIC
2D» (Correlated Solutions Inc., CIIIA) Ha ocHOBe
onTHYecKoro ’KkcreHzoMerpa. ChéMka m3o0paxe-
HUI TIOBEPXHOCTH Harpy»aeMbIX 00pa3lloB BElach
¢ yacrotod 1 I'm. CkxopocTe mnepememieHus mo-
JIBIDKHOTO 3aXBaTa HCIBITATENILHON MAIUHBI CO-
crapmsuia 0,008 MM/C, 9TO COOTBETCTBYET CKOPO-
ctu aepopmarmm. 0,00017 mm/mm/c™. Harpyse-
HHUE OCYILECTBIISUIOCH BIOJIb OCH JICHTBI.

Oyna. npobi. coBp. Marepuanosen. 2025. T. 22. Ne 2. C. 232-243



Jegopmayuonnoe nosedenue K8asuamoppHoix 1enm MAeHUMOMALKUX CNIAB08

235

Pe3ynabTaThl M BX 00cy:KaeHHE

Ha puc. 1 npuBenenst POM-u3o0paxxeHus mo-
BEPXHOCTH JEeHTHl. OTYETIMBO BHIHO, YTO JIEHTA
SIBJISIETCSI CTPYKTYPHO HEOJHOPOAHBIM MaTepua-
noM (puc. 1, a) U XapakTepuszyercsi HaTmulueM 00-
Jacteil ¢ BBICOKOPA3BUTBHIM pelibed)oM, pasjienicH-
HBIX «KaHaBKaMW» ¢ riagkuM penbedom. Ilo
BHEIIHEMY BHIY TMOJOOHBIX «KaHAaBOK» MOXKHO
NPEANONIOKUTh, YTO OHM PACTEKaJHCh MOAOOHO
KaIlUIIM B IPOLECCE 3aCThIBAHUS JIEHTHI IPU CIIU-
HUHHTOBAHUH.

f
e
Puc. 1. POM-u300paxeHne TOBEPXHOCTH JIEHTHI
crutaBa 2HCP. Ha pucyske (6) mudpamu yxa3zaHbl

Y4acCTKH MPOBCACHUA MUKPOPCHTICHOCIICKTPAJIbHOTO
aHaJIn3a.

MeTtogaMi  MHUKpPOPEHTI€HOCHEKTPAIBHOTO
aHayM3a BBITIOJIHEHBI HUCCIIEOBAHHS 3JIEMEHTHOTO
cOCTaBa JIGHTHI JUUISl YYacCTKOB IOBEPXHOCTH, YKa-
3aHHBIX Ha puc. 1, 0, (Tabm. 1). IlpuBeneHHbIC
JaHHbIE CBUIETENLCTBYIOT O HEOTHOPOAHOM pac-
HpE/IeNICHUN yTiiepoJa U MeIH B JIeHTe. B gacTHO-
CTH, MeJlb U yTJICPO]] BBISBICHBI JIUIIb B 00JIACTIX

C BBICOKOpa3BUTHEIM peibedom (cM. obmacTh 2 Ha
puc. 1, 6).

Tabauna 1. eMEHTHBIA COCTaB TTOBEPXHOCTHOTO
ciios JieHTsl ciiaBa 2HCP, corinacHO naHHBIM
MUKPOPEHTTEHOCTICKTPAIbHOTO aHanmu3a. O0acTu
aHanu3a 0003HaYCHHI Ha puc. 1, 0.

Dne O6macts 1 Oobmnacts 2 ITo Bceit mmi0-
mraau puc. 1
MEHT
Bec. | ar. % Bec.% | at. % | Bec.% | aT. %
%
C 5,24 19,77 | 5,69 21,17
Si 531 | 10,39 4,19 6,77 4,43 7,05
Fe 93,1 | 88,35 88,52 | 71,9 88,02 | 70,39
Ni 1,39 | 1,25 1,51 1,16 1,44 1,09
Cu 0,55 0,39 0,42 0,29

