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Hayxkosuit :xypHaa «Meramodisuka ta HOBiTHI TexHosgorii» (MHT) momicansa ny6mikye crarri, aki
paHitre 11e He TyOJiKyBaJuCcsA Ta He IepebyBaloTh Ha POSTJIALI JJIs ONYyOIiKyBaHHS B iHIINX BUAAHHAX.
CraTTi MalOTh MiCTUTH Pe3yJbTaTU €KCIEPUMEHTAJIbHUX i TEOPETUUYHUX JAOCTiIKeHb B obsacTi pisuku Ta
TeXHOJIOTi#l MeTaJsiB, CTOIIB i CIONYK 3 MeTaJiYHUMHU BJIIACTUBOCTSAMU; pelleHsil Ha MoHorpadii; indop-
Marnio npo KoH(epeHIii, ceminapu; BizomocTi 3 icropii merasodisuKy; pekJamMy HOBUX TE€XHOJOTIi,
MarepianiB, npunaaxiB. JKypHanM JOTPUMY€EThHCS 3araJbHOIPUNHATUX IMPUHIIUIIIB, 3a3HAaUEHUX HA HOTro
caiiTi B JOKyMeHTax 3 myOJIiKaIiiiHol eTUKY Ta {00 HeIPUNHATHUX MPAKTUK.

TemaTuka sxypHaxy: Enexmponni cmpyxmypa ma éiacmueocmi, [Jepexmu kpucmaaiihol rpamuu-
yi, Pasosi nepemeopennsa, Pisurxa miynocmu ma naacmuinocmu, Memaniuni noeéepxrni ma naiexu, By-
dosa ma enacmueocmi HAHOMACWMAOHUX | ME30CKONILHUX Mamepianie, Amoppruil i pidkuii cmanu,
B3aemodii 6unpominenHs ma 4acMUHOK i3 KOHOeHCO8AHOI Pewo8uHOoI0, Mamepisniu 6 eKCmpemMaibHUX
ymosax, Peaxmopre i asiaxocmiune memanoznaécmeo, Meduune memanoznaecmeo, Hosi memaanesi
mamepiaiu ma cunmemuuni memaau, Memanoemicui cmapm-mamepiaau, Pisuko-mexHiini 0CHOBU
excnepumenmy ma disizHocmuku, JJuckyciitii nogidomaeHHs.

Crarri my0IiKyIOThCA OMHIE0 3 ABOX MOB: aHTJIINCHKOIO (BiAgaeTbesa mepesara) a60 yKpaiHChbKOIO.

Crarri, B 0opopMJIeHHI AKUX He JOTPUMAHO HACTYIHUX IPaBWI N onyoaikyBanus 8 MGHT, mosep-
TAITHCSA aBTOpaM 0e3 posryiAaay mo cyri. ([JaToro HagXOMKeHHS BBAyKAEThCA [eHb TOBTOPHOT'O HAaJaHHS
CcTaTTi micya ZOTPUMAaHHA 3a3HAYEHUX HUKUe IIPABUIL. )

1. CraTTa Mae 6yTH mignucaHoro BciMa aBropamu (i3 3a3HaueHHAM IXHiX agpec eJIeKTPOHHOI ITOIITH);
¢y BKasaTu mpisBuie, iM’st Ta o 6aTHKOBi aBTOpa, 3 AKMM pefaKilis GyAe BeCTH JUCTYBaHHS, HOTO
TOLITOBY aJpecy, HoMepu TeseoHy Ta haKcy i aJpecy eJIeKTPOHHOI ITOIITH.

2. Buxiag marepisiay mae 6yTu 4iTKUM, CTPYKTypoBaHMM (po3AinaMu, Haupukaan, «1. Berym», «2.
Excnepumenransua/Teopernuna meronmka», «3. Pedynbratu Ta ix oO6roBopeHHA», «4. BucHoBKmM»,
«ITuroBaHa JiTeparypa»), CTUCINM, 0e3 JOBrux mpeamOyJ, BiAXUJIEHb i IOBTOPiB, a TaKOK 6e3 myOJiro-
BaHHS B TEKCTi JaHUX Ta0JIUIlb, PUCYHKIB i mignucis go Hux. AHOTaIis Ta po3ain « BucHOBKU» MaioTh He
Iy6JIFOBaTH OOUH OJHOTO. YMCJIOBI AaHi CJIii HABOAUTY B 3aTaJIbHOIIPUAHATAX OJUHUILAX .

3. 06’em opurinaapHOI (HeoraAxoBol) crarri Mae 6yTu He 6isibire 5000 ciiB (3 ypaxyBaHHAM OCHOBHO-
TO TEKCTY, TaOIHIlh, MiANUCiB O PUCYHKIB, CIUCKY BUKOpUcTaHUX mxKepei) i 10 pucynkis. 06’em oras-
moBoi cratti — 70 10000 cuiB Ta 30 pucyHKiB.

4. 3a moTpebu 0 pemaKIlii MOXKe HaJaBaTuCs APyKoBaHuil (A4, moxBifiHWII iHTepBaJ) IPUMIPHUK
pyKoImcy 3 inmocrpamniamu.

5. ITo penakiiii 060B’s13K0BO HajgaeTbes (o e-mail) daiis craTri, HaGpaHUl y TEKCTOBOMY peAaKkTopi
Microsoft Word, 3 HasBomw, 1110 CKJIAJa€ThCA 3 MPi3BUIA MEPIIOro aBTopa (JaTUHUIEID), HAIPUKJIAL,
Hotovchenko.docx.

6. EjleKTpOHHA Bepcis PYKOIHUCY Ta MOro ApyKOBaHU BapisHT (B pasi MOro HagaHHA) MAIOTh OyTH ieHTnY-
HuMu. BoHr MaroTh 0hOPMITIOBATHCS 34 II1A0JI0HOM, STKUI MOYKHA 3aBAHTAKUTH 3 CAUTY JKypHAITY, 1 MicTuTu 5—
7 inperciB PACS B pepaknii ‘Physics and Astronomy Classification Scheme 2010’. TekcTu craTeil MaloTh Ta-
KOXK MICTUTY! Ha3BY CTATTi, CIIUCOK aBTOPiB, IIOBHi HA3BH Ta IOIITOBI a/IPeCH yCTaHOB, B AKX BOHY IIPAITIOIOTD,
aHoraniro crarri (200—-250 ciiB), 5—7 KIIOYOBUX CJIB ABOMAa MOBaMU (aHIVIICHKOIO Ta YKPATHCHKOI0), & 3aro-
JIOBKY TabJINIb 1 MigIHUCH [0 PUCYHKIB MAIOTh MOAABATUCS AK MOBOIO PYKOIINCY, TAK i AHIUIIICHKOI0 MOBOIO;
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TepmoauHamiuHi BjlacTuBocTi po3romis cucrem Mg—Sii AI-Mg—Si

. B. ITapwoxk, T. B. IIpanko, B. K. Hoceuko, A. B. Hoceuko,
B. C. Cyzasimosa”

Inemumym memanogisuxu im. I'. B. Kypdiomosea HAH Ykpainu,

oyave. Akademixa Bepnadcvrozo, 36,

03142 Ruis, Yxkpaina

“Themumym npob.siem mamepianosnascmaa im. I. M. @panyesuva HAH Yxpainu,
eys. Omenana Ilpiyaxa, 3,
03142 Ruis, Yikpaina

3a BuBegenuM [lIpenepoBuM piBHAHHAM POo3paxoBaHO aKTuBHOCTI Cuiritito Ta
immi TrepmogmHamiuHi BaactmBocTi posToniB cucremu Mg—Si 38a KoopamHaTa-
MU KPUBOI JiKBigycy miarpamMu cTamy, e € piBHOBara YMCTUI KOMIIOHEHT—
pimkwuit posumH. PesysbraTu ys3romiKyloOThCA i3 mJaHWMU, BU3HAYEHUMU HaH-
6inei TouruM MeTomzoM EPC. 3rigso 3 pospaxyHKaMy napIiidabHi eHTaIbIIia
¥ enTponia smimamua Si B posronmax cuctemu Mg—Si — —43,7 k& /Moub i
-11,3 :x/(mons-K) Binnmosimao. MeTonmooo KasmopumeTpii Buepine BUSHAUEHO
TEPMOXEMiUHi BJIACTHMBOCTI PO3TOIIIB IIPOMEHEBOTO IEpPepisy B3 Xal/Xmg=
=0,5/0,5 cucremu Al-Mg-Si 3a 1319+2K. BcranosieHno, Imo
AHg g, = —79 + 6 k]l:x/Momb, a MiHiMaTbHA eHTaNbIIiA 3MiMIAHHA PO3TOIY,
BU3HAUEHAa eKCTpaIoasaIlieo, nopisaoe —16,1 + 0,6 x/l:%x/Mouab i mpumazae Ha
crom i3 xsi =0,45. 3a momenem Pennixa—Kicrepa—Mymkiany 3 moTpiliHUM BHe-
cxoMm y —125 k][3K/M0Jb i3 aHAIOTIUYHUX MJaHWX TOABIMHMWX TPAHUYHUX ITi/ICHUC-
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1138 I.B.IDAPIOK, T. B. IIPSITKO, B. K. HOCEHEO Ta in.

TeM TAKOXK PO3PaXyBaJl AKTUBHOCTI KOMIIOHeHTiB, I i66CoBi eneprii i enTpormii
sMirraHHsa posTomiB gaxoi cucremu. IlokasaHo, mo 3a 1350 K minimansua Ii66-
coBa eHepria gopiBHioe —18,1 KI[:K/M0ab, a ASmin=-2,2 JI:x/(Mmonb-K). Pospa-
XOBaHi Ta BUSHAUEHI €KCIIEPUMEHTAJIHFHO eHTAJIBIIIT 3MiIIanHa PO3TOIIiB cucTe-
mu Al-Mg—Si qo6pe y3romKy0ThCs MiK c000I0.

KarouoBi cioBa: meron KajiopuMerpii, eHTanbIrii 3MilaHHA, aKTUBHOCTi, PO3-
TONU, TEPMOIUHAMIUHI BJIACTUBOCTI, «T€OMETPUYHI» i «aHAJITUYHA» MOAEJI.

The activity of silicon according to the derived equation and other thermody-
namic properties of melts of the Mg—Si system is calculated from the co-
ordinates of the liquidus curve of the state diagram, where there is pure com-
ponent-liquid solution equilibrium. The results are consistent with the data
determined by the most accurate method of EMF. According to the calcula-
tions, the partial enthalpy and entropy of mixing of Si in Mg—Si melts are of
-43.7 kJ/mol and —11.3 J/(mol-K), respectively. The thermochemical proper-
ties of melts of the radial cross-section with xai/xmg=0.5/0.5 of the Al1-Mg—
Si system at 1319+ 2K are determined for the first time by the method of

calorimetry. As found, AH,, = -79 + 6 kJ/mol, and the minimum enthalpy
of melt mixing, determined by extrapolation, is equal to —16.1 £ 0.6 kJ/mol
and falls on the alloy with xsi=0.45. Using the Redlich—Kister—Muggiano
model with a triple contribution of —125 kJ/mol, the activities of the compo-
nents, Gibbs energies, and entropies of mixing of the melts of this system are
also calculated from similar data of the double boundary subsystems. As
shown, at 1350 K, the minimum Gibbs energy is equal to —18.1 kJ/mol, and
ASnmin=-2.2 J/(mol-K). The calculated and experimentally determined en-
thalpies of mixing of Al-Mg—Si melts are in good agreement with each other.

Key words: calorimetry method, enthalpy of mixing, activity, melts, ther-
modynamic properties, ‘geometric’ and ‘analytical’ models.

(Ompumano 7 aucmonada 2024 p.; ocmamouH. eapianm — 19 mpaens 2025 p.)

1. BCTYII

Jorenep asroMiHiIOBI cTOmM 3aUINAOTHCA OCHOBHUM KOHCTPYKILi-
HUM MAaTepidAjoM B aBiAIiliHilI MPOMMCJIOBOCTi; TAKOM 3POCTAE YaCTKa
BUPOOiB 3 aJTIOMiHiI0 B aBTO- Ta CyAHOOYAYBaHHI uepes IXHIO HU3BKY I'y-
CTUHY, BUCOKi MexXaHiuHi BJIaCTHMBOCTI Ta CTiHiKicTh 110710 KOpo3ii B 6a-
ratbox cepemoBuirax [1]. Samina Kpuri adoMiHiem mig wac po3poOKu
HOBUX IIOKOJIIHb TPAHCHOPTHUX 3ac00iB Jlae 3MOTYy 3a PaxyHOK 3MEH-
IIeHHA Macu BHUPOOY (TycTuHa amoMiHito meHrre 1/3 r'ycTHHU KPHIL)
3MEHIITUTH BUTPATHU NAJLHOT0, BUKUAYW BUXJIOIMHUX TasiB, a oT:Ke, ITij-
BUIMMUTU eKoJIoTiuHy 6esmneKy [2, 3]. BpaxoByiouu Te, mo HaibGiabIm
€KOHOMIUHUM CIIOCOO0M BUPOOHUIITBA AETAJIB € JIUTTS, CTBOPEHHS HO-
BUX BUCOKOMIITHUX JIMBapHUX CTOIIIB aJIIOMiHiIO € Ay:Ke aKTyaJbHUM
3aBIaHHAM.

OcHOBOIO BeJIMKOI KiIBKOCTH JUBAPHUX AJIOMiHiMOBUX CTOIIiB € CHC-
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rema Al-Mg—Si, Xxoua BOHA i XapaKTepU3yeThCA CEPEIHBOI0 MIiI[HICTIO
[1]. Ane e pesepB HOJIINIeHHA MeXaHIYHUX BJIACTUBOCTEI 6araToKoM-
IIOHEHTHUX CTOIIiB HA OCHOBi eBTeKTHUKU o-Al +Mg.Si, nmoB’sa3anumii is:
OIITMMi3alieo JeryBajbHol cucTeMu (IJId peajisarlii TBepaOpPO3UNHHO-
ro 3MillHEeHHA — i3 BpaxXyBaHHAM TeMIepaTypHO-KOHIIEeHTPAI[iMHUX
mapameTrpiB eBreKkTuYHOro L < o-Al + MgSi-miepeTBOpeHHs Ta IUCIIEP-
CiiHOTO 3MiITHEeHHs, IO peaidyeThCcA HaHOUYAaCTUHKaAMU (a3, IAKi yTBO-
PIOIOTHCA B MATPHUIIL CTOIIIB B Pe3yJIbTATi CHEIisAJIbLHOTO TEPMiUHOTO 00-
pobJieHHSA i He BCTYHAIOTH y B3a€MOMII0 3 €eBTEKTUUHUMHU KOJIOHiAMMU);
3aCTOCYBAHHAM OiJBINT CKJIATHUX PEKUMIB TepMiuHOTO 00pPOOJIEHHS
(mBocTamiiine rapryBaHHA Ta/ab0 ABOCTamifiHe CTapiHHS); yAZOCKOHA-
JIEHHAM TEXHOJIOTi1 BUTOILJIEHHA CTOIIiB [4].

OpHak HaABHICTD JeAKUX JOMIIIOK, Takux AK Fe, Mn i Ti, moske He-
r'aTUBHO BIIMHYTU Ha XapaKTEePUCTUKM ajioMiHittioBux croniB. Hampu-
KJaJ, HU3bKAa IJACTUYHICTh aJIOMiHifI0BIX CTOIIiB IMOB’A3aHa B IIEPIITY
yepry 3 HaABHICTIO iHTepMmeramiguux yacTuHok (-AlFeSi, aki yrBopio-
IOThCA Ha MEXKaxX 3epeH i MisKIeHIPUTHUX JiJAAHKAaX IIig yac JuTtda. Ta-
KOJK CTOIIM HA OCHOBI cuctemu Al-Mg MaroTh HUSLKHUI OIIip IIJIa3yvY0CTi
3a BUCOKUX TEMIIEPATyD, II0 MOKe OyTu IOB’sA3aHe 3 BUIIAJaHHAM [3-
daszu Mg17A112 [1]

11106 momosiaTu Ta MiHiMisyBaTu moripiieHHs (i3sMYHUX BJIACTHUBOC-
Tel 3aBAAKU KpHUCTaJdisallil HebaKaHUX CIOJYK i iHTepMeTaJigHUX Ua-
CTUHOK, JIJs PO3PO0JIeHHSA HOBMX CTOIIIB HEOOXiJHO MaTM AOCTOBipHi
TepMOAMHAMIUHI JaHi Aad Bcix das oOMexkyBaJIbHIUX IMOABIMHMUX i TOT-
PifiHUX cHCTeM y HIMPOKOMY KOHIIEHTPAIliHHOMY Ta TeMIIepaTypPHOMY
inTepBasax. KpiMm miporo, repmMoguHaMiuHi gaHi OJad PiIKMUX CTOIB He-
00XigHi IJIs IPOTHO3YBaHHA IIepebiry IpoIeciB Ha MeXKi piguHa—TBepae
Tijo (3BaplOBaHHA, IalKa, JeI'yBaHHA, MOAU(MIKyBaHHS).

Busuaiouu TeMmmnepaTypHi 3ajesKHOCTI TrCKY napu Maruiro, Exgpimx
Ta iH. [5] isomiecTHUYHMM METOZOM IOCJIiAMIN TePMOAUHAMIUHI BJIACTH-
BocTi poaromis cucremu Mg—Si Bix 5% mo 60% wmomapuux Si. ABTOpHU
[6] mepepaxyBasi eHTAJBITIII0 3MIIITaHHA ITUX PO3TOIIIB Ha OCHOBI HOCJTIi-
I:KeHol HuMHU (hpas30Bol misirpaMu Ta pel3yJIbTATiB i30IIi€CTUYHUX €KCIIe-
puMeHTiB [5], OCKinbKY OCcTaHHI 0yJ10 BUBHAUEHO 3 BEJIUKOIO IIOXMOKOIO.

TakoK TepMOXeMiUHi BlacTHBOCTI po3ToIiB cuctremMu Mg—Si BuBUeHO
MeTomoo Touku Kuminasa 3a 1389 K [7]i kanopumeTtpii 3a 1130 K [8, 9].
3rigmo 3 [8, 9], iHTerpasbHa eHTAJBIIIT PO3UNHEHHA 10 Xsi < 0,08 3Mmi-
HIOETHCA IIJIaBHO, Ta 3a 0,08 < x5 < 0,14 BoHA He 3aJIe;KUTh BiJ CKJIaOy, a
IJIs cTOmiB 3 Xsi> 0,14 3sMeHIIyeThcsa i HaBiTH HabyBae JOJATHIX 3Ha-
4eHb. 3 I[BOro sACHO, o 3a T =1132 K i x5 = 0,08 gocAraernca Mmexa po-
sunaHOCcTH CHiilito y piazxomy maruii. IlopiBHAHHS 3 AidrpaMoio CTaHy
cucremu Mg—Si moxasaJio, 110 y MeKaX MOXMOOK eKCIIepMMEHTIB JaHi 3
posumuHOCTU Si B Mg 30iratorhes (Ha giarpami crany — 1ie xs = 0,07).

ABtopu [10] 3a momomoror KpamJawmHHOI KajsopuMerpii 3a 975—
1066 K BuMipsaaIu 3HaueHHsA IapIidIbHOl MOJbHOI eHTaJJbIIil Si B pia-
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KoMy Mg 3a HeCKiHUeHHOI0O po3BeeHHsI. BoHI MalTh JOCTaTHLO BEJIM-
Kui po3kunm Big —48 mo —65 k1% /mMoab. B neakux poborax i, 3o0kpema, B
[11] 6y omTuMisoBaHi eHTaNbITIl 3MiIIamHA ¥ iHIT TepMoZMHAMIUHI
BJIACTUBOCTI ITMX posTomiB 3a moxenaeM MQM (yaockoHaeHU KBa3u-
xeMmiunuii mogeins). Ilokasano, 1110 BOHM OJIM3BKi 10 JaHUX, OfepKaHIX
aBTopamu [6].

AxTusHocTi Mg i Si BigHOCHO iXHiX PiAKMX CcTaHZAPTHUX CTAHIB BU-
mipano aBropamu [12] i [13] meTromoio EPC. B saxocti exexTpoairy Bu-
kopuctamo MgO [12], a B [13] — poatomneny cymint MgCl,—CaCl.. Hoc-
gdimxenaa meronoo EPC Oyinm oOMerxeHi Juille SiAMAa30HOM KOHIIEHT-
paiiit Big xsi=0,15 mo xs:=0,54 uepes AyKe BUCOKiI TeMIepaTypu TOI-
JIeHHS CTOIiB, 30arauennx Cumimiem.