CormacHo [aHHBIM DBJIEMEHTHOTO COCTaBa
crutaBa 2HCP, Hanuume yriaepona TaM He Mpeny-
cMoTpeHo. Menp BBOJIMIACH B KadecTBE JIETHPY-
IOLIEro 3JeMeHTa ¢ ManbiM conepxanuem 0.3 %.
ITo sTOM MpHUUYMHE pa3InYUe EMEHTHOIO COCTaBa
B «KaHaBKax» W OOJACTIX C BHIPAKEHHBIM pellbe-
(oM MOKHO OTHECTH CKOpee K acleKTaM YyBCTBH-
TEJbHOCTH/TIOTPELIHOCTH HCIIOJIB30BAHHOTO METO-
na EDS. Tem He meHee, cyast IO BHEIIHEMY BUY,
xapaktep HMX (OPMHPOBaHUS ACHCTBUTEIBHO OT-
JIMYaJICs.

MeTtoamMu CKaHUPYIOUIEH 3IEKTPOHHON MHK-
POCKOIIMU TIPOBEJIEHBl HCCIEAOBAaHUS MTOBEPXHO-
CTH pa3pyLIeHUs JIEHTHI. Pa3pyiienue neHTs B pe-
3ynpTare aedopMairi OAHOOCHBIM PacTsHKEHUEM
HOCWIO Xpynkuil xapaktep. IIpu 3T0 BBIABIEHO
JIBYXCIIOWHOE «MAaKpOCTPOEHHE» MaTepuana: ciIon
I ¢ BbIcOKOpa3BUTHIM penbedom (0003HAUEH Ha
puc. 2 mudpoii 1), UMeBIIHN IMUPUHY 5 +- MKM H
cioi 11, penbed koroporo oTcyTcTBOBaj (0003HA-
YeH Ha puc. 2, a qudpoii 2). TonmuHa mocneaHero
cocraBuia 15 MKMm.

Taxum 00pa3om, BEISIBICHO MOP(OJIOTHYECKOE
JIBYXCIIOMHOE CTpoeHHue JeHThl. COomocTaBisas pe-
3yJIbTaThl, NMPEACTaBIEHHbIE Ha puc. 1 u puc. 2,
MOXHO TPEIIONOXKHTh, YTO OoJiee TOHKHM ciroit [
C BBICOKOPa3BHUTHIM penbedom (puc. 1) sBisercs
clioeM, NMPHUMBIKAIOMMM K OapabaHy M 4acTUYHO
HACJIEYIOIIUM CTPYKTYPY €T0 MOBEPXHOCTH.
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Puc. 2. POM-u3o00paxeHue, XxapakTepU3yroIee
CTPYKTYpPY TIOBEPXHOCTH pa3pyIIEHUS JECHTHI.

MeronoM NpOCBEYMBAIOIIEH  3JIEKTPOHHOU
nmudpakironHo Mukpockormu (I[I19M) ycraHOoB-
JeHo, 4To uccienyemas jeHTa cruiaBa 2HCP xa-
paktepusyercsi aMmopdubIM cTpoeHueM. OO0 >ToM
CBUJICTENILCTBYET BUJI MHKPOIJIEKTPOHOTPAMMBI,
coJepiKalleld J1Ba BBIPAKEHHBIX AU(PQY3HBIX rajo
(puc. 3, 0). [Ipx OTHOCUTENLHO OOJBIINX YBEIIH-
YEHUSX BBIABISIETCS KpamdaTblii (4epHO-OelbIii)
KOHTPACT C XapaKTEPHBIM Pa3MEPOM CTPYKTYPHBIX
sneMmenToB 0,15-0,25 HM. DTO MOXKET CBUAETEIIb-
CTBOBaTh 0 (POPMHPOBAHUU B MaTepHalie OJIMKHE-
r0 aTOMHOTO MOPSIZIKA.

Puc. 3. [IDM-n3o00paxkxeHre CTpYKTYpHbI JICHTHI CIUIaBa
2HCP; a, B, T — CBETJIONOJBbHBIE H300PAKEHUS,
MOJYYEHHBIE TIPH PA3IMYHOM YBEINYECHHUH;

0 — MHKPOJJIEKTPOHOTpaMMa y4acTka (a).