BuznaueHHA TepMOAMHAMIUYHNX BJIACTUBOCTEM PO3TOIIIB 3a BUCOKHNX
TEeMIepPaTyp € CKJIATHUM eKCIePUMEHTAJbLHUM 3aBIaHHAM, III0 TOTpPe-
0ye BeJIUKUX MAaTepisiIbHUX, €HEePreTUYHMX i TPymoBUX 3arpar. ¥
3B A3KY 3 IIUM PO3PO0KA METOAiB MOJE/JIOBAHHA Ta IIPOTHO3YBAaHHA (i-
BUKO-XeMiYHUX BJIACTUBOCTEM PO3TOIIB iCTOTHO 3MEHINUTH BUTPATU
LI BCTAHOBJEHHA ITiel BayKIMBOi iHdopmarrii. A moegHaHHSA pe3yJbTa-
TiB eKCIIepUMEeHTAJIbHUX TOCJTiIMKEeHb i MOIeI0OBaHHSA BUABIIETLCI Y-
JKe ILIIOIHUM, TOMY IO YMOMKJIMBIIIOE OAEep:KaTH 3HAUYHY KiJIbKicTh iH-
(dopmarrii, AKa Ma€ IpakTUYHE Ta HAYKOBe 3HAYEHH.

Tomy Mera maHOi POOOTHM — BUBECTH HOCTOBipHI TepMoAMHAMIiUHi
BJIACTUBOCTi po3TomiB cumcTeMu Mg—Si, BUKOPUCTOBYIOUM TEPMOIMHA-
MiUHi BJIACTHBOCTi pPO3TOHiB 00Me:KYyBaJIbHUX IMOABIHUX cucTeM Mg—
Si, Al-Mg, Al-Si, pospaxyBaTy aHAJOIiYHI mapaMeTpu IJs PO3TOIiB
cucremu Al-Mg—Si 3a pisHUMHU MOAEIAMY, BU3SHAUNUTH METOLO0I0 KaJio-
pumerpii enTanbmii smimmamHs po3TomiB mepepisy AlgsMgos—Si sa
1310 K i BcramoBuTH, AKUH i3 MOoAediB moOpe OMMCY€E TePMOAMHAMIUHL
BJIACTUBOCTI X PO3TOIIiB.

2. TEOPETUYHA Y1 EKCIIEPUMEHTAJIbHA METOJITUKHA

B pobGori [14] po3pobeHo MeTos po3paxyHKY TePMOAMHAMIUHUX BJIac-
TUBOCTEI PO3TOIIiB, Ha AiArpaMax CTaHYy AKMUX € 00JIaCTh PiBHOBAr UIC-
TUH TBePAUHA KOMIOHEHT—PiAKNI PO3UNH, III0 OMUCYETHCS PiBHAHHIMMA:

(HII)TP = (Mlso )Tp ’ (1)
Wy + RT,Ina; = (W), , (2)
RT,Iny, = (-AG,,,),; — RT,Inx;, (3)

Ie W1, Y1 — XeMiuHu# HOTeHIiaa i Koe(dillieHT ak THBHOCTY KOMIIOHEHTA

1, T, — TemIepaTypa piBHOBaru «UYMCTHUI TBePAUN KOMIOHEHT—PiAKMUHA

pO3UUH», X; — MOJbHA YacTKa Kommonenrta 1, (AG, ), — li66coBa
N P

)
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eHepria TomaeHHsa KoMOoHeHTa 1, [ — posToi, ly, So — KOMIIOHEHT B Pi-
IKOMY Ta TBEPJIOMY cTaHax, R — rasosa craJa.

Bupas y aiBiit vacTuHi piBHAHHA (3) — IIe HAAJIUIITKOBA MIapIlidabHa
mosspua [166coBa emepris kommoHenTa 1, i3 AK0I MOKHA PO3paxyBaTH
oro xoedilieHTH aKTHUBHOCTH, a 3 HUX — aKTHUBHOCTI KoMmIloHeHTa 1.
Hamu moBemeno, 110 po3paxoBaHi 3a piBHAHHAM (3) aKTHBHOCTI KOMIIO-
HEHTIiB 3aBKAN y3TOIKYIOThCA 3 €eKCIIEpUMEHTAILHUMY ganuMu. Han-
JUIIKOBY MapUifdiIbHy MOIApHY I 166COBY eHeprio KOMIOHeHTa 1 MOK-
Ha 3aIcaTy 3TifTHO 3 PiBHAHHAM Ii66ca—TenpMroibIa; Toai OIlePIK -
MO:

—— —_HagI.
AH:1—TAS: = -AG

ToI.,1

~RTInx. (4)

OckinbKu AH: PO3TOHIiB Majo 3MiHIOIOTHCA 3 TEeMIIEPATypPOI0, MU
MIPUNYCTUJIN, IO BOHU € TiJAbKM (QYHKIIAMU cKJamy. 3 iHITOro OOKY,
HapHifAJabHi MOJIBHI BJIACTHMBOCTI KOMIIOHEHTIiB PiKMX CTOMNIB 3MiHIO-
IOThCS i3 CKJIAZOM IIJIABHO i iX MOJKHA aIpOKCHMYBATH AKHM-HeEOYIb
KJIACOM AaHAJITUUYHMX (PYHKIIM, HAOPUKJAL, CTeIIeHeBUMMU IIOJIiHOMA-
mu. g sHaxoIKeHHA KoedilieHTiB mux (QYHKIIN MU 3acTocyBaJu ga-
Hi giArpam cTamy, OCKiIbKY PiBHAHHA (4) MOKHA ITPEICTABUTH TaK:

z axy — sz bx, =AS,, (T, -T,. )-RTInx,. (5)

SAr1mo i3 giArpam craHy BUBHAUNTH JOCTATHBO BEJIUKY KiJIBKIiCTh TO-
YOK KPUBOI JIiKBilyCcy, TO B pe3yJIbTaTi 0/Iep:KUMO IIepeBU3HAUYEHY CHC-
TeMy PiBHSAHDb, AKY MOJKHA IIEPETBOPUTU Yy HOPMAJLHY 3 BUKOPHUCTAH-
HAM MeTOAY HalMeHIINX KBaJApaTiB i IOTiM po3B’sa3aTu, HAIPUKJIAL, 34
I ayCCOBOIO METOLOI0 33 JOIIOMOTOIO CIIEIiAIbHO PO3POOJIEHOI IPOTrpaMH.

Busasuocs, 1110 3 miABUIIeHHAM IIOKa3HUKA CTeneHs 3 2 0 3 Horip-
ITYEThCS Y3TOMKEHHA Mi’K PO3pPaXxOBAaHUMHU I OJEP:KaHUMU eKCIIepH-
MeHTaJbHO BeqnunHamMu. Ile 3yMoBJIeHO HETOUHICTIO B 3HaUeHHAX T, Ta
X, AKi MU BU3Ha4YaeMO 3 rpadgivHo mIpeacTaBIeHol JigrpaMu CTaHy 3 TO-
ygictio y 5 K Ta 0,01% sBigmosiguo. OCKiJIbKY 3HAYEHHS X IIiJHOCATE-
cA 1o crenens (2-ro, 3-T0 TOIO), TO BILJINB IMOXNOOK — OysKe 3HAUHUA.
Tomy Jimiie 3a Bce 00MeXUTUCA TOKa3HIKOM CTeIleHs, II0 JOPiBHIOE 2.

MeToa1KYy eKCIIEPUMEHTIiB Ha JaHOMY i30ImeprOOIiuHOMY KaJopurMe-
Tpi omucaHo B poborti [15]. EKcmepuMeHT moJiArae y moCaifOBHOMY BBe-
IeHHi 3 6apabaHHOTO Mo3aTopa Y KaJIOPUMETPUUYHY BaHHY (MacUBHUI
MOJIIOIeHOBUI 6JIOK, B AKOMY PO3MIIyIOThCA KOPYHIOBI THUIJIi 3 PO3TO-
IIOM i eTaJIOHOM) HaBa’sKOK KOMIIOHEHTIiB ab0 eTaJIOHHUX PEYOBUH, i pe-
ecTpaIlii BifoBifHNX KPUBUX TemIoo0Miny. TemmoBuii epeKT mpoiiecy
OITiHIOETHCA 3a IJIOINE0 (hirypu TemmooOMiHy, AKa BUBHAUAETHLCA METO-
JaMH1 YHCeJbHOro iHTerpyBanHA. Ha mouyaTky KOMKHOIO JOCJIiLy B PO3-
TOII BBOAUJIU 4—7 HABAYKOK YMCTOTO METaJy-PO3SUNHHNKA a00 eTaJoHHOI
peuoBuHU (MOJiIOIEeHY, AKUH HEe B3BAEMOIiAB 3 PO3TOIAMU BIPOIOBIK 2—3
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TOMMH) 3 METOI0 BUBHAUEHHA KOHCTAHTU KaJIOPUMeETpPa, TOUHiIe Koedi-
IieHTa TeIJI000MiHYy 3TiHO 3 BUPa3soM

K — AHg;)Sni )

[ ara
0

Hanpuxrinmni abo B cepefuHi JocHainy 3HOBY 3amnCcyBaJu KiJbKa KaJio-
PYBATLHUX KPUBUX TEILIOBUX e(eKTiB, IM00 BU3HAUYUTHU 3aJE€KHICTH
KOHCTAHTH KaJopuMeTpa BiJ Macu peuoBUHU B TUIJIi. CyKyIHiCTL 3HA-
uyeHb K, ofep:xadnux B OJHOMY JOCJifi, 0OPOOJISIN 3a METOLOI0 HaiMe-
HIMUX KBaJApaTiB, IpUOyCcKaOUM JiHIAHY 3ade:xkHicTb K(x) Bix cymap-
HOI Macu KOMIOHEHTIB y TUIJII B MOJISIX. BCbOIO YIIPOAOBXK OLHOTO €KC-
IIepUMEHTY B Po3ToIl BBoauau 31 3pasok. [[1a mpoBemeHHsa JOCTiAiB Bu-
KopucTauno meranu: maruii (99,99%), amominiit (99,9999% ), cuimiit
MoHOKpucTadiuumuii (99,9999% ), momiogen (99,6% ).

[ po3paxyHKY HapiidJdbHUX €HTaJbMOiN 3MilTaHHA KOMIIOHEHTIB
BUKOPUCTOBYBAJIU PiBHAHHS TEILJIOBOro Oasamcy 3a Tianom:

AH, =K / n, [ (T - T,)dt - AHp, ©)
0

e AHzT98 — EeHTaJIbIig HarpiBy 1 MoJId 3paskKa, AKUH JoJacThed, Big 298

K mo TemmepaTypu gociigy, B3aTa 3 0asu manux [16], K — KomcTanTa Ka-
JopuMeTpa, n; — KilTbKicTh 100aBKY [MOJB], t. — Yac pejaxcallii Temme-
parypu mig uac sanucy Qirypu temiaooominy, T'—To=AT — pisKHUIIA TeM-
mepaTyp TUIJIS 3 PO3TOIOM Ta izoTepMiuHOi 000JOHKK KaJlopuMeTpa, ¢ —
yac.

3 mapumigabHUX eHTAJbIiN 3MIiIlIaHHS OSHOT'O 3 KOMIIOHEHTIB 00ucC-
JIOBaJIM aHAJIOTIUHI mapaMeTpu JJd iHIIIOTro IJIAXOM iHTer'pyBaHHA pi-
BHAHHA ri66ca—I[Iorema. IuTerpanbHi eHTANBIII] 3MilTIaHHA PO3PAXOBY-
BaJIV 32 PEKYPEHTHUM PiBHAHHAM

AH"™ = AH" + (AH"" — AH")(x"" —x") / (1 - xV'), (D

sAKe BUKOHYETBHCS Y BUNAIKY MaJIOl 3MiHM KOHIIEHTpPAaIlil KOMIIOHEHTA i
Bix x! mo x!'"' 3 nonaBauuaM (n + 1)-ro 3paska.

3. PE3YJIBTATH TA IX OBTOBOPEHHSA

Ha mepiromy erari gormisbHO 610 po3paxyBaTH TePpMOAUHAMIUHI BJac-
tuBocTi (T/IB) posromis cuctem Mg—Si i AlI-Mg—Si 3a pisHumMu Bigomu-
mu mogenamu. 11106 BusHaunTH, IKi 3 BCTAHOBIeHUX aKTuBHOCTEH Cu-
Jiriro B posronax cucreMu Mg—Si € BiporizauMu, MU po3paxyBaJjn ix 3a
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KoopauMHATaMU JiHil JiKBigyCy AiArpaMu cTaHy ITiel cucreMu B 00JacTi
piBHOBar metaJs (TBepAUH po3umH)—posTon [17], BUKOPUCTOBYIOUM PiB-
Hauaa (3) (puc. 1). fAx Bugmo 3 puc. 1, odumciaeHi HaMu 3a PiBHAHHAM
(3) akTuBHOCTi Cuiimito a; ysrog:kyioTbed i3 ganumu [13] i smoxmenbo-
Banumu [6, 11].

PospaxoBani mammu akTuBHOCTI Si KopemoioTh i3 manumu [13], 1110
BKa3ye Ha IXHIO HaAilHiCTh, OCKiJIBKY iX BU3HAUEHO HANOIiJIBIIT TOUHUM
metomom EPC. AKTuBHOCTI 060X KOMIIOHEHTIB Y po3Tomax Ifiei cucreMu
BiIpi3HAIOTHCA HE3HAUHO MiK c000I0, ajie BCi BOHU IIPOABJISIOTL BEJINKI
Her'aTHUBHI BiIXWJM BiJ TaKWX IJIA igeaJIbHUX PO3UYNHIB, 10 BUKJIMKAHO
CUJBbHOIO B3A€EMOI€I0 3 iIHITUMY KOMIIOHEHTaMH.

3a pospobsieruM y [14] MeTomoM pospaxyBajiyd TEPMOIUMHAMIUHI Biac-
TUBOCTI PO3TOIIiB i3 KOOpPAMHAT KPUBOI JiKBiIyCYy, /e € piBHOBara YmcTui
KoMIIOHeHT—piakuit posunH [17]. Tak, pospaxoBaHi 3a I1i€i0 METOIUKOIO
MaPIisAJbHI eHTaJIbIIil 3MillIaHuAa Si B podTomax cucteMu Mg—Si B iHTep-
Bayi xg > 0,5 € MeHIT ekzoTepMiuHuMH, HixK y [6, 8, 10] (puc. 2). Ile
OB’ A3aHe 3 THM, 110 po3pobieHuii y [14] meTon € HaOIMKEHUM.

IlapmisaabHi ¥ iHTer'paJbHI €HTaJbII]l 3MiIIaHHA PO3TOIIB CHUCTEMU
Mg—Si, po3paxoBaHi HaMU i3 HigrpaMu cTaHy i alIpOKCUMOBAaHi, Ta JIi-
repatypHi gaHi g 1350 K naBegeno Ha puc. 2.

Bunno, 110 eHTANIBIIIl 3MinTanHa po3ToniB cucteMu Mg—Si 3aiexarnb
IPAMO IIPOMOPIIiAHO Bifi TeMIlepaTypu: YuM Buina 1, TUM BOHHU OGiJbIII
exsorepmiuni. Ile 3ymoBiI€HO TUM, IIT0 KOBAaJIEHTHi 3B’ A3KU Y Si po3pu-
BaIOTHCA JIETIIIE 32 BUCOKOI TeMIIEpaTypPH; TOMY €HTaJIbIIii 3MilTaHHA po-
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Puc. 1. AKTuBHOCTI KOMIIOHEHTiB y posdTonax cucremu Mg—Siza 1350 K.

Fig. 1. The activities of the components in the melts of the Mg—Si system at 1350 K.
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Puc. 2. Ilapuisanshi # iHTerpanbHi eHTaNBII 3MiIaHHa posTomiB cucTemu Mg—Si.

Fig. 2. Partial and integral enthalpies of mixing of melts of the Mg—Si system.
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Puc. 3. Ilapuianeni (a) # inTerpasnsHi (6) eHTanbnii sminmanua po3Tomis mpome-
HeBOro mmepepisy 3 xai/xve = 0,5/0,5 cucremu Al1-Mg—Siza 1319+ 2 K.

Fig. 3. Partial (a) and integral (6) enthalpies of mixing of melts of the radial
cross-section with xai/xmg =0.5/0.5 of the Al-Mg—Si system at 1319+ 2 K.

atotmiB cuctemu Mg—Si 3a 1350 K € Hai16ibIIT €eK30TEPMiUHUMHA.
Enranbmii smimanus poaromis cuctemu Al-Mg—Si moremep He Bu-
suaueHo. Tomy B maHiii poOOTi MeTOMOI0 KaJopuMeTpii BIepIile Bu3HA-
YeHO TePMOXEMiuHi BJIACTHMBOCTI PO3TOIIB IIPOMEHEBOTO IIepepisy 3
xa1/xme = 0,5/0,5 cucremu Al-Mg—Si sa 1319 + 2 K, akux HaBemeHO Ha
puc. 3. AK i caig 6ya0 ouiKyBaTH, BOHU € JOCTATHLO €K30TePMiUHUMMU,
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OpUYOMY, 3 AOJaBaHHAM y €KBiaTOMOBUM PO3TOIl MOTPiliHOI cucTeMu
Al-Mg—-Si Cuiiriro TerioBuii e(peKT M0ro po3unHEeHHs CIIOYATKY 3POC-
Tae, a 3 xsi=0,45 — amenmyerbca. Ile 3yMOBIeHO PO3PUBOM CJIA0KUX
3B’A3KiB Al-Mg it yTBOpeHHAM 3B’ A3KiB 3 6inb1I0I0 eHepriero misk Mg i
Si. Beranosnerno, mo AHg =-79 + 6 x]Jl»x/Mo07b, a MiHiMaJIbHA €HTAb-
Oifgd B3MiIIaHHA PO3TONY, BU3HAUEHA EKCTPAIOJAIi€I0, TOPiBHIOE
-16,1 £0,6 xJI:x/Mo0xb i npunanae Ha cTom i3 xs; = 0,45.

Hocaimgsxenusa postTomis cuctemu Al-Mg—Si € cKIagHUM eKcIepuMe-
HTaJbHUM 3aBIAHHAM Uepe3 BUCOKi TeMIlepaTypHu TOILJIeHHs Si Ta 3Hau-
Hy JeTKicTth Mg. 11106 omep:KaTy TepMOXEMiUHi BJIACTHBOCTI PO3TOIIiB
moTpiiinoi cucremu Al-Mg—Si B ychoMy iHTEpBaAJIi CKJIALiB, MU IIPOTHO-
3yBaJIU 1X 32 «'€OMETPUUYHUMU» U «aHAJITUUYHOIO» Mojeaamu Penaixa—
Kicrepa—Mymxiany 3 aHaJOTiuyHMX TAaHUX OJI OOMEXKYBAJILHUX IIO-
nBitinmx cucreM. [aHi 115 pPo3TOIiB 00MeEKyBaIbHUX IOABIAHUX CHUC-
rem Al-Si (Mg) 6yJ10 B3ATO 3 pobiT[9, 18] micas xpuruusol ana sy ix.

CmoiBcraBieHHA pos3paxoBaHuUX 3a wmoaeaeM Pexaaixa—Kicrepa—
Mynm:xiamy 3 morpifinum BHeckoM y —125 k]JIK/M0JIb i BUSHAYEHUX €KC-
NepUMEHTAJNbHO HapIiAJbHUX N iHTerpaJbHUX €HTAJbIIIH 3MiINlaHHA
posToniB cucremu Al-Mg—Si moxasayo, 1110 BOHU J00pe Y3roLKyIThCA
Mixk coboro. Ix HaBeneHo Ha puc. 4.

Bupgno, 1o minimym AH i moTpifinux posToimis cucremu Al-Mg—Si
IpuIagac Ha 00JIacTh KOHIIEHTPAIlill CTOIMiB, II[0 3HAXOAATHCA II00IH3Y
enuHOl crmoaykm MgsSi (Thron. =1358 K), AKa TOmUTHCSA KOHI'PYEHTHO.
IIxoro caix 6yso ouikyBaTu. Omep:KaHi TepMOXeMiUHi BJITaCTHUBOCTI Po3-

Mg

Al Si Al Si

Puc. 4. I3oenranbnii smimanusa posromiB cucremu Al-Mg—Si sa 1319 K, pos-
paxoBani 3a mozenem Pemrixa—Kicrepa—MymxiaHy 3 MOTPpiiHUM BHECKOM Y
—200 g [»x/MOJb.

Fig. 4. Isoenthalpies of mixing of melts of the A1-Mg—Si system at 1319 K,
calculated according to the Redlich—Kister—-Mujian model with a triple con-
tribution of —200 kJ /mol.
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rouiB cuctemu Al-Mg-Si BKasyoTh Ha Te, [0 HAHOIJLIIT CHIBbHI
3B’ABKU MisK pPi3HOMMEHHUMU aTOMaMU YTBOPIOIOTHLCS Y CTOIIaX, 0JIM3b-
KUX 3a CKJagoM a0 dasu Mg.Si, aKi, iMoBipHiIlle 3a Bce, XapaKTepusay-
IOTHCS TEK BUCOKMMU TeMIlIepaTypaMu TOIJIeHHS.

Crhix 3asHaumMTH, IO HPOTHO30BAHI €HTAJBIIl 3MiIIaHHs PO3TOIiB
cuctemu Al-Mg—Si moTpeOyoOTh TOZATKOBOTO €KCIEePHMEHTAJILHOIO
OiATBepPIKeHHS.