Metonom DIC mpoBeneHo uccienoBaHue Je-
¢dopmanmonHoro noseaeHus ¢onwr crasa 2HCP,
JIETUPOBAHHBIX MeAbI0 U HHOoOueM, (puc. 4). Me-
tonoM DIC nposeneno wucciemoBanue aedopma-
MUOHHOTO ToBeaeHus: gonbr crasa 2HCP, neru-
POBaHHBIX Mezpio U HUOOHeM, (puc. 4). Ilons me-
¢dopmanunii mokaszaHsl i1 QUKCUPOBAHHBIX 3HAUe-
HUH nedopmanum, a Takke MPUBEICHBI 3HAUCHHS
COOTBETCTBYIOIIMX MM BHEIIHUX IPHUIOKEHHBIX
HanpsbkeHuil. HampaBnenue eyy COOTBETCTBYET
MPOJIOIBLHOMY HAIIPaBJICHUIO (BIOJIL OCH 00pa3ia),
€XX — IONepeYyHOMY HaIPABICHUIO, €Xy — OTpaska-
€T CIBUTOBYIO JleOpMaIiio B HampaBieHHH 45° u
BBIYUCIISIETCS. U3 MEpBBIX OBYX. OTMETHM Xapak-
TEpHbIE OCOOCHHOCTH.

1. Bo-mepBbIX, pa3pylieHHE MPOUCXOIUIIO
NpU JIOCTaTOYHO MANbIX BEIMYMHAX JeQOopMaliu
~0.6 %, 4TO BHOJNHE corjacyercsi ¢ aMOoppHBIM
«cTaTycoM» (CTPYKTYpOil) JIGHTBI HCCIIEAYEeMOTO
criaBa. OZHOBPEMEHHO CIEAYyeT OTMETHTh J10CTa-
TOYHO BBICOKYIO MPOYHOCTH (IIpeeN MPOYHOCTH),
B aHHOM ciy4ae gocturain 550 Mlla.

2. CormacHO TPEACTAaBICHHBIM  KapTHHAM
nojei JedopmMaryu, TPEKIe BCErO KOMIIOHEHT
MONIEPEYHON €XX M CABHMIOBOM €Xy, B Ipolecce
HCHBITAaHUI 0COOBIX M3MEHEHUI He HalJII01ajIoCh,
XOTSl 00JIaCTh JIOKaNM3alluk OblIa XapakTepHa (U
MPaKTUYEeCKH HEe MEHsUIach 1o opMe U pazMepam
BO BpEeMsI BCETO UCHBITAHUS) B LIEHTPAJILHON YacTH
oOpa3iia.

3. CornacHO TONyYEeHHBIM KapTUHAaM pac-
npeeneHrs IpoIoJIbHON KOMIOHEHTH Aedopma-
LUK eyy, 00pasel] npeTepreBal ee pa3BUTHE, YTO B
KOHEYHO CUETe W 3aBEepIIMIOCH €ro XpPYyNKUM pas-
pYLIECHUEM.

6=92 o =|0 =|0 =|0 =|0 =
MI_Da 191 281 364 461 545
MPa MPa MPa MPa MPa
& =] € =] & =] & =] & =] & =
01% [02% [03% [04% |05% |0,6%

@ynz. npobi. cosp. Matepruanosen. 2025. T. 22. Ne 2. C. 232-243




237

ﬂeqbopmauuonnoe noseoenue K6a3uaM0pd)Hblx JIeHN MACHUMOMAZKUX CNl1de06

B
4
&

:

s

3 AR, g

PR Sraiw e g,

fifetag gome oo

r
”
4

A SRR N ki PR el Yl et i

oy s o ’
s i

a8 Al

"

;i

;
o
i
3
3
1

SRS LN A T e .
T T T S i

Puc. 4. KapTuns! pacnpeseneHust KOMIIOHEHT JieopMaruy exXX, €XY 1 eyy IpHu 0JJHOOCHOM CTaTHYECKOM
pacTsbkeHHH 00pa3noB JieHThl cruiaBa 2HCP

COKHE TPOYHOCTHEIC CBOWCTBA. B TO ke Bpems
HaOJrolaeMasi ¢ caMoro Havalla Harpy>KeHHs Mak-
poJIoKammIH3aIysa AepopManid Morjia OBITh CBS-

Takum 00pa3oM, MOKHO TOBOPHUTB, 4TO CHOp-
MHUpOBaHHas TpW CIUHHUHTOBAHWN aMop¢Has
MHUKPOCTPYKTypa oOecriedrBaja JOCTaTOYHO BBI-
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3aHa C JBYXCJIOMHOM MAakKpOCTPYKTYpPOU JIEHTBI
(cM. puc. 2), BcaeACTBHE HECOBMECTHOCTH €€ pas-
BUTHS B K&KJIOM U3 €€ CIIOEB.