Mwu TaxkoX 3a BKasaHHM MOJeJIEM PO3paxXxyBaJid aKTUBHOCTI KOMIIO-
HeHTiB, I100c0Bi eneprii ii eHTpormii 8MiIIanHa PO3TONiB AaHOI CHCTEMH.
AxTuBHOCTiI CHIIiIito B po3TOomax Ifiel CCTEeMU IIPOSABIAIOTEh BEJINKI He-
raTUBHI BiAXmJu Bifg igeaJbHUX PO3UYMUHIB, IO CIPUUYNHEHO CUJILHOIO
B3a€MOJi€I0 3 IHIMIMMHN KOMIIOHEHTaMH. AKTHBHOCTI ABOX IHIIIMX KOM-
MOHEHTIB JIeMOHCTPYIOTh NMOMipHi Bigxmuam Big PayneBoro sakony. Ile
KOpeJoe 3 IXHIMU mapisJbHUMU eHTaJbIiAMN 3MilllaHHA. 3a TeMIIe-
parypu y 1350K wminmimambua Ii60coBa enepria gmopiBaioe -18,1
KIK /Mo, a8 ASmin=-2,2 II:x/(mous-K). Takum ynHOM, 0ZepP:KaHO BCIO
irgopmalliro mpo TepMOAMHAMIUHI BJIACTUBOCTI BUBUYEHUX PO3TOIIiB CH-
cremu Al-Mg—Si.

Tepmoxemiuni BiactuBocTi poaronis cucremu Al-Mg—Si BKasymoTh
HAa Te, IO HAW6iJbIlI CUJILHI 3B’ A3KHN MijK pPi3HOMMEHHUMU aTOMaMHU yT-
BOPIOIOTHCS B PO3TONaX, OJMM3BKUX 3a CKJIagoM a0 dasu Mg.Si, 1o xa-
paxKTepu3yeThbCSA BUCOKMMM TeMIIepaTypaMM TOILJIEHHA Ta 3HAYHUMU
eHepriaMu B3aeMoOAii MixK pisHoMeHHMMU aTomMamu. Ongep:KaHi TepMo-
IMHAMIUHI BJIACTUBOCTI BUBUYEHUX PO3TOMNiB MOKYTL OYTH BUKOPUCTAHI
LI TPOTHO3YBAHHS aHAJOTIYHUX XapaKTEePUCTUK PO3TOIIiB YeTBEPHUX
i 6iy1B11I 6ATaTOKOMIIOHEHTHIX CHCTEM.

4. BUICHOBRKH

1. PospaxoBaHi 3a KoopamHaTaM! JiHil JiKBiAyCy AiarpaMu cTaHy cuc-
remu Mg—Si B obaacTti piBHOBaru CHIIIIifi—pO3TOI 3 BUKOPHCTAHHAM
BUBEIEHOT0 PiBHAHHSA 3HAUEHHS aKTHUBHOCTeH Si B po3Tomax € Biporin-
HUMU, OCKiJIbKY BOHU M00Ope Y3TOMKYIOThCS i3 JiTepaTypHuUMU 3MOJe-
JbOBAHUMH JaHNMHU Ta BU3HAUCHNMHU Hai6iab Tounum metogoMm EPC.
2. IloxazaHo, III0 aKTHUBHOCTiI 000X KOMIIOHEHTIB y PO3TOIIaX CHCTEMU
Mg-Si BimpisHAIOTBCSA MiK c000I0, ajie BCi BOHU HPOABJIAIOTH BEJIUKi
Her'aTHUBHI BiAXWJIX BiJ TaKUX AJIA ifeaIbHUX PO3UNHIB.

3. BcramoBieHo, I1T0 eHTaJbIIil 3MimIaHHA pPo3TomiB cuctemMu Mg-—Si
OpAMO IPOIIOPIifiHO 3ajekaTh Big Temieparypu. Ile 3ymoBIeHO TUM,
IIT0 KOBaJICHTHI 3B A3KK y Si po3pHUBAIOTLCA JIETIIe 3a BUCOKOI T'; ToMy
eHTaNbOii 3mimanHsa posToniB cuctemu Mg—Si 3a 1350 K € 6imbIr exso-
TEPMiUHUMMA.

4. Brepirte gocaig:KeHi MeTOZ0I0 KaJopuMeTpii mapmianbHi ¥ iHTerpa-
JbHI eHTaJbIil 3MiIlIaHHA PO3TONIB MPOMEHEBOTO IIEPEPIBY Xal/Xmg =
=0,5/0,5 morpiiiaoi cucremu Al-Mg—Si 3a 1319+ 2 K meMoHCTDPYIOTH
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BeJIMK1 eKs3oTepMmiuHi TemnoBi edextu. Bcranosmeno, mo AH =
=-T79 + 6 x/[»x/M0Jb, a MiHiMaJIbHA €HTAJBLIIiISA 3MiIITaHHSA PO3TOIY, BU-
3HaUeHa eKCTPAamoJAllieio, fopiBHIoe —16,1 + 0,6 x[:x /Moab i mpunagae
Ha cTom 3 Xxg; = 0,45.

5. IToxazaHo, 1110 3 ZOAABAHHAM Y PO3TOII HOTPiliHOI cuctemu Al-Mg—Si
Cumimiro TemaoBuii e@eKT MOro PO3UYMHEHHS CIOUYATKY 3pPOCTAE, a 3
xsi=0,45 — smenmyerbeda. Ile 3yMoBIeHO PO3PHUBOM CJIA0KUX 3B’ A3KiB
Al-Mg it yTBOpeHHAM 3B’ s3KiB 3 0i/bI11010 eHepriero mixk Mg i Si. Mimi-
myM AH pias norpifinux posTomiB cuctemu Al-Mg—Si npunazgae Ha 00-
JIACTh KOHIIEHTPAI[i} CTOIIB, IO 3HAXOAATHCA II00AN3Y cooayKu MgeSi
(Tron. = 1358 K), axa TonuThbcsa KOHT'pyeHTHO. Omep:xkaHi TepMoxeMiuHi
BJIacTUBOCTI posTomiB cucrtemu Al-Mg-Si BKasymoThr Ha Te, L0 Haii-
OiJIBIN CHILHI 3B’A3KM MijK Pi3SHOMMEHHMMM aTOMaMM YTBOPIOIOTHCSA B
cTomax, OJU3LKUX 3a cKJIamoM o pasu Mg.Si, axi, imoBipHilIe 3a Bce,
XapaKTepua3yIThC TeK BUCOKMMHU TeMIIepaTypaMu TOILJIeHHS.

6. BusHaueni eKcmepruMeHTAJNLHO €HTANBIIIT 3MillTaHHA PO3TOIIiB CUCTE-
mu Al-Mg—Si naiigimniire y3rogKyiTbCA i3 poO3paxoBaHUMU 3a MOZEJIeM
Pennixa—Kicrepa—Mym:kiany 3 moTpifinum BHeCKOM y —125 KK /MOJIB.
3a BKasaHUM MOJeJeM PO3paxyBajl TaKOoyK aKTHUBHOCTI KOMIIOHEHTIB,
Ii66coBi eHeprii it enTpomii 3MimanHa Po3TOMIiB faHOI cucTeMu. AKTHB-
HocTi Cuiriniro B po3Tomax Ifiei cucTeMu IPOSaBIAIOTh BeJINKi Her'aTuBHi
BiAIXWJM Bif TakKuUX IJd ifjeaJbHUX PO3YHHIB, III0 BUKJINKAHO CUJILHOIO
B3a€MOJi€I0 3 IHIMIMMHN KOMIIOHEHTaMH. AKTHBHOCTI ABOX IHIIIMX KOM-
TIOHEHTIiB JeMOHCTPYIOThL IMOMipHI Bigxmaum Big PayimeBoro saxony. 3a
tremmeparypu y 1350 K minimanbua Ii66coBa eHepria mopiaioe —18,1
k& /M0ub, 8 ASpin =—2,2 [Iox/(moub-K).
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Amnajriza BILTUBY JIEI'YBAJIbHUX €JIEMEHTIB i TeMIepaTypu Bignmaxy
Ha MiKpoCTpPYKTYypYy ctomiB Zr—Nb—Sn i mexaniuHi B1acTuBocTi
mijg yac gepopmanin
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Y crarTi mociimkeHO IMHAMIKY MiKPOCTPYKTYPHUX IIEPETBOPEHDL Ta €BOJIIO-
iro amcam0JII0 BaKaHCii mig yac repmiuroro oopobienns cromis Zr—Nb—Sn Ha
OCHOBIi ITMPKOHiI0 3 HU3BKOIO KOHIIEHTPAIII€IO JIETI'yBAJILHUX €JIEMEHTIB y paM-
KaxX YMCJIOBOI'O MOJENIOBAaHHA HA OCHOBI Mozeso (haszoBoro mojs. BupueHO
BILJIUB JIEI'YBAJBHUX €JIEMEHTIB i TeMuepaTypu Bifgnany Ha KiHeTmuHi Ta cra-
TUCTUYHI BJIACTUBOCTI €BOJIIOIII MiKPOCTPYKTypU, AeheKTHOI CTPYKTYPH Ta
MeXaHiYHUX BJIACTUBOCTEH cTOmiB. BusBIeHO, 1110 y IIPOIieci TepMiuHOTO 00pO-
OJsieHHS BUnazaioTh 30araueni ma Hiobi npenmnirtatu B-dasu; Cramywm i pis-
HOBa’KHi Bakaucii 3 6iJbIIIOI0 KOHIIEHTPAIIi€I0 CEI'PEI'YyIOTh HA MeXKax [3-(asu
mo3a mpenuiiTaTaMu. BeTaHOBIEHO, IO HMiABUINEHHS TEeMIIEpaTypH Bimmay
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i/abo rounenTtpanii Cranymy Ta Hiobiro cnpuumHAIOTE yTBOPEHHA IPEInIiTa-
TiB. [logaBanasa CTaHyMy IPUBOAUTDL N0 YTBOPEHHA OiibIIol KinbKrocTu npiod-
HUX TPEIUIIiTaTiB, a 3MeHIIIeHHA KoHIeHTpalii Hiobito 3HaUHO TMOHMKYE iX-
HIO TYCTUHY B cTOIIi. BuaBIIeHO, 110 TOHMIKEHHA TEMIIEPATyPU Bifiaay IpuBo-
IUTH 0 MOJIINIITIeHHA MEeXaHiuYHUX BJIACTUBOCTEM, a momaBanua CTaHyMy HpU-
BOJAWTH BUINUX 3HAYEHD MeXK IIJIMHHOCTHU Ta MiITHOCTY IJII CTOITY.

KarouoBi ciioBa: meTon (asoBOTO IOJISI, YNCJIOBE MOIETIOBAHHA, IPEIUIiTATH
BTOPUHHUX (pas, CTAaTUCTUYHI XapaKTEPUCTUKH.

We study the dynamics of microstructural transformations and the evolution
of vacancies’ ensemble during the heat treatment of Zr—Nb—Sn alloys with a
low concentration of alloying elements by the phase-field modelling. An in-
fluence of alloying elements and annealing temperature on the kinetic and
statistical properties of the evolution of the microstructure, defect struc-
ture, and mechanical properties of the alloys is examined. As found, during
heat treatment, niobium-enriched B-phase precipitates emerge, while tin and
equilibrium vacancies with higher concentration segregate at the boundaries
of the B-phase outside the precipitates. As established, increasing the anneal-
ing temperature and/or the concentration of tin and niobium induces the
precipitates’ nucleation. The addition of tin leads to the formation of a larger
number of smaller precipitates, while reducing the concentration of niobium
decreases significantly their density. As shown, reducing the annealing tem-
perature improves the mechanical properties. An addition of tin results in
elevated values of the yield and strength limits for the alloy.

Key words: phase-field method, numerical modelling, precipitates of second-
ary phases, statistical properties.

(Ompumano 21 aromoeo 2025 p.; ocmamoun. éapianm — 2 aunna 2025 p.)

1. BCTYII

IIporarom KiJbKOX MECATUJIITH CTONU Ha OCHOBI ITUPKOHIIO IITUPOKO BU-
KOPHCTOBYIOTHCA SIK OOOJOHKOBI MaTepiaan 3aBAAKU iIXHBOMY MAaJIOMY
mepepisy BOMpaHHS TEILNIOBUX HEHUTPOHIB, MOOPiil ILIAaCTUYHOCTI, Bif-
MiHHMM KOPO3iliHil i BOGZHEBil CTIMKOCTAM, a TAaKOK BHUCOKIiNM MexXaHiu-
Hit mimaocTi. IlosinmeHi MmaTepidAabHI BJIACTUBOCTI IIMX CTOIIIB 3yMOB-
JIEHO MiKPOCTPYKTYPHUMM OCOOJIMBOCTAMMY, OB’ I3aHUMHU 3 HASIBHICTIO
HioGito. Buginenusa dasu -Nb, Axa mMae 06’€MHOIIEHTPOBAHY KyOiuHy
CTPYKTYPY, Y MaTpHUIli o-Zr 3 TeKCcaroHaJbHOI0 MHIiJIbHOIIAKOBaHOIO
CTPYKTYPOIO CIIPUAE IiABUIIEHHIO KOPO3iiiHoi cTitikocTu [1-6].

Y Komepmiiinux cromax, moxudikoBanux HiobieMm, 1110 BUKOPHUCTO-
BYIOTbCS B OOCHIAHUIIBKMX 1 IPOMHCJIOBUX peakTopax, HaIIPUKJIaL
ZIRLO, Zr-1% Nb i Zr-2,5% Nb, xoumnenrpamia Nb Bapiroersca Bix 1
ro 3% wmac. Ha BiAMiHY BiJf HU3LKOIO BMiCTy TPAAUIIMHAX €JIEMEHTiB
(Sn, Fe, Cr, Ni), aki gogatoTbcs OJIA HMOJININIEHHS QisuuHNX, MexaHiu-
HUX i KOpO3ifiHMX BIACTUBOCTEM 000JIOHKOBUX MaTEPiAIiB.
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Byno BcraHoOBiieHO, 1110 yTBOpPeHHSA HioOiitoBux (f-Nb) BKIOUeHB
3HAYHOIO MipOI0 3aJIeKUTH BiJl JOZATKOBUX JIET YBAJbLHUX €JIEMEHTIiB Ue-
pes 1XHI0 BUCOKY XeMiuHy peakTuBHicTb i3 Ilupkoniem. Po3mip BKJIFO-
yeHb [3-Nb BU3HAUAE€THCS BMiCTOM JAOMATKOBUX €JIE€MEHTIB, TEMIIEPATY-
POIO BifIIayrly Ta TeXHOJIOTi€I0 BUT'OTOBJEHHA. EXcIepuMeHTaJ bHI JaHi
IIIOJI0 CTATHUCTUKY YTBOPEHHSA BKJIIOUEHDb Hi00ii0 Ja0Th 3HAUEHHA IXHBO-
ro posmipy (miamerpa) y mismasomi 13-57mmM 3 ryctunoio y (1-—
4)-10'* cm 2 3a Temmneparyp vy 573—-873 K i pismoro BmicTy gomaTKoOBHUX
JIer'yBaJIbHUX eJieMeHTiB [ 71—14].

Koposisa MupKoHio raJbMyeThCA IPUCYTHICTIO BEINKOI KiTEKOCTH HAa-
HOpO3MipHUX BKJIOUeHb [15—20]. Cranmym momaeThca AJIA MOJIIIMIEHHS
MiITHOCTH MAaTePisIy Ta HMOro mjaasydyocTh. BiH TakoK HMOHMIKYE ITBHI-
KicTs BogHeBOI Koposii mupkowiio [21]. KonmneHTparito Sn y mupKoHiiio-
BUX cToIax oomesxeno 1,5% mac., ockinbku migsuiennii BMmict Cranymy
HeraTUBHO BILIMBAE HA KOPO3ifiHYy cTifiKicTh. CTaHyM Yy MaIuX KOHIIEHT-
palisax 3a3BrYail piBHOMipHO PO3UMHEHUN y MATPHUIlL Ta Jie AK IIacTKa
IJIs BaKaHCil, yrmosijabpHIOIOUN A1(ysio aTromiB Hiobito 10 BKIIOUEHB.

TeopeTnuHi KOCTiIKeHHSA MUPKOHIOBUX CTOIIB, JeroBanux Cramy-
moM i Hiobiem, mokasyioTh, 1o aromu CTanyMy CXUJIbHI POSUMHATHUCS B
MaTpHUIli o-Zr, JoKaJdisyouu BaKaHcii, Toxi Ak aromu Hiobiro dopmy-
I0Th KJjiacTepu -dasm Ta MaOTh BiIIITOBXYyBaJIbHY B3a€EMO/III0 3 BAKAH-
ciamu [22, 23]. ¥V nbomMy BUIIaAKYy BUHUKAE NpoOJieMa BUBUEHHS JIOKA-
JBHOTO IIePepPO3MOLily KOHIIEHTPAIlill ABOX BMUIiB aTOMiB i BaKaHCI y
cucTeMax i3 HagMaJIIM BMiCTOM JieI'yBaJbHUX €JIEMEHTiB, KOJH YTBO-
PIOIOThCA BKJIIOUEHHA cTabiIbHOr0 posMipy. Bizomo, 1110 Taki BKIIOUeH-
HA OiI0Th AK 0ap’epu AJd PyXy AUCTIOKAIii, IO IIPUBOAUTH OO0 MiJBU-
IMeHHsa MeXKi MIWHHOCTH MaTrepiany. BrmaiouenHnsa B-Nb cnpuumHAOTH
JOKAJbHI IPYKHI HAIPYIKEeHHs, JKi BILIMBAIOTh Ha 3MiHY MIITHOCTH 3a
MeXaHivHNX HaBaHTAYKeHb i (popMyBaHHs ILJIOIMUH 3CYBY I dyac medop-
Mairii.

JocaimxeHHA PO3BUTKY [HIe(eKTHOI CTPYKTYpPM HABKOJIO TaKUX
BKJIIOUEHBb Ja€ 3MOTY JIIIIIIe 3PO3YyMITH OCOOJMBOCTI B3aeMomii Mixk
BKJIIOUEHHSAMMU Ta AedeKTaMH MIiJ Ji€lo 30BHIIIHIiX HaBAaHTaKeHb. 3ara-
JIOM, BUBUEHHSA JIOKAJBHOT'O IIEPEPO3MIOIiIy JieI'yBaJbHIX €JIEMEHTIB 3a-
JUIMAETHCA aKTYaJIbHOI0 IIPO06JIeMOI0 AJ1A 6araTOKOMIIOHEHTHUX CTOIIiB,
KOJIU BKJIIOUEHHSA BTOPMHHOI (Dasu BILJIMBAIOTH Ha iXHi (pisnuHi Ta Mexa-
HiuHi BIacTuBocTi. Panime 0yJjo ImokasaHo, IO 3aBOAKY CUJIbHIN B3ae-
MOZil MisK BKJIOUEHHSIMHU Ta AUCJJIOKAIiAMN, ITiIJIbHO PO3MOIiJIeHi BKJIIO-
YeHHA 3HAYHO IOJINNIYIOTh MeXaHiuHI XapaKTepUCTUKM ITLIAXOM 3Mill-
HeHHA 3a OpoBaHoM [24]; BKIIOUEHHS MOMKYTH 30iJbITyBATH T'PAaHUIIO
MJIMHHOCTHY Ta MIiIHICTh Ha PO3PUB, MOHMKYIOUM MJACTUYHICTH MaTepi-
any [25, 26].

IcToTHUI TPOT'pPEeC y TEOPETUYHOMY BUBUEHHI X eeKTiB 0yJI0 Jocs-
THYTO B3aBAAKN KJACUUHMM IIigxomaMm, pospobdaenum Kamom i
Xinmiapmom [27-31], i ixHBROMY y3araJbHEHHIO B MeKax Teopii (pasoBo-
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ro mojia [32—37]. Iligxix ¢asoBoro mOJIA € HANNOTYKHIIITIM METOIOM,
III0 BKJIIOUAE TEPMOAMHAMIUHI IIOTEHI[IAJIN KOMIIOHEHTIB CTOITY Ta KOH-
meuTparii ToukoBux gedexTiB [32, 34, 35, 38]. Ileit meTo IMTMPOKO BU-
KOPUCTOBYETHCA IJIsI JOCTIIKEHHS (padoBUX IIEePETBOPEHb Y OiHApHUX i
0araTOKOMIIOHEHTHUX CTOIIAX IIiJ Yac TepMiuHOro oOpoOJIeHHS 3 JIOKAa-
JBLHIM II€PepOsIIoLiIoM KOMIOHEHTIB i gedexTin [33, 39, 40]. Moro 3a-
CTOCOBYBAJIM IJISI aHAJI3W MeXaHiuHOl BilIIOBiZli Ha 30BHIIITHI HaBaHTAa-
sKeHHd [41, 42], a TaKOXK AJIA ONMUCY PATiAIiNHUX IIOITKOIKEHDb V Pis-
HUX MaTepidjax, BKJIOYAIOUYN YTBOPEHHS Ta PiCT AUCJJIOKAI[IMHUX IIe-
TeJb i IMOPOKHUH, (POPMYBaHHSA/PO3UNHEHHA BTOPMHHUX (das (aus.,
Hampukaan, [39, 40, 42—-46]). et meTom Tako:k OyJI0 YCILiIITHO BUKO-
pucTaHo IAJs1 BUBUEHHS MapPTEHCUTHOTO IIePEeTBOPEHHS, iHIYKOBAHOTO
Ha Meki mominy marpuna—BKJIoueHHA [47, 48]. 3asBuuaii y MomeJo-
BaHHI (pa3oBOro MOJA POITIIANAETHCA ITPOCTOPOBO-UYacOBA €BOJIIOIiA
KOHIleHTpallil Jiel'yBaJIbHUX ejieMeHTiB. g BiANOBiIHMX YMCIOBUX
CUMYJAIIN MOMKYTh 3aCTOCOBYBATHCA PisHI 00UYMCJIIOBAJbHI MeTOOHU,
TaKi K MeTOJ CKiHUeHHUX PisKHUIIL, MeToJ Pyp’e-IepeTBOPY Ta METOT,
CKiHUEeHHUX eJIeMeHTiB (I1B., HAIPUKJIalI, [49] Ta mocuiamusa Tam).

BinpmricTs pes3yabTaTiB MOAEJIOBAHbP MiKPOCTPYKTYPHUX IIE€PETBO-
peHb MeTomAoM (pa30BOTO IIOJS CTOCYETHCA KOHIIEHTPOBAHUX CTOIIB (3
BHCOKMM BMiCTOM OCHOBHUX JIeI'yBaJbHUX eJeMeHTiB). MogemioBaHHS
CHUCTEM i3 HaJIMaJIOI0 KOHIIEHTPAI[i€I0 JIeI'YBaJbHUX €JIeMEHTIiB CTHUKAa-
€ThCA 3 00YNCIIOBAJIbHIMY IIPo0JIeMaMu, OB’ I3aHUMHU 3 YPaXyBaHHIM
€HTPOIIiHOTO BHECKY B TePMOAMHAMIUHNI MOTEHITiAJ, III0 Ha0yBae ay-
JKe MaJINX 3Ha4YeHb IIOPiBHIHO 3 iHIMNMY BHECKaMH Y ITei MOTEeHITisaI.

Y maniit pobOTi IIPOBOAUTLCA TEOPETHUHE MOCIIMKEHHA TWUHAMIKHN
BuNaAinHAa nperumiTatiB 3-Nb y cronax Zr—Nb—Sn Ha ocHOBi TUPKOHiTO
3 MaJIOI0 KOHIIEHTPAI[i€I0 JeI'yBaJbHUX €JIEMEHTIB IIiJl yac BigmaJjy TBe-
PAOro PO3UMHY Yy paMKax Teopii ha3oBoro moJisg 3 BUKOPUCTAHHIM METO-
IUKM YMCJIOBOTO MOJeJI0BaHHs. Byae BCTAHOBJIEHO BILIUB TEMIIEPATYPHU
Bigmasry Ta KoHIeHTpaIlii JeryBanbuux enemenTiB (HioGito Ta Ctanymy)
Ha CTAaTUCTUYHI XapaKTepUCTUKHU IIPeIUIiTaTiB i MexaHiuHi BJacTHUBOC-
Ti CTOIiB 3a 30BHINTHIX HAaBAaHTAYKEHb.

PoboTy opranizoBamo HaCTYyIHUM YMHOM. ¥ po3xijui 2 HaBemeno ¢Gop-
MaJiaM, AKUH BUKOPHUCTOBYETHCS IIiJl Yac MOIeJI0OBAHHA MeTonoM (has3o-
BOTO IIOJIA. ¥ TPEThOMY PO3Iiji Oyme IMpoBedeHO aHAJII3Y HA CTiAKicTh
OMHOPIIHNX CTaHIB IIOA0 HEOOAHOPiAHINX 30ypeHb 3 METOI0 BCTAHOBJIEH-
HA BIIJIMBY TeEMIEpaATypH BiJIlajgy Ta KOHIIeHTPAIlil ZOMIIIOK Ha cepej-
Hill Iepios IPOCTOPOBOTO PO3TAITYBaHHA IpenuIriTaTtiB B-hasu. ¥ der-
BEPTOMY PO3/iji HaBeJleHO Pe’3yJbTaTHd YKUCJOBOTO MojedoBaHHA. TyT
IOCTIIKYEThCA €BOJIOIiA CepelHbOT'0 PO3Mipy IpenumiTaTiB Ta iIXHbOI
KiJTBKOCTH ¥ BIJIMB JOMIIIIOK i TeMmepaTypu Ha CTATUCTUUYHI XapaKTe-
PUCTUKYU IIPEnuIiTaTiB. ¥ I’ ATOMY PO3IiJi IPOBOANTHLCA aHAJIi3a MeXa-
HiYHMX BJIACTHBOCTEH IIiJ] Yac MOAEJIIOBAHHS 30BHIIMHIX HaBaHTaKEHb
JIJIA CTOIIB 3 PiBHOIO0 KOHIIEHTPAIIi€I0 eJIEMEHTIB 3a PiBHUX TeMIIEpaTyp
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Bigmaay. OCHOBHI BUCHOBKHY POOOTH MOJAHO B OCTAHHLOMY PO3IiJIi.

2. MOJEJIb ®A30BOI'0O ITI0JIA

Oas1 onucy morpifimoro cromy Zr—Nb—Sn BHKOPHCTOBYIOTBCS aTOMOBI
KoumenTpalii Zr, Nb i Sn gK HemepepBHi 10Jis, 1[0 €BOJIIOIIOHYIOTE V
mpocrtopi r i yaci ¢, mosuaueni sk cu(r, t)=Nu(r, t)/N, ne u={Zr, Nb,
Sn}, Nu(r, t) — KingbKicTs aToMiB copTy U, N — 3arajbHa KiJbKicTb aTo-
MiB. BpaxoByouwu, 1110 aToMu Sn BUCTYIIAIOTh HACTKAMU IJIs BaKaHCiit,
po3raAmacThcA IIifcCMCTEMa BaKaHCili, ommcyBaHa KOHIIEHTPAIIi€IO
cv(r, t)=N(r, t)/N. MikBy3JIOBi aTOM1 He BPaXOBYIOThCA Oe3Iocepen-
HBO uepe3d IXHI0 MaJlly KOHIIEHTPAI[il0 IOPiBHAHO 3 BaxkaHciamu. Kpim
TOT'0, OCKLIBLKM nu@ysisa aromiB Nb Ta Sn Bif0yBaeThcA 31€0iIbIIIOr0 3a
BaKaHCIiHUM MeXaHi3MOM, Jajii MM HEXTYEMO BHECKOM MirKBY3JO0BUX
aTOMiB y TepMOAUHAMIII.

CucreMma posrisamacThesa y (pikcoBamomy 06’emi V i3 3akoHOM 36epe-

JKeHHsS Macu ZHCH = 1. PiBHoBaskHi Baxkancii He BpaxoByIOTLCH y 0a-

JaHCi MacH uYepesd iXHIO MaJy KOHIEHTPAIil0 BiJHOCHO KOMIIOHEHTIiB
cromy. Y TakoMy BHIAIKy ITOBHA I1606COBa eHEPrisf 3alUCyeThCs K CY-
Ma KOMIIOHEHTIB, II[0 BU3HAUAIOTh TepMoauHaMiky cucremu [50]:

G

tot

= Gy nposn TGy 1)

Ie Gzr—Nb-sn BIZITIOBiIae BIIACTUBOCTAM CcTOIly, a GGy — IIifcucTeMi Bakau-
ciit. Mosxsapua I'i66coBa eHepris cTOMY 3a5a€ThCA AK

Gynpsn = G + G+ G™. (2)

Tyr G™ = ZHGS% — T'i66coBa eHepris, SKa BHBHAUAETHCA IOTEHIifA-

namu G, 3 Bukopucranuam meronuku CALPHAD [51]:

G,. =-7829 +125,65T — 24,16T In T — 0,0044T* — 34971/ T,
Gy, =-8519 +142,05T - 26,47T InT - 0,0002T* + 93398 / T,
Gy =6424,7-0,395T - 8,259T InT — 0,0168T° —1081244 / T.

Hoxanok G = RTZ:u ¢, In ¢, 3a/1a€ eHTPONiMHNI BHECOK, [I0B’ A3aHWUH 3

BUIIAAKOBUM IIepeMilllyBaHHAM aToMiB, R — rasoBa crajyia, T — Temiie-
parypa, a G* =¢c L (T) BU3HAYAETHCA 3aTKHIME B1J TeMIIEPATYPH

KoedimienTamu B3aemomii [51]:

L, =15911+3,35T, L, =-148022,5+19,4074T, L. = 15439,95.
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Eneprii G{. i G, B3ATO IJA YMCTUX MaTepianis y a-Zr, emeprito Gy,
obpano aas uynctoro Nb y B-dasi arixmo 3 6asoio ranux SGTE (Scientific
Group Thermodata Europe) [51].

BHecok BakaHCiiHO] ImigcucTeMH 3alIMCYETHCA ¥ BUTJIAI:

G, =G +G+G™, (3)

. co f f
Enepria ¢opmyBanHa BakaHciii — G, = ZH Gv’“cff , Ie Gi’“ BH3HAYAE

eHepriio opMyBaHHA BaKaHCil y YMCTOMY |l-MaTepidii, cS — HOMiHa-
JbHa KOHIIEHTPAIlid ejieMeHTa. BigmoBigHU# eHTPONifHNII BHECOK MAae
surnan G = RTc, Inc,. Ckaanosa G onucye B3aeMozito BaxaHciit is

aToOMaMM CTOIY i Moske 6yTH 3amucana y Buriani G = ch:H c,G\" , me
int __ EYallt f,u K
GHL =Z G., +G™".Tyr G.,

KOOPAMHAI[IMHE YHUCJIO.
BaraiapHuil Bupas aus 1166coBoi eHeprii HaGyBae BUTIALY:

— BigmoBizHa eHepria xoresii, Z=12 —

0 0 0 £
G (cysC »Csnr ) = GpCyp + Gl + GG, + GoC, +
+RT(c, Inc, +cy Incy +cg, Incg, + ¢ Inc )+ (4)

int int int
+C5.Cnm Ligeny + C2ConLizesn + OxpConlinpsn + €4 (€. G + oGyl T €5 Gilsn)-

v-Zr

®dyuxrmnionan [166coBoi eHeprii 3aIKUCyeThCA Y BUTIAAL

F =V, [dVIG,(c,c,) + 2 %, (Ve,) +x,(Ve,) ], (5)

ne Vi, — MousiapHUil 06’eM i BpaxoBaHO I'paJieHTHI eHeprii k, Ta Ky, AKi
BUBHAUYAIOTLCA Yy TaKUil croci6: Kk = Lzmwl?/6, Ky=ky =k, [ =80/2 — mOB-
JKMHA KOTePEeHTHOCTH, 09 — IMUpuHA Mik(asHoi me:xi. [lomaapina ana-
Jiza r'pyHTyeThCA Ha piBHAHHAX Kana—Ximnigapga:

o, =VY M,V SF , (6)
m dc,

ne M, — xoedimienTu mobisbHOCTHU. [[J1a ommcy peasicTUUYHOI KapTu-
HU BUunafinaa nperumnitatiB B-Nb y cronax Zr—Nb—Sn 3 masioro KoHITe-
HTpAIli€l0 HOMIIIIOK OyaeMO PO3radgaTH AUHAMIKY KOHIIEHTpPaIlilmHUX
MIOJIiB Czr i Csn (PA30OM i3 TMHAMIKOIO ITOJIA BaKaHCi ¢y), a KOHIIEHTPAIIi 0
cnp OymeMo BUM3HAUATH i3 3aKOHY 30epe)keHHs Macu. Takmii migxing
YMOMKJIMBJIIIOE MOJEJIIOBATH KiHeTuKy posnany ¢as y cronax Zr—Nb—Sn,
YVHUKAIOUN CUHI'YJISIPHOCTEHN y XeMiuHoMmy moTeHisairi. [logioumit meton
OyB YCIIIIIHO 3aCTOCOBAHUI AJIS HOCJiIKeHHS IPOIleCiB YTBOPEHHA Ta
pocty nipertumitaTtiB B-Nb y cromax Ha ocHOBI mupKoHi0 [52, 53].
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BigmoBigHO IO cTaHZapTHOrO migxomy (pasoBOro ImoJis Ajs (pasoBOrO
posmnany B HNOTPiMHUX cHUCTeMaX, MM BUKOPMCTOBYEMO MiKPOCKOIIiUHiI
nugysitiai piBHaaHa OHcarepoBoro THIIY, 3aIpOmOHOBaHI XauaTyps-
oM [30]. BukopucToByiouu paHillie omepskauHmii (popmaiaM, HaBeme-
HU# y poborax [54—57], Mu omep:KyeMo TaKy CUCTEMY 3B’ sI3aHUX HEJIi-
HilHUX piBHAHD, 110 BKJIOYAaE BCi Andy3iiiHI MOTOKU BiJ yCiX KOMIIOHE-
HTiB, AK Iie 6yJ0 moKasaHo B [58]:

SN AR

Zr,7r Zr,Sn 6
ch cSn

(7)

atcSn = v MSn SnV 8F + MZr SnV E b4 atcv = Vj\lvv E
’ dc ’ oc

Sn ch v

KoedimierTu xemiuHOI PyXaAuBOCTH Myzr7r, Msnsn i Mzysn BU3HaAUA-
I0OTHCA HACTYITHUM YMHOM [58, 59]:

MZr,Zr = Cy [A- Cyr )2 M, +cjc, Mg, + cj.0q,My 15
Mg, 60 = el — ¢, )? Mg, + ¢g,0,, M, + cg0M 1, (8)
MZr,Sn = chcSn [CN'bMN'b - (1 - ch )MZr - (1 - cSn )MSn]'

Tyt M,=(RT)'V.D, — BignoBiguuii KoedillieHT PyXJIUBOCTA UYUCTOI'O
ejqeMeHTa, D, — BignoBigauii KoedinienT gudysii. PyxauBicTs BakaH-
cifinoro amcamOJil0 BHUOMpPAETLCA y CTAHZAPTHOMY  BUIJIATI:
M, =(RT) VwDcy, ne Dy — xoedinienTt qnudysii Bakanciii.

Juia pocmifskeHHAa MeXaHIUHOI peaKIlil cucTeMu Ha 30BHIITHI HaBaH-
TayKeHHA BUKOPHUCTAEMO TEOPETUYHNH HifXin, 3aCHOBaHUI Ha MeTOoIax,
pospobienux y poborax [41, 60—64]. [[;1a miboro yBemeMo moje 3MilieHn
u i Tersop medopmariiii y cTaHZApPTHUN cmocib: & ;= (Ou;+ du:)/2, me i,
jel{x,y,z}. las npy:KHBOI eHeprii cucTeMu MOYKHA 3aIUCATH:

G, (u,c,) = Kei, / 2+ D({e,;}) + Gs (g, {c,}) - 9)

TyT MU posraagaeMo OiJBII 3araJbHUN BUIIAA0K, KOJU MOAYJIL IPYK-
Hoctu K € 3asekHOMO Bij KoHIleHTpallii Beauuunnowo, To6To K = K({c.}).
Hpyruii ugeHn y mpaBiii uacTuHi piBuaHHA (9) ommcye ogJHOBICHY Ta 3Cy-
BHY IIPYKHi CKJaIO0Bi, 1110 3aJjiesKaTh BiJl Kpucrajorpadgiuynoi cumeTpil
cucremu. TpeTiit wiIeH BiAmIoBigae 3a B3a€MO3B’ I30K MiK CKJIAJOM i TU-
JgaTaiiinow pedopmailieio €;. 11106 BusHauMTU eheKTUBHUN MOIYJIDH
MIPY*KHOCTH, IIOKJIamgeMo [65]:

K, - K
K = K, + K Acy,, K, = —>——2, Acy, = ¢y, — Oy

Nbs 131 B Nb *
b~ O

s npy:uBOI cKIagoBoi O({e;}) MOKHA 3amMcaTH:
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D({e;}) = Ole,, €;) + ey, €5, €5) (10)

e OMHOBiCHA IIPYsKH eHeprid O(ez, e3), 110 XapaKTepusye 3sMiHy IPYK-
HBOI eHeprii BHACJILOK CTHUCKAHHA a00 PO3TATYBaHHSA, MA€ BUTJIAL:

0= 8“2 3 —cos(2me, ) — cos(2me_) — cos [4“3 H , (11)
T

N

TOJ1 AIK BHECOK 3CYBHOI IPYKHBOI eHeprii mae hopmy

2

m
Y = e [3 — cos(2me, ) — cos(2me; ) — cos (4ne, )] . (12)

Mogysib 3cyBYy W mOB’sA3aHmuil 3 06’eMHUM MoxysaeM K cTaHTapTHUM
ypHOM. TyT MM BMKOPHCTOBYEMO BU3HAUEHHS eJIeMEHTaPHUX KOMIIO-
HeHT gedopmarrii:

62 = axux - ayuy’ 63 = (282u2 - axux - ayuy)/\/g’

e, =0u,+ou, eg=0,u,+0,u

e =0u, +0ou, +ou,

(13)
€ =0 u, +0.u,.
Hedopmariii e; i e; € TeTparoHaJabHUMMU, a €4, €5 1 €6 — 3CYBHUMU. TaK0MXK
BBOJUTHCS IIO3HAUEHHS €+ = €2 T €3 \/§ . na manux geopmaltiii y mexxax
Teopii JIiHiINAHOI TPYMKHOCTHM OJEP:KYEMO CTaHAAPTHI BUpasu:
(OF= u(ez2 + eg) /2, ¥ = u(ef + eg + eé) / 2. JogaTKOBU IPYKHill BHECOK
G, , ByMOBJIEHHII HeBiIIOBiAHICTIO I'paTHNUII, BignoBigHO K0 Berapmoso-
ro 3aKOHY OepeTbca y dopmi [41, 60-64] G = ae Acy, . Tyt napamerep
3B’A3KY O, BU3HAUAE B3a€MO3B’ 130K MiK CKJIAAOM i 3MiHOI0 00’ eMy; maJri
MU TIOKJIAaeEMO o = 2[inb. JHAMIKaA BeKTOpa NPy KHIX SMIileHDb U IIiJ Ti-
€10 MeXaHIYHNX HAaBAHTAYKEHbD OMMCYEThCA PiBHAHHAM [41]

po,v =n,V’v+Vo,, (14)
t 0 t

e V=0;u — IIBUJKICTh 'PATHUILi, p — CepeqHs I'yCTUHA MacH, Mo — KO-
edinieHT 3cyBHOI B’ABKOCTH, & Ot = {G;;} — CUMETPUYHUN TEH30D NIPYK-
HiX HaIPYKeHb, Ae G;=0Ge/08; Ta Gij=(1/2)0Ge/0ci; (i+#j). 3oBHiIIHE
MexXaHiuHe HaBaHTAKEeHHS MPUKJALAECThCA Yy BUTJIAAL 3CyBHOI medop-
maruiiy =v,t, Ie v, — cTaja MBUAKICTE fehopMarrii.

Yeci mapamerpu a5 MofeII0BaHHSA 3i0paHo B Tabu. 1.

3. AHAJII3A CTIMKOCTH ITPOCTOPOBUX 3BYPEHD

3 MeTOoI0 aHaJIi3y BILJIMBY TeMIlepaTypu Bignany T Ta KOMIIO3UITil CTOIY
Zr—Nb—Sn ma mpocTopoBuii po3moais npemumiTaTtis 3-hasu B 06’emi 3a-
CTOCYEMO METOAMKY aHaJi3MW Ha CTIMKiCTh OMHOPIAHUX CTaIliOHAPHUX
CTaHiB IIOA0 HEOAHOPiZHMX 30ypeHb. Ha mromy etami 6ymemo BBayKaTu,
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TABJINIIA 1. ITapameTpu A MOIEeTIOBAHHA.
TABLE 1. Parameters for modelling.