Taoauna 2. Xumudeckuii coctas ciiaBos 2HCP,
30KCP u 84KXCP [19]

BpeMs Kak oTHocuTenbHO crutaBa 84KXCP Benu-
yuHa Bs modty B Tpu pasa Bele (TIOYTH B JBa paza
Oonee Boicokoi Temmeparype Kropwm). Takum 00-
pazoM, HSKOHOMHO JerupoBaHHbIM cmiaB 2HCP
MO3BOJISIET JIOCTHYh BBICOKHMX ITOKa3aTele Mar-
HUTHBIX CBOMCTB M WX COXPAHEHUS 10 TEMIepaTy-
pe1 415 °C.

Jlnst BceX TpeX TUIIOB CIJIABOB METOIOM JH(]-
(epeHIMaNbHON CKaHUPYIOIMEeH KaJopUMETPUH
(ICK) ObLI0 YCTaHOBJICH JBYXCTaIMHHBIN Xapak-
Tep KpPUCTAJUIM3AIMH, KOTOPYIO COOTBETCTBEHHO
OILICHUBAIOT JIByMs TEMIIepaTypamMH: Hadajga Kpu-
cramnuzaruu Ty u Ty, Tabnuia 3.

Tabauna 3. 3HaueHus TeMuepaTyp KpUCTaUTH3auN
T, u Ty, amopdHOiA (a3bl, onpeneieHHbIE METOI0M
JCK misg cumaBo 2HCP, 30KCP u 84KXCP

Ty, °C Ty, °C
2HCP 508 536
30KCP 451 533
84KXCP 504 650

BuiHO, 9YTO OCHOBHBIM OOBEKTOM HCCIICIOBA-
HUU B AaHHOH pabote cruraB 2HCP unmeer Gornee
BBICOKOE 3HaueHWe Tyj, YTO XapaKTepu3yeT ero
0oiiee BBICOKYIO TEPMHUYECKYIO CTaOMILHOCTb.
Kpome Toro, B mpomecce JACK anmanuza ObLiO
YCTaHOBJICHO, YTO TIOBTOPHBIA HAarpeB 00pasiioB
Bcex cmiaBoB 30KCP, 84KXCP u 2HCP ne co-
MPOBOX/IANICS Pa3BUTHEM KaKHX-THOO 3QQeKToB,
YTO CBUAETEILCTBYET O HEOOPAaTUMOCTH TpoIiecca
KpUCTaUTH3AIH aMophHOU (a3bl.

Opnako OONBIIMI WHTEPEC MPECTaBISIET
BO3MOXKHOCTh JIOCTMDKECHHUS pAZla XapaKTEPUCTHK
TEXHOJIOTHYECKUX U ()YHKIIMOHAIEHBIX CBOWCTB, K
YHUCIIy KOTOPBIX OTHOCSITCS WHAYKINS HACHIIICHHUS
U TeMmmeparypa Kpuctauiusanuu. Hmke Takue
JTAHHBIE TIPECTABIICHBI B TAOJIMYHOM BUJIE.

B tabnuie 4 npuBeneHBI TaHHBIC O BEJTUYHHE
MarHUTHOW WHAYKIIMY HACBHIIICHHUS W TeMIIepaTy-
pwt Kropu s Bcex Tpex TUHOB aMOp(HBIX CILia-
BOB. BHIHO, 4TO 10 BEJIMYMHE MEPBOTO IMapameTpa
cmaBel 2HCP u 30KCP npakTtrdecku paBHBI, B TO

Fe, | Co, | Ni, | Cr, |Si, B, Ta6auna 4. Bennunna HHIYKIMA Hackimerns Bs, T u
at% | at% | at% | %ar | % %art temneparypsl Kiopu T,,°C crmasos 2HCP, 30KCP u
ar 84KXCP [19]
2HCP 78 - 1 - 8 13
Mapka criaBa Bg, Tn T, °C
30KCP 57 31 - - 29 191 = &
2HCP 1,55 415
84KXCP | 3,7 | 69 - 38 (12511 30KCP 158 540
84KXCP 0,58 250