ITapamerep | 3HaueHHA |PO3MipHiCTb|HOCI/IJIaHHﬁ
HapameTpn(Il‘lpac'I;HHm nia Zr (3,2, 5,14)-10* .
Aromunii 06’em Qo 3,32-107%8 cem?
PiBHOBaKHa KOHIIEHTpAITiA Ba- £.7¢
RATHCI Con 0,54 exp(~ E** [k,T) [66]
Enepria (l)Ongf]:"Zé:HHﬂ BaKaHCil 1,8 eB [66]
Enepria Q)opmgflﬁnﬂﬂ BakKaHcCii 2,7 eB [67]
Enepria (l)Ongf]:"sanHHﬂ BakKaHcCii 0,94 eB [23]
Enepris xoresii E, 7,5 eB [67]
Eneprisa koresii E~ 6,3 eB [67]
Enepria koresii E>) 3,15 eB [68]
006’emumit moxyib Kzr 97 T'Tla [69-71]
006’emunit Mmoxyns Kno 170 I'TIa [72]
06’ emHMYT MOAYIb Ksn 58 I'lla [73]
IMTupwunaa mimxdaszoi Mexi do 5 HM [74]
Koedinient gudysii Nb y a-Zr 6,6-10°1° 2
D exp(-15851/ksT) ~ M/° [74]
Koepimient audysii Sny a-Zr 3,12:10 9
Dsn exp(-2,74/ksT) m/e [75]
KoepimienT qudysii Bakancii 2,2.1072 9
D. exp(-0,93/ksT)  SM/C [76]

1110 PiBHOBAKHI BaKkaHcii ogHOPiAHO pos3moxijeHi B 06’eMi cTommy Ta HeX-
TyeMo ixHiM BHeckoM. IIpoBegemo aHa/1i3y aTOMOBOI CCTEMM, IO OIIM-
CyeThbCA MEPITUMHU ABOMA PiBHAHHAMU cucteMu (7). IJid Ib0ro poaris-
HeMO 30ypeHHs d¢, =¢, — c:f i 6ymeMo IITyKaTH 1oro po3B’sI30K Y BUTJIA-
i ocy o exp(Mt +ikr), ne B — XBUJIBOBE YMUCJIO0, a A =ME) — IOKa3HUK
critikoctu. IlimcraBnsrounm itoro B piBHAHHA (7) OymyeMO MATPHUIIIO
Axo6i Ta, BUKOPHCTOBYIOUM YMOBY piBHOCTH ii meTepMimaHTa HYJIIO,
OJIePIKYEMO KBaJpaTHe PiBHAHHS AJIS IIOKA3HNKA CTIHKOCTH A 3aJIe:KHO
Big XBMJILOBOTO uuca k. TumoBi 3ame:xHocTi AM(k) 11 pisHUX CTOIIIB 3a
pisHUX TeMIIepaTyp momgaHo Ha puc. 1, a.

Bugmo, 110 MOKasHMK CTiHKOCTH IJA ImoJdA KoHieHTparlii HiobGiro
Az > 018 k € (0, ko) He3aJIeKHO Bil TeMIlepaTypu Ta KOMIIO3HUIIi1, 1110 CBij-
YUTh IIPO MOKJIMBICTH peaJsizarmii mpormeciB (pasoBoro posmiapyBaHHs
KounenTpairii Ilupkonito: popmyBanua 3baraveHux i 30igHeHUX HA Cz
obsacteii 06’emy. TyT k= Ekmax BigmoBifgae HaiiOiJbII HecTiliKiii Momi Ta
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BM3HAYAE CEpPemHill mepiom mIpocTOpoBHMX HeomHopimHocTeit d o« 2m/k i
MOJKe acolIlifoBaTHCA i3 cepegHIiM pO3MipoM HIpPenUuIiTaTiB BTOPUHHOI
¢asu.

3 pucyHKY 1, @ BUgHO, 1[0 K TeMIIepaTypa BiAmaay, Tak i KOHIIEHT-
paris gomimroxk (Nb, Sn) BrimBae Ha IIPOCTOPOBUI PO3MOLiI IIPOCTOPO-
BUX HEOTHOPIAHOCTEHN Em.x 1 KiJIBbKicTh HecTifikux mon ko. BomHopas,
CTaHyM OZHOPIZHUM UMHOM PO3IOALIATHMETHCA B 00’€Mi CTOmYy, OCKi-
JBbKU Agn < 0 1)1 BCixX 3HAUEHDb XBUJIBOBUX 4YUceJ k. S3aIeKHOCTI Buax Bl
TeMIIepaTypu Bigmaay, KoumeHTpartii Hiobiro Ta kouienTpaiii Cranymy
— Ha puc. 1, 0, 8, 2 BignmoBigHo. 3 pucyHKY 1, 6 BULHO, 1110 30iIbIITCeHHS
TeMIepaTypPH BifmaJjy IPUBOAUTE M0 3MEHIIIEHHA IIePiofy IIPOCTOPOBUX
HECTiHKOCTel Bma.x, & OTKe, OO0 30LIBINeHHsS cepeqHbOol Bigmaai MisK mpe-

0,08 0.81..__
‘max _h“\ —Zr—2,5Nb
0,029—"F—————1 e, - 0.7 Yu e Zr-2,5 Nb—1 Sn
. % .. ---Zr-1Nb-18n
0,01 N
& . . \ 0,61 RN
0,00 e e e T
L0204 06 V8 10 Y12 RRE LI
k 3 0 5__5—""—‘*—__‘_____
0011 % Zr2,5NbT=57T3K(h,)—
L Zr-2,5Nb T=623K (A,)---
0021 7h 1Nb-18nT=573K (h)-— 0,44— : : : : ,
Zril Nb-1SnT =573 K (b )-... 550 600 650 700 750 800
-0,08 ‘ Sn T, K
a 0
0,9 0,9 )
0.8 0.8
% ST 5
& 0.7 e 0.7
——x,=1%, T=573RK ek —2,5%, T—
o] [l DTl - Xy 2,50/0, T=573K
- %g,=1%, T'= —x,=2,5%, T=623K
------ %5, =2%, T=573K 2y, =1,0%, T=573K
0,5 T T ¥ T T 0,5 T T T T
0,5 1,0 1,50 2,0 2.5 .5 1,0 N 1,5 2,0
Xy 70 xg, %
8 2

Puc. 1. Tunosi sanexkuocTti M) myia pisHux cromiB 3a pisHUX Temnepartyp (a);
3aJIE}KHOCTI HAWOiNbII HECTINKOI MOAM Rmax Bif: TeMmmepaTtypu Bimmamny (6),
KouteHTpartii Hiobito (8), koumeuTparii Cranymy (2).

Fig. 1. Typical dependences A(k) for different alloys at different temperatures
(a); dependences of the most unstable mode kmax on: annealing temperature
(6), concentration of niobium (8), concentration of tin (2).
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numnitaramu P-asu (a0o IXHBOrO cepeHBOTrO JiHiMTHOTO po3dmipy). Bos-
Houac, gomaBaHHsa CTaHyMy Yy CTOII iCTOTHO 30iJIBLIITYE 3HAUEHHS Rmax 34
IIOMipHUX TeMIIepaTyp. 3MeHIIeHHa KoHIeHTparii Hiobiro BminBae aHa-
JIOTiUHMM YMHOM, IO BigoOparkeHo Ha puc. 1, 8. 3i 30iabIIIeHHAM KOHIIe-
Hrparnii CranHyMmy y cTomi 3HaAUYEHHSA Rma.x MOHOTOHHO 3pocTae (quB. puc. 1,
2). Takum UMHOM, MOKHA OUiKyBaTH, IO 30iJIbINIEHHA TeMIIepaTypu Bis-
najy, 30ijbimenHsa KoumeHTpaiii Hiobiro Ta 3MeHIIeHHA KOHITEHTpAIlil
Cranymy y cromnax Zr—Nb—Sn npusese 10 30iabIIeHHS cepeqHbOl Biamari
MiK mpenumiTaTramu 3-asu Ta IXHBOTO JIiHITHOTO PO3MipY.

4. YU CJOBE MOJEJIOBAHHI ITPOITECIB BUITATTHHA
IITPEITUIIITATIB

s IepeBipKu oJlep:KaHUX Pes3yJabTaTiB y paMKax JIiHiliHOl aHadi3u Ha
CTiMKiCTh IaJIi mIpoBeIeMO YMCJIOBE MOJEJIOBAHHS IIPOIlEeCiB BUNAAiHHS
npernumiTartiB $-asu mig vac Bigmaay TBepAoro posunHy 3a GikcoBaHOI
TemMnepaTypu. sa mporo 6ymeMo YnceJabHO PO3B’I3yBATH CUCTEMY PiB-
Haub (7) Ha KBagpaTHi# r'paTHUIli podmipom LxL 3 JiHiiHUM po3mipom
L=NAx iz N =128 BysiaMu B KOXKHOMY HAIIPAMKY I e(peKTHBHUM IIa-
paMeTpoM PO3pPaxyHKOBOI r'paTHuIli Ax =1, BUKOPHCTOBYIOUHU CIIEKTpA-
apHUl Pyp’e-meron [49, 77, 78] 3 mepiofuUHNMHN KpPaoOBUMU YMOBAa-
Mu. [ 3pYUYHOCTH IIPOBOAMMO 3HEPO3MipHEHHS CUCTEeMH PiBHAHD (7)
IILJISIXOM yBeIeHHs Oe3posmipHoro uacy t=t1?/Dxp i 6e3po3mipHOl Bin-
maair=r/l. [arerpyBaHHsa piBHAHSL (7) 32 YACOM IIPOBOAUTHLCS 3 KPOKOM
At=1073. ¥ axocTi mouaTKoBol KoH(pirypaiii o6epeMo TBepAUNA PO3UMH
3 HOMiHaAJIbHUMU KOHIIEHTPAI[iAMU JeT'yBaJbHUX eJIeMeHTiB cS i piBHO-
Ba'KHOIO KOHIIEHTPAI[I€I0 BaKaHCik cg OJHOPIAHO PO3IOIiJIEHNMU B
06’emi: <c (r,0)>=c), <c,/(r,0)>=¢, <(c(r,0)-c))’ >=107c,
<(c,(r,0)— )’ >=10"¢? . Mu posrisHemMo TpH KoHDIiryparii Teepaoro
posuuny: Zr—-2,5%, Zr—2,5% Nb—1,0% Sn ta Zr-1,0% Nb-1,0% Sn,
sAKi OymeMo migmaBaTu TepMivHOMY 00POOJIEHHIO 3a PiSHUX TeMIIepaTyp
T € [525, 700] K 3 meTor0 gOCHiA:KeHHSA TUHAMIKY BUIIAMiHHA ITPEITUIIi-
TaTiB B-hasu i aHATI3M BIUIMBY JIETYBAJLHUX €JI€MEHTIB i TeMIiepaTypu
BiimaJTly Ha OCHOBHI CTaTHCTUYHI BJIACTHBOCTI MiKPOCTPYKTYPH CTOIIY
Ta MeXaHiYHi BJaCTHUBOCTI 3a 30BHIITHIX HABAHTAaKEHb.

V dKocTi TecTOBOro 3pasKa PO3IIAHEMO TBepauii posumH Zr—2,5%
Nb—-1,0% Sn, axuit Tepmiuso 00podaseTbeda 3a rTemueparypu T =573 K.
TunoBuii crieHapili Iporecy BUIIAAiHHS IPEIUILTATiB IOKa3aHo Ha PUC.
2. Tyt xounenTtparii Hio6iro (Bepxuiit pagok), Cranymy (cepenHiii ps-
oK) i piBHOBa:KHI KoHIeHTpaIlii BakaHCi# (HMKHiNT PAZOK) HaHECEHO
Bif cuHBOTO (HYJIA) O YePBOHOTO (MakcuMaJbHe 3HAYEeHHS) B Pi3Hi MO-
MEHTH Yacy Bigmauy.

3 PUCYHKY BUIHO, IO 3 IMJIMHOM UYacy IMicJa IIeBHOTro iHKyOaIiiimoro
nepiony t. 3 TOMOT€HHOTO PO3MIOIiay (TBEPAOTO PO3UMHY) HOUMHAIOTH
BUIinsATHCA 36araveHi Ta 30imHeHi Ha KoHmeHTpariio HiobGiro (BepxHii
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Puc. 2. Intocrpartii moma KoumenTparlii Hiobiro exw(r), Cranymy csa(r) Ta piBHO-
BaXKHUX BaKaHCil cv(r) mig uac Bignany tBepmoro posuuny Zr—2,5% Nb—1,0%
Sn 3a remneparypu T'=573 K.

Fig. 2. Snapshots of the concentration fields of niobium cxu(r), tin csu(r) and
equilibrium vacancies c¢«(r) during annealing of a solid solution Zr—2.5% Nb—
1.0% Sn at a temperature T =573 K.

pAIOK) mpemuIriTaT. Y pesyJabTari Bike micia 13 mi6 Bigmamy Bumisis-
I0TheA npenunitTatu 3-dasu, sbaraveni Ha KoHmeHTpamio Hiobito (uep-
BoHi obsacTi). Ha 1i#i cragii Cranym maiiske piBHOMipHO pO3IMOAijIeHU
B 00’eMi, Tomi AK piBHOBaKHI BaKaHCii 3 0iJIbIIIOI0 KOHIIEHTpPAIli€l0 ce-
I'PeryioTs Ha Meixax [-dasu (mosa nmpemuiritaTramMu) 3a IOJaIbIIIOTO Bif-
naJjly yTBOPeHi IpeluniTaT IOYNHAOTh BBAEMOAIATH OAMH 3 ogHUM. I1i
e(heKTH TPUBOAATL OO TOrO, IO 3arajbHa KiJIbKiCTh IIPEUIIiTATIB IIO-
YHA€E€ 3MEHIITYBATUCSA 34 PAXYHOK TOTO, ITIO MaJli BUAIJIEHHA (3 PO3Mi-
poOM, MEHIIIMM 3a KPUTHUYHMNII) POSUMHAIOTLCA. BomHouac BeluKi mpe-
IUIIiTaTH 3a0MPAIOTh MATEPiAJ 3 MATPHUIIL Ta IPOLOBKYIOTH 30iILIITyBa-
THCA y posMipax 3a OcTBaJIbIOBUM CIleHAPieM Ho3piBaHHSA. 3a MOBIO-
TPUBAJIOTO BiiTIajy Ipollecy 3pOCTaHHA IMPEeINUIiTaTiB 3yIMHAIOTHC, a
MiKPOCTPYKTypa CTOITy CTAa€ CTAIliOHAPHOIO Ta XapaKTepU3yEThCA IeB-
HOIO KinbKicTiO (rycTuHOI0) N, mpenumiTaTiB B-asu 3 cepeguim JiHi-
HUM posamipom <R,>. XapaKTepHO, IO y CTalliOHAapHOMY PpeXuMi Bci
MIPEIUIiTaT! XapaKTepusyThCI MaliKe ogHakoBuMu poamipamu. Cra-
HYM i piBHOBasKHi BaKkaHCii 3 O1JIBIIIOI0 KOHIIEHTPAI[I€I0 30CePeIKeHO Ha-
BKOJIO IIpenumiTaTiB HiobGito (Ha me:xki mominy ¢as). Takuii pesysbTatT €
CIIPABEAJINBUM, OCKiJIbKYM CTaHYM BHCTYIIAE Y POJIi IIACTOK IJIA BaKaHCii
i TpuMae ix Koo cebe.

Hami mpoaHasisyemo BIuB JeryBaabuHux enemenTtiB (HiobGito it Cra-
HYMY) Ta TeMIIepaTypHu BiAmansy Ha IUHAMIKy BUIAMiHHA OPEIUIIiTATIB
(imxyOarmifinmit gac t.). BigmosBigui pesyabTaTu mogaHo Ha puc. 3. Bun-
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Puc. 3. 3anemxnocti imKyOariiiHoro uacy t. Bif: KoHieHTpallii CTanymy s
TBepAUX po3uuHiB 3 2,5% Hiobiro (a), TemmepaTypu Bifgmany [isa pisHUX TBEP-
IUX PO3UYMHIB (0).

Fig. 3. Dependences of the incubation time . on: concentration of tin for solid
solution containing 2.5% of niobium (a), annealing temperature for different
solid solutions (6).

HO, ITT0 30iJbITIeHHA KOHIeHTpalii CTaHyMy y TBepAOMY PO3UMHI iHIY-
KY€ Opollecy BUNAMIHHA mpenuniTariB B-dasu, 3MeHITyI0UN 3HAYEHHA
t. (muB. puc. 3, a). Bomgmopas 1eit edeKT € iCTOTHUM 3a MEHIITUX TEMIIe-
patyp (zuB. kpuBi gaa T=573 K i T =623 K). Kpim Toro, 36inbineHns
TEeMIIepaTypy Binajay TaKOMK HNPUIIBUAIIYE IIPOIECH BUNATIHHA [3-
daszu, 1110 [00pe BUAHO 3 puc. 3, 6. AHaJoriuHuii ePeKT cIocTepiracThes
3i 36imbiienHam KoHIenTparii Hiobito y TBepmomy posunHi (ZuB. KPUBi
nst posunHis Zr—2,5% Nb—1,0% SniZr-1,0% Nb—1,0% Sn).

3 MeTOI0 BCTAHOBJIEHHS BILINBY JieI'yBaJdbHuUX enemMeHTiB (Hiobiro
Cranymy) Ta TeMmepaTypu BimImaay Ha CTATHCTHUYHI BJIACTHUBOCTI IIpe-
numiTaTiB B-dasu (cepenHiit posmip <R,> i ryctury <N, >) Mu npoBean
10 Hesame:XHUX eKCIEPUMEHTIB IJd KOyKHOI KoH(iryparii 3 Taodm. 2.
Samexxuocti <R,>(t) Ta <N,>(t) momano Ha puc. 4. Bugno, mo micias

TABJINIIA 2. KonnieHTpallia Jer'yBaJbHUX €JIEMEHTIB i TeMIepaTypa Bigmamy.

TABLE 2. Content of alloying elements and annealing temperature.

Howmep Koumnenrparis Koumnenrparis Temnepatypa
KoHOiryparii Hiobiro, % Cramymy, % Bigmany, K
1 2,5 0,0 573
2 2,5 1,0 573
3 1,0 1,0 573
4 2,5 1,0 593
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Puc. 4. 3anexxH0CTi cepefHBOTO JiHifTHOTO pO3Mipy mperumiTaTiBa <R,> (a) Ta
ixHBOI cepemHbOI rycTuHU <N)p> (0) Bixm vacy misa pisHUX KoHGDIrypairiii TBepmo-
ro po3umHy (TeMIeparypa Bigmasay 3 Taba. 2).

Fig. 4. Dependences of the mean linear size of precipitates <R,> (a) and their
mean number density <N,> (6) on annealing time for different configurations
of the solid solution (annealing temperature from Table 2).

t =t. KiJIbKicTh mIperuIriTaTiB i ixHIN cepemHil po3Mip cTpiMKO 3pocTa-
IOTBh 3 YaCOM i JOCATAIOThH CTaIliOHAPHUX 3HAUeHb. BogHOUAC JOTaBaHHS
CraHyMy IO TBEpPAOTO PO3UMHY He BIJIMBAE HaA MIBUIKICTH 3pOCTaHHS
000X BaJIe’KHOCTeH, a HNPMBOAUTEL MO peasizaifii OinbIirol KiabxocTu
MEeHIIINX 3a po3MipoM nmpenuiitaris (quB. KpuBi 1 i 2 Ha puc. 4).

3MenIenua KoumenTpailii Hiobiro He Mae icTOTHOTO BILIMBY Ha cepe-
IHif poaMip npenuiriTaTis (He3HauHe 3MeHIIeHHA <R,>), IpoTe IIPUBO-
IUTH J0 iCTOTHOTO 3MEHINeHHS IXHbOI I'yCTUHY y cToti (quB. Kpusi 21i 3
Ha puc. 4). 3 mMiABUINEHHAM TeMIIepaTypHu Bifmaay OIpoIecy BUIATiHHSI
MIPeIuIIiTaTiB BimOyBalOThCA MIBUIIE, TOAL K Y CTAI[IOHAPHOMY PEyKI-
Mi iCTOTHOTO BIJIMBY Ha CTATUCTUYHI XapaKTepPUCTUKU IIPEIUIIiTaTiB He
cmocTepiraerbca: HesHauHe 30igbienHsa AK <R,>, tak i <N,> (nus.
KpuBi 21 4 Ha puc. 4). Ogep:xaHi pe3yabTaTH IOA0 3aJEKHOCTHU CTAIiO-
HApPHOT'0 3HAYEHHSA CepelHboro po3Mipy mpernumitatiB Hiobito Big xom-
IeHTpaIii JeryBaJbHUX €JIeMEHTiB i TeMIlepaTypu Bimmaay goope ysro-
IJKYIOTBhCS 3 pe3yJIibTaTaMM aHaJIidy Ha CTIHKiCcTh, IPOBeIEeHOol y IIoIIe-
PeIHbBOMY PO3/iJi.

Hanpurkinmni posaisy npoaHallisyeMo po3MOAiJM IIpeIfuniTaTiB 3a po-
amipamu R,/<Rp> mJid 40OTUPLOX KOHQirypariit, moganux y tabua. 2. Ha
PUCYHKY 5, @ TOKAa3aHO TUMIOBI isfocTparii (114 0ZHOTO eKCIIEPUMEHTY )
nosia kouneHnTparii Hiobiro eny(r) gsa pisHux KoHGQiryparmniii 3 Taba. 2y
cTamiomapHomy pesxkuMi. Ha pucyHKY 5, 6 pisHUMUN MapKepaMi HaBeIe-
HO po3paxoBaHi HOPMOBAaHI PO3MOIiIM IIPEIUIiTaATiB 32 podaMipaMu 1A
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Puc. 5. Limroctpanii monst kounernTparii Hiobito cxu(r) (a) Ta posmoginu mpeu-
miTaTiB 3a po3mipamu (0) muis pisHux KoH(irypartiii 3 Tabs. 2 y cTal[ioHApHOMY
pexumi.