B Tabmume 5 mpuBemeHbl pe3yiabTaThl
OIICHKN MEXaHWYECKHX CBOWCTB JIEHT TPEX THIIOB
amop¢ueix craBoB 2HCP, 84KXCP, 30KCP, no-
Jy4YEHHBIE TPU UCTIBITAHUU Ha PACTSHKECHHE U HC-
nons3oBannu Metoga DIC. BumHo, uTo mo Benu-
YUHE MOJYJSI YIPYTOCTH «IKOHOMHO JIETHMPOBAH-
He1y ciiaB 2HCP aumip He3HAYUTENIBHO yCTyHaeT
30KCP u 84KXCP.

Taobauna 5 — Mexaanueckue cBorictsa jent 2HCP,
84KXCP, 30KCP

CrangapTHoe
Cpenneapudm.

Tpynna Tokasatens (cpennexBajp.)

3HAYECHHUS
oTKJI0HeHHe SD

Monuyns ynpyroctu E (I'TTa) 911 2,6
2HCP TIpenen npounocty o, (MIla) 615 95
V umsenne 10 pasp. & (%) 0,68 0,09
Monyns ynpyroctu E (I'TTa) 115 11
84KXCP TIpenen npounocty o5 (MIla) 1173 5
Vumnenue 10 pasp. & (%) 1,03 0,12
Monys ynpyroctu E (I'Tla) 104,2 22
30KCP TIpenen npounocty 65 (MIla) 1170 40

Y wiiHenue 10 pasp. & (%) 1,14 0,02

OTo oTnMuYMe BoO3pacTaeT Uil IMapaMeTpa
«TIpeniesl MPOYHOCTH», OAHAKO OOBICHSIETCA TeM
(dakTOpOM, YTO KpHUBBIE HArpy>KEHHS HUMEIOT (ax-
TUYECKH BUJI MPSIMBIX (PUCYHOK 5), TO3TOMY BEJH-
YMHA Tpefesia MPOYHOCTH MPOINOPLUOHANbHA Be-
JMYUHE YIUIMHEHUs O pa3pylLleHus, KoTopas Il

30KCP (£~0.95 %) u 84KXCP (e~1.03 %) Taxxe
Beime, yeM it 2HCP (€~0.68 %). Takum oOpa-
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30M, uccieayemslii cmas 2 HCP, konuuecTBo Je-
TUPYIOIIMX 3JIEMEHTOB B KOTOPOM HEBEIIMKO, 00-
JaTaeT BIOJHE KOHKYPUPYIOMIMH Ae(popManroH-
HO-TIPOYHOCTHBIMH CBOWMCTBAMHU IO CPaBHEHUIO C
0oJiee TOpOrOCTOSIMMH aHAIOTAMH.

1400

— Obpazey 1
400 —Obpazew 2

HanpsaseHune (MMMa)
=
[s=]

-0,5 0 0,5 1 1,5
Nedopmauma (%)

Puc. 5 — JluarpamMMsbl pacTsHKeHUS 00pa3IoB
cruaBa 30KCP

[lepen 3akmtoyeHHeM B KadyecTBE TPaKTOBKU
MOJY4YEHHBIX PE3yJIbTATOB O MEXAaHHMYECKHX CBOM-
CTBax BCEX TPeX THUIAX aMOP(HBIX CIJIABOB aBTO-
PBl CUMTAIOT 1IeNecO00pa3HbIM BEPHYTHCS K JaH-
HBIM O cTpyKType seHT. Jns criaBa 2HCP takue
JaHHble ObUIM MPUBEACHBI HA puC. | 1 2.