Fig. 5. Snapshots of the concentration field of niobium cxu(r) (a) and distribu-
tions of precipitates over sizes (6) for different configurations from Table 2 in
the stationary regime.

KoH(irypariit 3 Tabj. 2 i3 BUKOPUCTAHHAM Pe3yJIbTATIiB IeCATHOX eKcC-
nepuMeHTiB. BuaHo, 110, HesaIe:KHO BiJl KOHIIEHTPAIlil JieryBaJbHUX
exemeHTiB (Hiobito #1 Cranymy) Ta TemMmepaTypu Bigmaisy, PO3IIOIiJ
f(Rp/<Rp>) € yHiBepcaJIbHUM i3 HaibinbII iIMOBIipHUM podmMipom EM™ .
CraTtucTruHa aHajJi3a (YHKIII pO3mOAily HMPeIuIiTaTiB 3a po3Mipom
Mae Burasan posnoxpiay Jligmuia—CarosoBa—Baraepa (LSW) 3 xBocTa-
MM, IO cIIocTepiraioTbea aasa R, > <R,> (auB. puc. 5, 6). Ciaix 3asumaun-
T, 10 posnonia LSW y #ioro opurinanbrii dopmi [79, 80] He migxo-
IUTH Oe3IocepeIHbBO uepes Te, IO BiH Mae PO3IIUPEeHUH CIeKTep YacTu-
HOK 3a po3MipoM (IITpuxoBa KpuBa Ha puc. 5, 6). Tounimna anpoxcuma-
1Iia (cyIisbHA KPUBA) JA€ThCA 3a JOIOMOroo miaxony Mapkrose Ta Poy-
3a (MR). Ile moB’sa3aHO 3 OBiJIBHOIO AUHAMiIKOIO R,, AKa pPeryJoeTsCs
3aJIKHUM Biff po3Mipy mpenumitTaTiB KoedimienTom audysii (moxian-
Hirme 1uB. mocuaauud [81]).

Ogmep:xkaHi 3HAUEHHSA CEPEIHBOT0 PO3Mipy CTAOiIbHUX IIPEernuIiTaTiB
B-®asu i1 ixHi ryCTHHU Y3TOAKYIOTHCA 3 BiOMUMY Pe3yJIbTaTaMU TeO-
PeTUYHUX mocim:KeHb [52, 53] Ta 6inbIIicTIO eKCcIIepMEeHTAJIbHUX Ja-
Hux [7—14].



1164 B. 0. XAPYEHKO, . 0. XAPYEHKO, O. M. ITIOKOTOBA Ta iH.

5. MOAEJIOBAHHA SOBHIIMNHIX HABAHTAMKEHD

YucaoBe po3B’sa3aHHsa piBHAHHA (14) IpoBOAUTHLCA 3 BUKOPUCTAHHIM
BigmajsieHol MiKpocTpyKTypu. Omep:kaHi 3pasKku IMUPKOHIHOBUX CTOIIiB
OyJi0 miggaHO MeXaHiYHOMY TEeCTYBaHHIO 3 METOIO OIIiHKY BILJIWBY JIEr'y-
BaJIbHUX €JIeMEHTIiB i TeMIlepaTypu Ha 3MiHy MeXaHIUHUX BJaCTHUBOC-
Teil. MomenioBaHHSI MeXaHIUYHOTO HaBaHTAKEHHA IPOBEIeHO YV BUTJIALI
3cyBHOI medopmMmalrii 3i crasor msunkicTio y 10°c¢™ [82, 83-86]. Mua
IoJIA TPY:KHIX 3MillleHb U BUKOPHCTOBYIOTHCA IepioAuuHi KpaiioBi
yMoOBU: OU = (Ux — Yy, Uy, U.). ¥ AKOCTi TOUATKOBOI KOHMITYpAIil0 TPYIK-
Hix sMimniens mokjgaagemMo u=0iv=0.

Ha pucyHKy 6 HaBeIeHO oJleprKaHi 3aJeKHOCTI ycepeJHeHX 3HaAUeHb
3CYBHUX HAIIPYKeHb <O, > Bi npukiaagenol gedopmarii y. OueBugHO,
10 HAaWBUIII 3HAUEHHA HAIPY:KEeHb YIIPOAOBIK IIpoilecy nedopMyBaHHA
cuocrepirarorsesa s crony Zr—1% Nb—1% Sn. 3 oxepskauux medop-
MaI[ifHUX KPUBUX OyJI0O BU3HAUEHO MeXKi IIJIMHHOCTU Oy Ta MIiITHOCTHU
Ovu, 3HAUEHHA AKUX IIOJAaHO Ha BCTaBIIi A0 puc. 6. MeXy ILIMHHOCTU BU-
suaueHo Ak 0,2% mractuunol medopmalrii; meska MiIfHOCTH BigmoBizae
MaKCHUMAaJIbHUM 3HAUEeHHAM HAIPYKeHb 0 PYHHYBaHHS 3pasKa.

Amajiza omep:KaHUX Pe3yJIbTATIB MOKAa3ye, IO MeXKi MJIMHHOCTH Ta
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Puc. 6. [Tisrpamu 3cyBy [jisi 3paskiB cromy Zr—Nb—Sn. BignoBigHi sHauennsa Mesx
TIJIMHHOCTY Ta MilTHOCTH HaBeAeHO Ha BCTAaBIIi. 3alIOBHEHI MapKepHu BiMOBiAaOThH
3paskam 3a remmepatypuy 573 K, mycti mapkepu — 3a Temmepatrypu y 593 K.

Fig. 6. Stress—strain curves for shear deformation of Zr—Nb—Sn alloys. The
corresponding values of the yield and ultimate strength are shown in the in-
set. Closed markers correspond to temperature 573 K, open markers—593 K.
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mingocTu crony Zr—1% Nb—1% Sn mabyBaioThb BUIUX 3HAYEHDb Y IIOPi-
BHAHHI 3i cromom Zr—2,5% Nb. Anasoriumo, y po6ori [87] nyis ekcie-
puMenTanbHUX 3paskiB cromiB Zr—2% Nb i Zr—-1% Nb—1% Sn, 1o miz-
laHi MexaHiYHOMY PO3TATY, BUIII 3HAUEHHA MeXK1 MIiITHOCTH BUABJIEHO
nast cromy Zr—1% Nb—1% Sn. Tako:x y po6ori [88] mpezncrasieHo pe-
3yJIbTaTU €KCIEePUMEHTiB, IO AEeMOHCTPYIOTH BUIII 3HAUEHHA MexKi
ILJINHHOCTH Ta MintHocTu AJis crony Zr—1% Nb—1% Sn y mopiBasamHi 3i
cronoMm Zr—2,5% Nb.

Amajiza ogep:kaHNX JaHUX 34 PiBHUX TeMIIEpaTyp Bifmaay ImokKasye,
110 TTOHMKEeHHA TeMIIepaTypy HPUBOAUTE A0 IMOJIIIITeHHA MeXaHiuHUX
BJIACTUBOCTeIl. 30KpeMa, 31 3MEeHIIIeHHAM TeMIepaTypu IIPUTrOTyBaHHS
posrisgyBaHoro 3paska Zr—2,5% Nb—1% Sn 3 593 K no 573 K Busasie-
HO IiJBUINEHHS MeXi IJIMHHOCTH oy Ha 21,6% i mexi minmmocTy 6y —
Ha 1,7% , 110 Y3roAKyeThCA i3 3araJJbHUMHI TEHAEHI[IAMA eKCIIepUMEeH-
TaJIbHUX NOCJiIKeHDb IJA IMUPKOHIiNOBUX Ta iHIMIMX CTOINB (OAMB., HAa-
mpurJjgan, poooru [89-93]). CmaganHsa 3HaueHb MeK ILJIMHHOCTH Ta Mi-
HOCTHU s croiy Zr—Sn—Nb 3 nigsumenuam remneparypu 3 510°C mo
580°C 3a MexaHiYHOT'O TeCTyBaHHA HA PO3TAT 3HaMeHO ¥ pobori [89]. B
pesyJbTaTi ekciiepuMeHTy Ha poaTdAr cromy Zr—1 Nb—1 Sn—0,1 Fe y po-
6oti [90] 6y10 BUsABIIEHO, ITI0 3a TeMOepaTypu Bignany y 853 K mexani-
YHi BJIACTMBOCTI Ha0yBalOTh BUINX 3HAUYEHb Y MOPiBHAHHI i3 TeMiepa-
rypoio 903 K. [Ina 3paskiB cromy Zr-4 y pob6ori [91] Gyao mpoBemerHo
MeXaHiuHe TeCTyBaHHS CTHCKOM i IIOKa3aHo, IO IIiABUIIIeHH TeMIIepa-
rypu Bigmaay 3 700°C o 1000°C npuBOAUTE 1O MOHUMKEHHSA MiITHOCTH.
PesyabTaTi eKcoepuMeHTY Ha posTar aasd crony Zr—0,5 Be y poboti
[92] cBimuaTsh TPO MOHMIKEHHSI MEeXaHiYHUX BJIACTHUBOCTEH 3 IIiIBUIIIEH-
HAM TeMmieparypu Bigmany 3 600°C mo 850°C. Huaa cromy Ti—Zr—Nb y
pob6ori [93] mokasamo cramamHa MeKi MiITHOCTH Ha PO3TAT 3 IIi IBUIIEH-
HaMm TeMmaepatypu 3 550°C go 700°C.

Jaii posriiaHeMo Iepepos3noijl IPYKHIX IOJiB y 3pasKy CTOIly Zr—
1% Nb—1% Sn 3a gedopmarii scysom. BigmosigHy eBosmoIio npysKHix
medopmaliiii i IpyKHEBOI eHeprii HaBemeno Ha puc. 7. Ilomani sHiMKHI
BiATIOBimatoTh 3HAaUEeHHAM OpuKJageHoi nedopmarnii y=0,05, 0,10,
0,15, axux mo3HaueHO MapKepaMHM Ha BiAMOBiZHINA medopMalriiiHii
KpuBiit (ImTpuxoBa KpuBa Ha puc. 6). SHIMKHN pPo3MOAily IMPYKHIX He-
dopmariii es igocTpyoThH (DOPMYBaHHS JiHiNT TPOKOB3YBaHHSA, PicT i
30iJIBIIIeHHA iIXHLO1 KiJTBKOCTH B IIPOIeci maacTuuHoi gedopmarlii. Buy-
HO, III0 MaKCcUMAaJIbHi 3HaUEeHHSA €3 Y 3pasKy BiAMOBial0OTh MiCIIAM PO3-
TalryBaHHA JIiHill TpoKoB3yBaHHA. KpiMm Toro, migBuIeHi 3a Mmomyem
3HAUEHHS €3 CIIOCTEePiraroThCcs B OKOJI mpernuiiTariB Hiobiro. HaBenmeni
Ha PUCYHKY 7 3HIMKH PO3IOAiIy IPYKHBOI eHeprii 3cyBy @ moxasyors,
IO V MICIISIX PO3TANIyBaHHSA AUCJIOKAI[IMHNX sAAep NPYKHI eHeprisd Ha-
0yBae MaKCHUMaJbLHUX 3a MOAyJieM 3HaueHb. lle moscHIOEThCA HasIBHIiC-
TIO HaHOiIBIINX 3MIiIlleHb ATOMIB ¥ IIMX JIOKAIIiAX, IO BiAIOBizae Kpa-
MOBUM TOUKAaM JIIHifl TPOKOB3yBaHHA.
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Puc. 7. Posnogin mosiB npy:kHix gedopmariii es Ta 3cyBHOI IPYKHBOI eHeprii
@ 3a 3cyBHOI medopmailrii spaska cromy Zr—1% Nb—1% Sn.

Fig. 7. Distributions of fields of elastic deformations es and shear elastic en-
ergy @ during shear loading of Zr—1% Nb—1% Sn alloy sample.

Bapro BigmiTuTH, 110 icTOTHUN BOJUB Ha MeXaHIUHi BJaCTHUBOCTI
MaloTh TaKi YMHHUKU, AK TeMIlepaTypa i iHIIli yMOBU NPOBEJIEHHA €KC-
IePUMEHTY, PO3Mip 3pasKa, CepemIHil po3Mip 3epHa, NIBUIKICTE medop-
Maririi ToImo.

6. BUICHOBRKH

IIpoBeneHO mOCHiI:KeHHA AMHAMIKMA MiKPOCTPYKTYPHUX II€ePeTBOPEHB
Ta eBOJIIOIiI aHcaMOJII0 BaKaHCiil miJ uac TepMiuHOTO 0OPOOJIEHHS CTO-
miB Zr—Nb—Sn Ha OCHOBIi IIUPKOHIIO 3 MAJIOI0 KOHIIEHTPAIIIE€I0 JIeI'yBaJIb-
HUX eJIEMEHTIiB y paMKax Mojenato (asoBoro moJis. IIpoanasizoBaHo
BILJIUB JIeT'YBaJILHUX €JIEMEHTIiB i TeMIlepaTypu Bifgnaay Ha KiHeTHUUHi #
CTATUCTUYHI BJIACTUBOCTI €BOJIOMII MIKPOCTPYKTypu # gedeKTHOI
CTPYKTYPH Ta HA MEXaHiYHi BJIACTUBOCTI CTOIIiB.

Y pamrax JiHiiHOI aHaJNi3W cUCTEMU Ha CTiKiCcTh BCTAHOBJIEHO, IO
30iIBIIIeHHA TeMIIepaTypH Bigmany, 30iabiieHHs KoumeHTparii Hiobiro
Ta 3MeHIIenHA KoHnenTparii Cranymy y cronax Zr—Nb—Sn npusene 1o
30iJIbIIIEHHA cepeHbOI Biamami MisK npenunitaramu 3-asu Ta iIXHBOTO
JiHIAHOTO PO3Mipy.

Huuamiry ¢hhopMyBaHHS Ta POCTY IIpernuiriTariB 36arauenoi Ha Hio6ii
B-®asu y cronax 3 pisHOIO KOHIIEHTPAITiE€IO €JIEMEHTIB i 3a PisHUX TEM-
mepaTyp Bigmany mOCTIAMKEHO IJIAXOM YHCJIOBOTO MOJeIIOBaHHSI.
Bceranosyeno, 1o mig yac TepMidHOTO OOpPOOJIEHHS TBEPOTO PO3UMHY
BUIIIAIOTHCS 00JIaCTi, 30iJHeHi Ta 30arauedi Ha KoHIleHTpaIlito Hiobiro.
Cranym maiiyke piBHOMipHO posmomisenuil B 06’emi (i3 6i/IbI1I0I0 KOHIIE-
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HTpAaIli€elo Ha MeKax Mominy (as), Tomi AK piBHOBasKHI BaKaHCii 3 6iJb-
III0I0 KOHIIEHTPAIli€I0 CerperyoTh Ha Mexax [-hasu (mosa mpernumira-
TaMu). BusaBieHo, 110 36iJbITIeHHA TeMIIepaTypu Biamaay Ta/abo KOH-
neurparnii Cranymy/Hiobito y TBepaoMy po3umHi iHAYKYy€E IIpoOIlecHu BU-
naxinaa npenunitariB B-dasu. Buasmeno, mo gogaBanaa Cranymy 1o
TBEPIOTO0 PO3UMHY IIPUBOAUTEL M0 peatisarrii 0inbImoi KiJTbKOCTH MeH-
X 34 PO3MipoM IIpemnmuIriTaTiB; 3MeHIMeHHA KoHIeHTparnii HiobGiro
OPUBOAUTE IO iCTOTHOTO 3MEHINeHHA iXHBOI r'ycTuHM y croiri. Ilokasa-
HO, II10, He3aJeKHO BiJ KoHIeHTpartii seryBaabaux ejgemeHTiB (Hiobiro
1 Cramymy) Ta TeMnepaTypu Bifmairy, po3nojis npenunitaris B-hasu y
CTaI[iOHAPHOMY PEKUMIi € YHiBepCaJbHIIM.

IIpoBeneHO MoenfOBaHHA 3CYyBHOI Aedopmarlrili 3paskiB cTomy Zr—
Nb—Sn 3a pisHMX TeMIepaTyp Bigmajy Ta 3a Pi3HOr0 BMICTy Jier'yBaJib-
HUX eJeMeHTiB. Byjo moxasaHo, II0 AJIS PO3TJISAAYBaHUX 3Pas3KiB I10-
HUMKeHHsS TeMIepaTypu BiAmajy IPUBOAUTL OO IIOJIIMIIIEHHS MeXaHid-
HUX BJIACTHUBOCTEH, IO IOSCHIOE 3POCTAHHSA OHOPY CTOIY ILJIACTUYHIN
nedopmarii Ta 3sMinHeHHA MaTepiainy. I3 mOpiBHAHHAM MeXaHIYHMX
BiaactuBocTeii crouiB Zr—1% Nb—1% Sn i Zr—2,5% Nb 0yJio BusaBiIeHO
BUIII 3HAUEHHSA MEK IJIMHHOCTH Ta MiIfHOCTH IJs cromy Zr—1% Nb—
1% Sn.

OnepsxaHi pe3yIbTaTH MOMXKYTE OYTH BUKOPHUCTAHI JJIA IPOTHO3YBaH-
HA 3MiHM BJIACTHMBOCTEM MaTepidAjiB 3a pi3HOr0 BMicTy JeryBajJbHUX
eJeMeHTiB i 6yIyTh KOpuCcHUMHY AK 6a30Bi gJaHi AjA onmTuMisaIii MiKkpo-
CTPYKTYPU 000JIOHOK TEIJIOBUIIILHNX €JIeMEeHTIB.

ITro pobory Gyso miaTpumamo MiHicTepcTBOM OCBiTH i HayKku YKpai-
Hu (mpoekT Ne0124U000551).
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Hociig:xeHHda B mpoueci nerasanii BILIMBY TeMIIepaTypH Ha
3MiHy (popmMu KoHcouIi 3i cromy majagiu—Iligporen B a-o6aacti
cucremu Pd-H

0. M. JIrobuMeHKO

[oneyvruil HayionaLbHUL MexXHIYHUL YHi6epcumem,
eya. IlomebHhi, 56,
43018 JTyyvr, Yrpaina

B pobori onmcano Ta mpoaHasi30BaHO Bifle0o3anucy eKCIIEPUMEHTY 1010 SMiHUT
dopmu Koucoui 3i crony o-PdH, B inTepsaui Tremneparyp Bixg 110°C o 350°C
mig yac merasailii KaMepu BOAHEBOI YCTAHOBKM Ta KOHCOJIi, KOJU TUCK BOJHIO
cxkaamgaB 0,03 MIIa, 0,09 MIla, 0,15 MIla. Koucoab 3 omHOT0 60Ky OYJIO TIOK-
PHUTO MiIHOIO ILTiBKOIO TOBITUHOW Y 0,75 MKM, AKa He IIPOITyCKae BOAEHb Ta He
BILIUBa€ Ha BenwuuHy opmosMinenHA. Hacuuennsa manazmifioBoi KOHCOIL 1O
crony a-PdH, mpoBoamin y Kamepi 3a MOCTi#iHOI TeMIiepaTypu eKCIIePUMEHTY.
Haui ogepsKaHUil CTOI BUTPUMYBAJIU B i30TePMiUYHUX YMOBAaX, IIiCJd YOT0 IPO-
BOOUJIM OJHOCTOPOHHIO JeTasallilo KoHcosi. Bmepiiie eKcmepuMeHTaabHO 3a-
dikcoBaHoO, 110 3a merasariii Ta amiHi Tmcky Ha APu,=0,03, 0,09, 0,15 MIla
BeJIMYMHA MaKCUMAJbHUX BUTUHIB IJIA KOHCOJII 30ibIITYETHCA TA CATAE MaK-
CcUMAaJbHOTO 3HAUEeHHS B obJiacti Tremmeparyp y 220-280°C. BeranoBiewno, 1110
3a gerasailii BOZHIO 3 KaMepH I KOHcoJi 3i cromiB a-PdH, Burun possusa-
€ThCA Yy IBa Pi3HMX yacoBux eranu. Ilepriuii eTanm TpuBae IyKe KOPOTKUH yac
(9-30 ceryunm), xapakTepu3yeThCA MIBUIKUM IOCATHEHHAM MAaKCHUMAJLHOTO
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BUTHHY KOHcoJi. [lpyruii eran tpuBae sHauHo mposimne (moman 100 cexymn) i
BiI3HAUYa€THCA YTBOPEHHAM ILIATO TpuBaJIicTiO Bix 3 1o 30 c i 3BopoTHIM po3I-
pAMIeHHAM KoHcouti. Ilix yac gpyroro eramy KOHCOJIb IOBEPTAETHCA y BUXif-
HUM cTaH abo JocATrae CTAaIlioOHAPHOTO CTAaHy 3 MiHIiMaJIbHUM BifIXWJIOM Bif 1mO-
YaTKOBOTO IOJIOKeHHA. TakoK 3adikcoBano, 110 CTYIiHb 000POTHOCTH BUTH-
HY KOHCOJI i yac merasaitii 30iJbITy€eThCA 31 3pocTaHHAM KoHIleHTpaIrii I'i-
poreny B cromi o-PdH,. Busnaueno, 1110 BHyTPIilIHi BOAHEBi KOHIIEHTPAIiiHi
HAIIPYKEeHHA, SKi BUHUKAIOTh 3a gerasarii I'izporeny si cromis a-PdH., v ne-
AKUX BUIAAKAaX TEPeBUINYIOTh NPYKHI xapakTepuctuxku cromy o-PdH,
(200 MIIa) i sHaxogaTsca B inTepnadti Bixg 62 go 370 MIla. IIponec popmyBaH-
Hs MaKCHMAaJbHOTO BUTMHY KOHCOJII B IpoIeci merasarii must cromiB o-PdH,
3yMoBiIeHO audysiinum tpancrnopToM [inporeny, nmepeposmozisoM BHYTpili-
HiX HaPy’KeHb Y KOHCOJIi 3a Ii BUrnuy (po3npAMIIeHH:A) Ta BiATIOBiZHOO mepe-
0yIoBOIO KOHIleHTpAaIitHoro nois Iigporeny, mo 3MiHIO€ BHYTpimtHi ymMoBU
nudysiiinoro trpaucnopTy Iigporeny B mapu crony o-PdH.,.

Karouosi cirosa: managiit, cron o-PdH., merasaris, KoumeHTpaiis, rigpore-
HOBi HANIPy KeHHA.

The paper describes and analyses the video recordings of the experiment for
changing the shape of the a-PdH. alloy cantilever in the temperature range
from 110°C to 350°C during degassing of the hydrogen installation chamber
and the cantilever, when the hydrogen pressure is of 0.03 MPa, 0.09 MPa,
0.15 MPa. The cantilever is covered on one side with a copper film with a
thickness of 0.75 ym, which does not allow hydrogen to pass through and does
not affect the size of the shape change. Saturation of the palladium cantilever
to the a-PdH, alloy is carried out in a chamber at a constant temperature of
the experiment. Next, the obtained alloy is kept in isothermal conditions, af-
ter which one-sided degassing of the cantilever is carried out. For the first
time, it is experimentally recorded that, during degassing and changing the
pressure by APx,=0.03, 0.9, 0.15 MPa, the value of the maximum bends for
the cantilever increases and reaches its maximum value in the temperature
range of 220-280°C. As established, during degassing of hydrogen from a
chamber for a cantilever made of a-PdH. alloys, the bending develops at two
different time stages. The first stage lasts for a very short time (9-30 seconds)
and is characterized by the rapid achievement of the maximum bending of the
cantilever. The second stage lasts much longer (more than 100 seconds) and is
characterized by the formation of a plateau lasting from 3 to 30 seconds and
the reverse straightening of the cantilever. During the second stage, the can-
tilever returns to its initial state or reaches a stationary state with minimal
deviation from the initial position. As also recorded, the degree of reversibil-
ity of cantilever bending during degassing increases with increasing hydrogen
concentration within the a-PdH, alloy. As determined, the internal hydrogen
concentration stresses, which occur during hydrogen degassing from o-PdH,
alloys, in some cases exceed the elastic characteristics of the a-PdH. alloy
(200 MPa) and are in the range from 62 to 370 MPa. The process of forming
the maximum bending of the cantilever during the degassing process for a-
PdH. alloys is due to the diffusion transport of hydrogen, the redistribution
of internal stresses in the cantilever during its bending (straightening), and
the corresponding restructuring of the hydrogen concentration field, which
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changes the internal conditions for the diffusion transport of hydrogen into
the layers of the a-PdH, alloy.

Key words: palladium, o-PdH. alloy, degassing, concentration, hydrogen
stresses.

(Ompumano 24 aunna 2024 p.; ocmamoun. apianm — 14 wcoemnsa 2024 p.)

1. BCTY1II

Cucrema nanagii-I'izporen (Pd—H) € ocHOBHUM MozeJsieM AJis BUBUYEH-
HS IIPOIleCiB B3aeMOAii MeTaJIiB 3 BOAHEM 3aBASKMN BUCOKIM 3TaTHOCTI
najajmiio ;o BOupaHHa Ta mecopoOirii igporeny [1-3]. OgHUM 3 KJI0YO0-
BUX aCHEKTiB BUBUEHHS ITi€l CUCTEMU € JOCJiIKeHHs IIPOIleciB gerasa-
11ii, To6To Bumasenud I'imzporeny 3 Meranay, IO Ma€ iCTOTHe 3HAUECHHS
IJISI PO3BYMIHHSA MeXaHi3MiB, IKi JieskaThb B ocHOBI I'imporenoBoi nudysii
Ta B3aemogii B MetaJi [4—5]. OcobsmBuil inTepec cCTaHOBUTH 0-00JI1aCTH
cucremu Pd-H, nme BifOyBamTbCs OOOPOTHI CTPYKTYPHI 3MiHH, IO
BILTMBAIOTh Ha ()i3MUHI Ta MeXaHiUHi BJIacTUBOCTI MaTepisaay [6—7].

Ha kineTtuky i epeKTHUBHiCTh BugajieHHsa I'imporeny 3 MmeTajy B IIPO-
meci gerasarii crony najazgiii—I'igzpores B o-00JIacTi BIIIMBae TeMIepa-
Typa. Bimomo, n1o TemnepaTypHi 3MiHM MOXKYTBb iCTOTHO 3MiHIOBATH Pi-
BHOBaKHY KOHIleHTpaIifo I'izporeny, nudysiiiai xapakTepuUCTUKU CTO-
oy [8, 9]. IligBurienua TeMnepaTypu, AK IIPABUJIO, TPUBOIUTE OO ITij-
BUIIIeHHA nudysiiHoi pyxaunsocTtu aToMiB I'igzporeny, 1o cupuse 6iJIbIn
MIBUIKIA Ta edpexTuBHill merasarii. IIpore, ogHOUYacHO 3 UM, HiIBM-
ITeHHA TeMIIepaTypu MOKe BUKJINKATU AOZATKOBI HAIPY:KeHHS Ta Je-
dopmarrii B meTaJri, 1o ycKJaagHIOE mporecu merasarrii [10-14].

Mera maHOi POOOTH IIOJISATAE B HOCJiAMKEHHI BIIMBY TeMIIepaTypu Ha
mpoIliec merasarlii cromy nanamii—Iimporen B a-ob6jaacti. AHaIi3yOThCS
KiHeTHMUHi XapakTepuCTUKH IPOIecy 3MiHM (popMHU KOHCOJIL 3i cTOIy O.-
PdH,, akuii Big0yBaeTheA i yac gerasairii B iHTepBasi TeMIepaTyp Bif
110°C mo 350°C Ta 3a Tucky BogHio B Kamepi y 0,03 MIla, 0,09 MIlIa,
0,15 MIlIa.

2. METOOUKA TOCJJIIKEHHA 1 EKCIIEPUMEHTAJIBHI
PE3YJIbTATH

1 mpoBeieHHA eKCIIEPUMEHTIB BUKOPHCTOBYBAJIN MOIEPHIZ0BaHY BO-
IHeBO-BaKyyMHY ycTaHoBRY (BBY) [15]. 3pasku y dopwmi mamamgiiioBux
KoHcouel (68x5,5%0,27 mm) uncroToo y 99,9%, AKi 3 ogHOro 60Ky ee-
KTPOJiTUUYHO MOKPHUBAJIN MiJHOIO IIJIiBKOIO TOBIHOW v 0,75 MKM, AKa
He IIPONyCKae BOJEHb i He BIJINBAE Ha BeJIUUMHY hopmo3minenHd. [aii
IIi 3pa3ku HarpiBajau B KaMepi BOAHEBO-BaKYYMHOI YCTAHOBKM IO TE€M-
mepaTypu eKCIOepuMeHTY, BUTPUMYBaJW yHPOmOoB:xX 30 XBUINH IJd
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3MeHITIIeHHA TepMiYHUX Hanpy:KeHb. [laji nmpoBoAMIN HacUYeHHA KOH-
coJieil 3 yucToro naJangiio go crony o-PdH,, ne n— meBHa KOHIIEHTpAIisd
Tizporeny B cTOIIi 3a IIOCTiTHOrO THCKY B KaMepi BOJHEBO-BaKyyMHOI
ycTaHoBKU. [laji ofep:kaHuii CTOII BUTPUMYBAJIM B i30TePMiYHUX yMO-
BaXxX IJId 3HATTS KOHIEHTPAI[IMHUX HAIPYKeHb, MiCJIs Y0T0 IIPOBOIUJIN
OJHOCTOPOHHIO Jerasariio KOHCOJIi.

Byso BUKOHAHO cepito eKCIIEPUMEHTIB B iHTepBajii TeMIiepaTyp Bin
110°C mo 350°C i3 merasairiero mauanmiriosoli KoHcoJIi 3i crony o-PdH,, ne
n 3MIiHIOETBCSA IJIs KOMKHOI'O CTOIIY B 3aJIEKHOCTL BiJ TeMmepaTypu 3a
IIOCTiHTHOT'O THCKY BOAHIO B Kamepi Puz= 0,03 MIla. BcranoBieno uaco-
Bi 3asexHOCTI (hopMO3MiHeHHS ITaaamiiioBoi Koucoi (puc. 1).

3 pucyHKa 1 BumHO, 10 mporec gerasamii KoHcoui 3i crony o-PdH,
3IiHICHIOETHCSA Y ABA YaCOBUX €Talld, AK i HacmueHHA KoHcoi [16]. asa
Bcix Temmeparyp (puc. 1, a, 6, 8) Ha IMePIIOMY eTalli KOHCOJb IITBUIKO
BUTMHAETLCA Bigpasy Bix mouaTky gerasarili Iizporeny 3 xamepu BO/I-
HEeBO-BaKyyMHOI yCTaHOBKMU.

BogHouac, KoM Ha MaHOMETPiI HOKAa3aHO 3MEHINEeHHSA THUCKY OO
1,33 1Ia (3a 2,38 ¢c—170°C, 1,66 c— 240°C, 1,80 ¢c— 320°C, Bigmosiz-
HO, puc. 1, a, 6, 8), BUT'MH KOHCOJIi ¥ BCiX BHUIIaJKaX MOCATaE eKCIIepu-
MEHTaJbHO MOMiTHOI BeJIMUNHH Ta IPOLOBIKYE 30iIbIITyBATHCA SO SOCH-
rHEeHHS MaKCHUMAaJIbHOTO 3HAYEHHA, a IOTiM CIIOCTEePiraeThCs IJIATO Y-
pomos:xk Bix 3¢ (masa 320°C) mo 30 cexynn (puc. 1, a, minauxa d—f nasa
remnepatypu y 170°C ra puc. 1, 6, ginaaka k- gna 240°C) i gani moun-
HAETLCA IPYTUM, OiJIBIIT TPUBAJJIUN eTal POSIPAMICHHA MJIACTUHHI.

PosrisguaemMo OiJbIN JeTalbHO OAUWH 3 eKcmepuMeHTiB 3a T =170°C;
TaK, IIiCJSa TOro, AK 3a MOKAa3aHHAMM Ha MaHOMETpi Big0Oyjaocs 3MeH-
mieHHs THucKy 3a 2,38 ¢ 1o 1,33 Ila, BUTrMH IJIacTUHU IPOLOBIKYE 3POC-
TATU Ta CATA€ CBOI'O MAKCHUMAJIBHOI'O 3HAUYEHHA Y .y = —0,98 MM 3a 32 ¢
BiT MOMEHTY IoYaTKy JAerasaiii Kamepu (mos3HaueHo OyKBoi0o d Ha
puc. 1,a). Ilamxi cmocrepiraemo yTBOpeHHsA ImjaTo (minanka d—f Ha

Y, MM ¢) 20 40 60 & 100 120 140 160 180 200 300 400 500t,¢
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—040 o~ L]

L e |
\

\
~060 H3—
—080 \i\ﬁ?n; N'/ ’a,f”/ —
~1,00 —._—j‘iﬁ“i ~6

_1op RRL|d f =0

—_

S

Puc. 1. YacoBi 3same:xuocTi  (Qopmoaminm  manamiiioBoi  KOHCOJiI  3a
Py,=0.03 MIla i remneparypy 170°C (a), 240°C (6) i 320°C (s).

Fig. 1. Time dependences of the change in shape of the palladium cantilever at
Py, =0.03 MPa and temperatures of 170°C (a), 240°C (6), and 320°C (8).
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puc. 1, a), a KOHCOJIb Y HE3BMiHHIUX YMOBAaX YIPOJOBK 26 ¢ 3HAXOOUTHCA
Yy BUTHYTOMY MaKCUMaJbHOMY MOJIOMKeHHi. Jlaysli KOHCOJIbh MOUMHAE PO3-
OPAMJIATHCS, a CTPijla BUTUHY 3MEHIIyeThCcsa. 3a Temueparypu y 170°C
el Apyrui#l eTam € JOBIINM 3a Iepinuii eran y 34 pasu (auB. puc. 1, a).
Yepes 2040 ¢ Big mouaTKy eKCIepUMEHTY KOHCOJb JOCSATAE CTaIlioHap-
HOTO cTaHy Y..=-0,08 MM, AKHIl 3a IOJAJBINOI TPUBAJIOI BUTPUMKH Y
1000 c me 3aminoeTwea (puc. 1, a).

3a 240°C i 320°C (puc. 1, 6, 8) 3aKOHOMipPHOCTi YacoBOi 3aJI€:KHOCTH
dopMO3MiHM MJIACTHUHU AKicHO momidHi mo ommcanux BuIle aja 170°C
(puc. 1, a), ogHax KigbKicHi xapaxTepucTHKMN (OPMO3MIHU BUABJIA-
IOTHhCS CUJILHO 3aJIeKHUMHU Bil TeMIIEPATyPHU.

Maxcumansuuii BuruH maactuuu 3a 240°C gopisaioe —1,09 MM, a 3a
320°C MaxkCUMAJNLHUN BUTUH Ymax=-0,99 Mmm. Ane ciix BigsmauwuTw,
IO i TPMBAJIICTE IIJIATO 3MEHITYEThCS; Tak, 3a 240°C — 9c¢ (puc. 1, 0,
minauxa k- nna 240°C), a 3a 320°C — 3 ¢ (puc. 1, 8, Touka h).

Yac gocArHeHHA MAKCHUMAaJbHOI'O BUTUHY 31 3pOCTAHHAM TEeMIIEPATY-
pu 3meHIryeThed 3a 240°C i cranoBuTh 8 ¢, a 3a 350°C — 6 c.

PesyibTaTu ekcriepuMeHTiB 4Jis gerasarrii cromis a-PdH,,, xoau Tuck
BOJHIO B KaMepi BogHeBO-BaKyyMHOI ycTaHoBKu — 0,03 MIla, y3araib-
HeHO B TabJ. 1, Kyau BKJIOUEHO BHUIIEOIIMCaHi eKcmepumeHTu 3a 170,
240 i 320°C. IIle Tpeba BimsHauuTH, IO 3i 3POCTAHHAM TeMIIepaTypu
Ipyruii eran ()OPMO3MiHEHHS 3MiHIOETBHCA; TaK, 3a 240°C BiH OinbIme
nepiroro y 87 pasis, a 3a 350°C agpyruii gosiie B 22 pasu, i 3pa3oK IIoBe-
pTaeThcA B IOUATKOBUM CTAH, a 3aJIUINKOBUI BUTMH HOPiBHIOE 0 MM.

Y Bcromy imTepsati Temmepatyp Bim 110°C mo 350°C sanuiirkoBmit
BUT'MH KOHCOJIi BUABJIAE I[IKaBYy TEHAEHIIIIO i 3i 3pocTaHHAM TeMIepary-
pu 3menInyetbed. Tak, 3a 150°C Bin craHoBUTE Y., =—0,09 MM, 32 170°C
— 0,08 MM, 3a 280°C — 0,02 mM, a 3a 3560°C — 0 mm. IIpoTe 3a Bcix iH-
mux temnepatyp B inTepsadi Bix 110°C mo 350°C 3aMuIIKOBUM BUTHUH
KoHcoJi ckaazae 0 MM i BUSBIAETHLCA IIOBHICTIO 000OPOTHIM.

Or:Ke, ommcaHi BUINe EKCIEPHMMEHTM BUSABUJIN I[iKaBi TeHmeHITil
BILIMBY TeMIepaTypu Ha (popMo3MiHeHHA KoHcoi 3i crony o-PdH, mix
yac merasairii kamepu BBY.

Hpyry cepito ekcriepuMeHTiB (Tabda. 2) mig uac gerasairii kamepu BBY
3 Tuckom y 0,09 MIla i Korcoui 3i crony a.-PdH, 6yJs10 BuKoHauo B inTe-
pBaii remmepatyp Big 170°C o 350°C.

ExcnepumenTtu 3a geakux temmeparyp (280°C) moBToproBaau KiJabKa
pasiB nasa BU3HAYEHHS IIOXUOKM €KCIEPUMEHTY, JKa 3HAXOIUTLCI B
MPUIIYCTUMUX MeyKaX, ajie BOJHOPA3 BUABUJIM i BILJIMB Yacy gerasairii
Ha BUTUH KoHcoJi. HeobOximHo BimsHaumTH, 1110 3i 30iJbIIIEHHAM Yacy
BiKAauYyBaHHS BOIHIO 3 KaAMEPH YCTAHOBKY BeJINYNHA BUTMHY 3MEHIITY-
€ThCA.

TperTio cepito eKcmepuMeHTiB (TabJi. 3) 3 JOCTigyKeHHA Jerasarii KomH-
couii 3i crony o-PdH, 6y1o mposeseno 3a TUCKY BOAHIO B Kamepi BBY y
0,15 MIIa.
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TABJINIIA 1. Y™moBu Ta pesyabraTu gerasaiii KoHcoui i crony a-PdH, 3a tu-
cky B Kamepiy 0,03 MIIa.

TABLE 1. Conditions and results of degassing of the a-PdH.-alloy cantilever
at a chamber pressure of 0.03 MPa.

o n, ATmax, Ymax, YCT, D-1 0_6 )
Ne | T, °C [H/Pd] ATy, S S mm mm ATer, S |tnon, S sm?/s o, MPa
1 2 3 4 5 6 7 8 9 10

110 0,0184 2,61 121 -0,63 O 2100 200 2,71 153,9
130 0,0172 0,94 18 -0,84 O 1800 300 3,95 143,9
150 0,0160 3,19 48 -1,02 -0,09 840 900 5,55 133,8
170 0,0146 1,8 34 -1,03 -0,08 2580 900 7,56 122,1
0,0129 2,11 16 -1,02 O 300 200 11,4 107,6
220 0,0117 2,74 14 -1,04 O 150 200 14,7 97,9
240 0,0105 1,66 8 -1,09 O, 679 200 18,5 87,8
260 0,0097 2,11 8 -1,06 O 240 200 22,8 81,4
280 0,0090 2,7 10 -0,99 -0,02 360 600 27,8 75,3
0,0081 2,83 6 -094 O 684 200 33,3 68,1
0,0074 2,38 7 -0,93 O 240 300 39,5 61,6
0,0062 11,7 13 -0,7%% O 285 300 50,0 52,1

© 00 3 O O =~ W N =
DO
S
o

-
N = O
w W W
ot N O
o O O

TABJINIIA 2. YMmoBu Ta pesyabraTu gerasarii Koucoui i crony a-PdH, 3a tu-
cky B Kamepiy 0,09 MIIa.

TABLE 2. Conditions and results of degassing of the a-PdH.-alloy cantilever
at a chamber pressure of 0.09 MPa.

ATmax, Ymax ’
S mm

1 2 3 4 5 6 7 8 9
170 0,02998 9,9 29 -1,51 -0,04 2340 300 250,8
200 0,0243 776 24 -1,61 -0,04 1776 780 203,2
240 0,019 7“8 11 -1,55 -0,02 2100 240 158,9
280 0,0162 3 10 -1,46 0 1680 180 135,5
0,0162 8 10 -1,61 -0,056 1740 360 135,5
280 0,0162 8,4 12 -1,52 -0,02 1860 300 135,5
320 0,0131 3 5 -1,24 -0,03 2520 300 109,6
350 0,0111 6,8 13 -1,02 0 1140 180 92,8

Ne |T,°C|n,[H/Pd]|Ats s Yoo, mm| Ater, S | taon, S| 0, MPa
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TABJINIIA 3. YMmoBu Ta pesyabraTu gerasarii Koncoui i crony a-PdH, 3a tu-
cky B Kamepiy 0,15 MIIa.

TABLE 3. Conditions and results of degassing of the a-PdH.-alloy cantilever
at a chamber pressure of 0.15 MPa.

Ymax ) Yc-r )

Ne T7 °C n, [H/Pd] AT;{, S ATmax, S mm mm

ATery S | taon, 8| 0, MPa

1 2 3 4 5 6 7 8 9
1 200 0,0353 1,5 15 -2,17 -0,03 1800 660 295,2
2 240 0,026 6,9 10 -2,18 -0,03 1740 540 217,5
3 280 0,022 5 15 -2,22 0 1500 300 184,0
4 280 0,022 13,9 14 -2,1 -0,05 918 960 184,0
5 320 0,01743 4,6 11 -1,82 -0,03 1440 600 145,8
6 350 0,015 3 10 -1,61 0 600 600 125,5

SIK moKasye aHaJjisa eKcIlepMMeHTaJbHUX Pe3yJbTaTiB, y3arajbHe-
HuUX y Tabiu. 1-3, BuIlleonucaHuii BILIUB TeMIlepaTypu Ha (GHopMO3Mi-
HeHHsA KOHCOJII miATBepI:KyeThed aiaa Py, = 0,03, 0,09, 0,15 MIIa.