()

Puc. 6. POM m300paxxeHue CTpyKTYpHI IIOBEPXHOCTH
paspyuienus (a, B), copMUpOBaHHAs IPU PaCTSHKEHUN
o6pasuoB sientsl 84KXCP (a) u 30KCP (B), a Takxe
cTpykTypsbl JenTsl 84KXCP (6)

HerpynHo BUIETh, 4TO BHEIIHUH BUJ IOBEPX-
HOCTH (hOJIBT B IIEJIOM BBITJISIAUT ITOJ00HO; OQHAKO

STOSIBIISICTCSI CIICACTBHEM TMPOLEcCa 3aCTHIBAHUS
CHMHHUHTYEMOTI'O MaTepHaia Ha MOBEPXHOCTH Me-
TaJuTMIecKoro nucka (puc. 6, 0). bompmree pasmu-
gpe XapakTePHO I (paKkTorpaMM oOpasIioB, pas3-
PYIICHHBIX MPH CTATHYECKOM PacTsbKeHHH (puc. O,
a,B). Ilo MHeHHIO aBTOpOB, OoJbIIeE KOJIHMUYECTBO
KoOapTa, KaK MIacTH(QUIUPYIONIETO KOMITOHEHTA,
crocoOcTByeT OoJiee JIETKOMY pacTeKaHHIO pac-
IaBa NpU COMHUHTOBAHWHM  JICHT  CIUIABOB
84KXCP (a) u 30KCP. 310 nuckimodaer GopMHPO-
BaHUE CIIOS, TOJIIMHON MPAKTUYECKH B TPETh OT
BCEH TONIIMHBI (OJBTH, C UHOM CTPYKTYpOH, UTO
uMeno mecto s neHTsl craBa 2HCP (puc. 2).
HNmenHO 3Ta CTPYKTYpHAas HEOIHOPOIHOCTH, BBI-
3bIBAIONIAs HECOBMECTHOCTh pa3BUTHsS Aedopma-
muH (4T0 KOocBeHHO moparBepkaaercs DIC kapru-
HaMU paclipenenenus nedopMarim, puc. 4) u cro-
COOCTBYET CHM)KEHHIO IUIACTUYHOCTH, a, CJIeJ0Ba-
TENBHO, U Tpeaena npouHocTH. OHAKO MO COBO-
KYITHOCTH «COCTaB — CTPYKTypa - CBOMCTBa» CILIaB
2HCP, pomomHUTENHHO JerupoBaHHBIA Nb (~
0,8%) u Cu (~ 0,3%) siBisieTcs OoJjiee YeM KOHKY-
PEHTOCIIOCOOHBIM B KJIACC€  MAarHUTOMSTKHX
aMOp(HBIM JICHT.

3akiarouyenue

IToka3ano, uto nenta ciiasa 2HCP saBiusercs
aMOpP(QHBIM MaTepuaioM, XapaKTEePU3YIOIIUMCS
HaJIN4KeM OJIMKHEro aTOMHOTO HOPSIIKA.

Omnpenenensl  1eQOpMaIOHHO-TTPOYHOCTHBIE
cBoiicTBa neHTH cipiaBa 2HCP, mokasaBine BO3-
MOKHOCTb JIOCTHIKEHHSI BBICOKOTO MOXYJSl YIpY-
roctu 90 I'Tla, mpu BenuuuHE mpeena IpPoOYHOCTH
>600 MIla 1 ynIMHEHUU NpU pa3pylIEHUH MEHee
1%.

BrIsiBIIeHO  MOP(QOJIOTHYECKH — JIBYXCIIOWHOE
cTpoeHue JeHThl. [lo MHEHUI0O aBTOpOB, 3TO 00Y-
CJIOBJIGHO HEJOCTATOYHBIM COJEp)KaHHUEM KoOalb-
ta (B orimune ot craBoB 84KXCP u 30KCP) u
HACIIEIOBAHUEM CTPYKTYPhI CIIMHHUTYIOLIETO JIHC-
Ka.

[lo cOBOKYMHOCTH IOCTHUTHYTBHIX (DYHKIHO-
HaJIBHBIX (IKCIUTyaTallMOHHBIX) CBOWCTB (MarHHUT-
Has WHIYKIWS HachllleHus, Temneparypa Kropw,
MOJyJb YINPYrOCTH W Ipenesl MPOYHOCTH) CILIaB
2HCP, n0nojHUTENbHO JerupoBaHHbId Nb (~
0,8%) u Cu (~ 0,3%), mpu MEHBIIEH CTOMMOCTH
KOMITIOHEHTOB, SBIISIETCS KOHKYPEHTOCIOCOOHBIM
NpeACcTaBUTENIeM Kilacca MarHUTOMSTKUX aMopg-
HBIM JICHT.
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