BigsmaunMo maji HaiOiJbII 3HAUYINL 3aKOHOMIPHOCTI BIJIMBY TEeM-
nmepatypu, SIKWNI BUHUK y IMPOIEci jgerasarrii maJjamiiioBoi KOHCOJII 3i
crorry o.-PdH,, i cynpoBom:xyBaBcsa (popMO3MiHEHHSIM KOHCOJII.

Ax Bumgmo 3 Tabm. 1-3 (xomoHKU 3 i 4), Ha IEPIIIOMY eTalli IIpoIiiecy
nmerasarii I'imporeny 3i 3pocTaHHAM TeMIIEPATYPH YacC JOCATHEHHSI MaK-
CUMAaJbHOT'O BUTHUHY fmax CUJIBHO 3MEHIITYETLCH, a8 BeJIMUYMHA Y max 3MiHIO-
€ThCA 3a eKCTPEMAILHUM 3aK0OHOM (puc. 2).

3 pucyHka 2 6aumMo, IO HaNOiJbINIMI BUTMH KOHCOJi 3i cTromy o-
PdH, sa pismoro Bmicty Tlimporeny sHaxomZuUTbCS B iHTEpBaJi s
Py, =0,03 MIIa 3a = 200°C i ckaazae Ymax=-1,1 MM, 3a Py, =0,09 MIla
Yuax=—1,61 MM g 280°C, a gasa Tucky Pu,=0,15 MIIa Y. =—2,22 MM
3a remuepatypuy 280°C.

YacoBa 3ajie;KHICTh PO3NPAMJIEHHA BUTHYTOI KOHCOJII Ha APyromy
erarri HacuueHHA ['iTporeHOM i3 3pOCTaHHAM TEeMIIEPATyPH TaKOMK 3a-
3Ha€ iCTOTHUX 3MiH.

3a HU3BKUX TeMIIEpaTyp 3aJUIITKOBUI cTamioHapHuil BUTHH (Y., KO-
JoHKa 6 B Tabia. 1-3) KoHcoJi cTaHOBUTL He Oinbine 9% Bix BeamumHu
MaKCUMAaJbHOTO BUTUHY (Ymax). LliKaBo, 1110 BiH 36epiraeTbcsa He3MiH-
HUM YIIPOAOBIK YK€ TPUBAJIOTro Yacy (£, KOJOHKA 8 B Taba. 1-3), 1mio
BUAHO 3 puc. 1l i migTBepamMIIOCS B eKCIepMMEHTaX, y3arajJbHeHUX B
raba. 1-3.

B nimomy, 3a migBuinernux temmeparyp (320-350°C) uac moBHoOi (hop-
MO3MiHM (BUTHH i PO3TPAMIIEHHS) KOHCOJIi BUABIAETHCS TOCTATHBO Ma-
auM (ter, KosiouKa 7 B Tabis. 1-3). Tak, gaa Pu,=0,03 MIla i T'=220°C
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Puc. 2. BusnuB TeMuepatypu Ha BeJIMYUHY MaKcuMasbHoOro (1, 2, 3) i ocrarou-
Horo BuruHy (4, 5,6) xoucoxi 3i crony o-PdH. mma Pu,=0,03 MIIa (1, 4),
0,09 MIIa (2, 5), 0,15 MIIa (3, 6).

Fig. 2. The effect of temperature on the value of the maximum (I, 2, 3) and
final bending (4, 5, 6) of an a-PdH.-alloy cantilever at Pu,=0.03 MPa (1, 4),
0.09 MPa (2, 5), 0.15 MPa (3, 6).

IJIaCTUHA BUTMHAETHCS 1 po3IpaMiAaeTheA Beboro 3a 150 ¢ (Taba. 1).
Hy:Ke BaKJIMBUI eKclepuMeHTaJdbHUN (hakT (Tada. 1-3) moasrae B
TOMY, III0 3 IiABUINEHHAM TEeMIIEPATypPH OOOPOTHICTL ABUILA BUTHHY
miaactuau 3pocrae i 3a 300—-350°C aBuirie crae Maiiake IOBHiICTIO 060pO-
THIiM y MeKaX TOUHOCTU BUKOPUCTOBYBaHOI METOAVKH.
O6roeopuMoO maJIi OomMCcaHi BUINE eKCIePMMeHTaJbHI JaHi, cImparo-
YKCh HA CYYaCHIi 3HAHHS IIPO cucTeMy majmagiii—ligporex.

3. OBTOBOPEHHS1

Bigomo, 1o 3 yrBopemuam ctomy o-PdH, Brimeni aromm Tigporeny
CIIPUUYUHAIOTH PO3IUPEHHA KPUCTAJIIUHOI I'DATHUIIL MeTaJy, 110 3yMO-
BJIIOE aBToJIOKaJisarito Iigporeny mob6am3y ImOBepXHi meTany, i TomMy
I'igporeH mocTymoBoO IIPOHUKAE BIJINO METAJTY, 3aJUIIAI0UNCh IIEPEeBaK-
HO B IPUIIOBEPXHEBOMY Iapi. 3a merasarii xoucoJi 3i crony o-PdH,,
SIKUH He migmaBaBca pa3soBUM IIePETBOPEHHA, Ta AKNI OYB BUTPUMAHU
B CEepemoBUIII BOAHIO IJIsI PiBHOMipHOro poamoxijeHHsa Iimzporeny mo
KPUCTAJJIUHINA I'PATHUIIL METaJIy, CIIOCTEPiraeMo, 10 CIIEPITy 3 MeTaJIy
«eBaKylOIOThCA» aToMu ['iIporeHy 3 MOBepXHEBOT'O MIapy, a IMOTiM aTo-
MU 3 HAaCTYyDHUX NIapiB IIepexodATh Ha BiJIbHI MicIld B KpHUCTaJIiuHIN
I'PATHUIII B MOBePXHEBUH IIap, 3BiAK M gJecopOyBaBesa Iigporex.
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Tomy rpagienTu KoHIeHTpallii I'imporeny Ta BigmoBigHi r'pagieHTH
OUjaTalril KpuCcTaJidyHOl I'PaTHUIlI, IO BUHMKAIOTL ITiJ] yac merasarii
CTOITY, CTBOPIOIOTHh 3BOPOTHIO Au(ysio I'izporeny, cupAaMoBaHy IPOTH
I1u@dy3iiHOTO ITOTOKY, 3yMOBJIEHOTO I'pafgieHTOM KoHIeHTpaIii (PikoBa
nudysia), i cupuanTs mepeHecenHio Iimporeny mporu rpagieHTa Horo
KOHIIeHTPAIrii.

Ilinx yac mpoBegeHHA EKCIIEPMMEHTIB CIOCTEPiracMo Ha IIEPIIOMY
eTalri jerasailrii yTBOPeHHS IJIaTO Pi3HOIO TPUBAJICTIO B 3aJI€KHOCTI Bif
TeMIIEpaTypu eKCIepUMEHTY, 1[0 XapaKTepusye BCTAHOBJEHHA AMWHA-
MiuHOI piBHOBaru Mixk audysifiHuMu PiKOBUMU HOTOKAMHU Ta 3BOPO-
THBOIO TU(y3i€ro i, BiAIOBiAHO, eKCIIEPUMEHTAJIbHO CIIOCTEPEIKHOI Tep-
Mo-0apo-tipy:kHbOI-Tudysiinoi (TBIL) piBmoBarm. B pesyabTari
TBIII-piBHOBaru NpuUNNHAETLCA CIIPAMOBaHe HepeHeceHH:A ['imporeny
MixK obJacTAMI MeTaJIy 3 pi3HOIO KoHIleHTpaItieo Iigporeny.

Ha ocHOBi HaBemeHUX 3HAHB IIPO CHCTEMY MeTaJ—ligporeH y mocJi-
IKeHHi 0yJI0 po3po0IeHO HOBI HAYKOBI KOHIIEMIi1 om0 asuia GopmMo-
3MiHEHHS MeTaJIy 3a MIOro HeOTHOPiZHOI Aerasarrii.

3a gerasarii Iigporeny 3i crony a-PdH, y merani ¢popmyeThesa TuM-
YaCOBHII  aBTOJIOKAJi30BaHUM I'PamieHTHHH  MaTepian  «MeTaja—
Tigporen», 110 IpMBOAUTL 4O BUHUKHEHHSA I'igporeHoBUX KOHIIEHTpPA-
MiAHUX HANIPYKEHb.

3asHaunmMo, II0 B mpolieci GopMO3MiHEHHS 3aBXKIAU BiI0OyBAIOTHCA
B3a€MO3aJIeKHi Ta B3A€EMO3yMOBJIEHI 3MiHM HAIIPYKEHOT'0 CTaHYy KOHCO-
Ji, 3 ogHOTO OOKY, Ta KOHIIEHTPAIifHOTO PO3MOAiay pos3unmueHoro I'isz-
poreny, 3 immoro. I1i moB’a3auni mporecu, 6e3 CyMHiBY, CUJIBHO BILIU-
BalOTh Ha KiHETHUKY Ta BeJNUYNHY BUTUHY KOHcosi. Ha Hanty nymky, ca-
M€ B IIbOMY IIOJISITA€ CYTh (DiBMUYHOI CKJIALOBOI MeXaHi3dMy JOCJiAKyBa-
HOTro (hopMO3MiHEHHA KOHCOJII.

ExcmepuMenTa bHI pe3yabTaTH i€l poboTH HAZAIOTh JOAATKOBI MO-
JKJIWBOCTI AJia (peHOMEHOJIOTiuHOI aHajism ocobimBocTeir (hopMO3Mi-
HeHHs KOHCOJIL miJ uac merasariii. 3okpeMa, IpeCcTaBIsAE iHTepec BCTa-
HOBJIEHa I onmMcaHa BUIIlE eKCIIeEpUMeHTa/IbHA 3aKOHOMIiPHICTD 3aJierK-
HOCTU MaKCHMaJbHOT'O BUTMHY KOHCOJII BiJl TeMIlepaTypHu 3a IOCTifHO-
My THCKY BOAHIO B KaMepi mig yac merasartii. Ik mokasamo B po6ori [16],
IBa YMHHUKY F'OJIOBHUM YMHOM BHU3HAUYAIOTH BEJINUNHY MaKCHUMAaJIbHOTO
BUTHMHY ILJIACTUHU.

Ilepmuit ynHHUK — I1e PiBHOBasKHa po3umHHicTh igporeny B maJia-
oii, AKa BU3HAUYae MAKCUMAaJbHUUN BUTHMH KOHCOJII Ta MOT0 3aJIeKHICTD
Big Temmepartypu AJis cromy o-PdH,,.

Jdpyrum Ba:kJauBUM (pisMUHUM UNHHUKOM BUTMHY KOHCOJII € Koedilri-
et audysii I'igporeny B maaaznii. Came koedimient nudysii I'igporeny
BU3HaUYa€e (popMyBaHHA THMYACOBOT'O aBTOJIOKAJi30BaHOTO ITapy I'pami-
euTHoro crony o-PdH, i, Takum umHOM, BU3HAUYAE TOBINMHHU I1apis 1
(mamanmiit 3 Iigporernom) i 2 (uucTuit manamiii), chopMOBaHUX 1O MOMEH-
Ty DOCATHEHHA MaKCUMaJbHOTO BUTMHY KOHCOJI.
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Or:xe, € BCi mifcTaBy BBasKaTH, 110 IIi ABA YNHHUKHN, — PiBHOBaYKHA
posuuHHicTh I'iporeny B majazii Ta #ioro KoedimienT gudysii, — roJio-
BHUM YMHOM BU3HAYAIOTH BeJIUUYNHY MaKCUMAaJIbHOTO BUTMHY KOHCOJII.

VY 3B’A3KY 3 UM € aKTyaJbHUM HOPiBHIHHA TEMIIEPATYPHUX 3aJIeK-
HOCTeN MaKCHUMAJLHOTO BUTHHY ILNTACTUHU 3 TeMIIEPATYPHUMU 3aJIeK-
HocTAMU KoedimnieHTa audysii Ta piBHOBaskHOI KoHIleHTpaIii I'ixpore-
HY B IIajajil 3a HAIlIUX YMOB eKCIIePUMEHTAIbHUX TUCKIB.

Ha pucyHky 2 ysarajabHEHO OIIMCAHI BHUIe eKCIepUMEHTAJbHI mJaHi
(muB. Taba. 11i 2) momo TeMIepaTypHOI 3aJ€KHOCTY MaKCUMAaJIbLHUX BH-
ruHiB (Ymax) HasamitioBoi xomcomi mas Pp,=0,03 MIla (xpuBal),
Py, =0,09 MIla (xpuBa?2), Pu,=0,15MIla (xpuBa 3). Bumgwmo, 1mo B
TPHhOX  BUIIQJIKAX  CIOCTEepiraeThcAd  eKCTpeMaJibHa  3aJieKHIiCTh
Ymax = f(T). Bogrouac exctpemyMm KpuBoi 2 (mias Pu,= 0,09 MIla) gerio
aMmimeHuit y 6iK BHINIMX TeMIIepaTyp IOPiBHAHO 3 KpuBOMO I (muas
Py, =0,03 MIIa).

3 aHai3W JaHUX OMEP:KYEMO PiBHAHHSA 3aJIEKHOCTH MAaKCHUMAaJIbHOT'O
BUTHUHY Bijg Temnepartypu ajsd Py, =0,03 MIla:

Ymax=—8-10%-T3+8-107°-T2-0,0236- T +1,0472,

me T — remmeparypa [°C], 3 BeIMYMHOIO BipOTiIHOCTH AIIPOKCHMAIIil
R2=0,9074.
s Pu,=0,09 MIla

Ymax=1-101-7T4+9-10%-T3+5-107°-T?+0,0157- T

3 BeJIMUMHOIO BiporizmocTu anpoxcumarii R2=0,9395.
s Py, =0,15 MIla

Ymax=3-10%-T2+3-107°-T2-0,0174-T

3 BeJIMUMHOIO BiporizmocTu anpoxkcumarii R2=0,953.

Ha pucynky 3 ysaraibHeHo gaHi npo KoedimieuTu gudysii [iaporemy
B majyanii (kpuBa 4) Ta 3HaUEHHSA PiBHOBaAXKHOI posumHHOCTH ['igporeny
B majazmii ayna Pu,=0,03 MIIa (xpuBa 1), Pu,=0,09 MIla (kpuBa2) Ta
Py, =0,15 MIla (kpuBa 3).

ITopiBHIOIOUM MaHi, IpeAcTaBieHi Ha puc. 2 Ta puc. 3, MOKHA YiTKO
mo0aumnTH, 1[0 caMe CILJIbHA Aid ITNX ABOX UMHHUKIB, — D Ta n, — 3y-
MOBJIIOE€ eKCTPEeMAaJIbHY TeMIepaTypPHY 3aJeKHICTh MAKCUMAJIbLHOTO BH-
ruHy (Ymax) KOHCOJI 3a i1 omHOCTOPOHHLOI fmerasarii. Boguopas maiibi-
JbIII BUTWMHU KOHCOJiI MAalOTh Miclle B [OidAIa3oHi TeMmIiepaTyp
220-280°C, me cymapHa misa o6roBoproBanux GisuuyHuX YNHHAUKIB (D, n)
€ MaKCUMAaJIbHOIO.

Posrisauemo Terep eKcliepuMeHTaIbHUN (DaKT IPo Te, 110 GopMO3Mi-
HeHHJA IMaJagilioBol KOHCOJII € Maiike ab0 moBHicTIO 000opoTHIM. OueBu-
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Puc. 3. BuiuB TemnmepaTypu Ha BeJIWUYNHY KOHIIEHTPAIiMHUX HANPYKEHb B
KoHcoui i crony a-PdH, (1, 2, 3), piBHOBaskHy po3umuHicTs (1, 2, 3) i Koeditri-
eut audysii I'igporerny B nmanaxii (4) gna Pu,=0,03 MIla (1), 0,09 MIla (2),
0,15 MIIa (3).

Fig. 3. The influence of temperature on the magnitude of the concentration
stresses in the cantilever made of the a-PdH. alloy (I, 2, 3), the equilibrium
solubility (I, 2, 3), and the diffusion coefficient of hydrogen in palladium (4)
at Pu,=0.03 MPa (1), 0.09 MPa(2), 0.15 MPa (3).

JIHO, ITIT0 IIOBHA 00OPOTHICTh ABUIIA BKa3ye Ha peaJiisallito KOrepeHTHOTro
MexaHi3My BUTMHY KOHCOJIi.

Bognopas mig uac Buruny 36epiraeThbcsa KOTepeHTHA CTPYKTypa THUM-
yacoBoro rpagieuatraoro cromny o-PdH, (map 1), KorepeHTHA CTPYKTypa
mapy 2 (Hampy:KeHMH Imajamiii) i KorepeHTHa CTPYKTypa oO6JacTu
3’eguanng mapiB 1 i 2. 3a peasiszalrii KorepeHTHOTO MeXaHiZMy (opMO-
aminu I'igporenosi koHneuTpamniiai (I'K) Hanpy:KeHHs, IIT0 BUHUKAIOTD
Y KOHCOJIi Y IPUIIOBEPXHEBUX IMTapaxX MJIACTUHU, BUABJIAIOTHCA y Je-
AKUX BUNAAKaX OiJIbIINMU 3a MEXKY MPY:KHOCTU najiafio. Moxyab r'pa-
mienty xoumneHTtpartii 'igporeny dCuy(x)/dh cTae BaiKIMBOIO XapaKTepH-
ctukom crony o-PdH,, akuit TpascopmyeThcs B IIpolieci gerasairii Ta
MOCTiMHO 3MiHIOETHCA aX O YTBOPEHHS HOBOI'O MaTEPisly — UHNCTOTO
majaziro.

IlixaBo mpoaHai3yBaTH BeJIUUYNHY IPY/KHIX HAIPY:KeHb, 10 BUHU-
KaoTh y KoHCcoIi 3i crorry a-PdH,, 3a merasariii i AKi npaMo nIpomopiifHi
koumenTparlii 'igporeny B cromi a-PdH,:

o(x) = —akc,, (1)
Ie o — Koedimienr, mo mopisuioe 0,068; £ — monayap IOHT'a manamiro

(E=1,23-10°MIla) [17], c.=n — piBHOBasKHA KOHI[EHTPAIlis IJIs KO-
JKHOTO CTOITY AJIS 3aJaHNX TeMIIepaTypPU Ta TUCKY.
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PospaxoBaHi Hanpy:KeHHs OpeAcTaBIeHo Ha puc. 3 (kpuBi 1,2, 3)iy
raba. 1-3 (xoaouka 10, 9) BinmoBigao. BugHo, 1110 3i 36iJbIlIeHHAM Ma-
KCUMAaJbHOT'O BUTMHY MOXKYTh BiOyTuca medopMallii y IpuUIIOBepXHe-
BUX HIapax I1ajajiiioBol KOHCOJIi, AKi IIepeBUINYIOTh NPYKHI XapaKTe-
pucturu rpagieataoro crouy o.-PdH, (200 MIIa)[17, 18]i sHaxomgsaTbcs
B iaTepsBai Big 62 go 370 MIla. IIpoTe BUrmH KOHCOJIi B yCiX eKcIIepu-
MeHTax Maike MOBHiCTIO 000pOoTHiN. MoKHA IPUITYCTUTH, III0 HA TaKy
MOBeAiHKY IajaifioBoi KOHCOJII BILIMBAIOTh IifporeHoBo-Ipy KHI Ha-
IPY:KeHHA BHACIIOK mepebiry ABuIa HaaIIJIaCTUYHOCTH.

Ile cBiguuMTHL PO Te, IO KOJUM POITJIAALAEMO CTOIl MeTaJs—IlimporexH,
SKUH MiCTUTH ABi aToMOBi mimcucremu (MetaseBy migcucremy i I'igpo-
T'eHOBY HificCTEMY BTiJIeHHA), TUQPY3ifHI PYXJIUBOCTI AKUX CUJIBLHO Pi-
3HATHCA [12], TO MU OPiBHIOEMO HATIPYKEHHSA IJII MeXKi IPy:KHOCTHU
s cronmy majanmin-ligporen, AKi xapakTepHi OJsd MeTaJIeBOl Iiacuc-
TeMHu. A SKIO BPaxOBYBaTU Te, IO HANPY:KEHHS, AKI BUHUKAIOTDH Y
KOHCOJIi ITIifi Yac TPOBeJeHHA EKCIIEPUMEHTIB, IEPEBUMIYIOTh MEXKY
TIPOIOPIiiHOCTH, CTa€ 3PO3YMiJIo, IO V cTomax MeTaa—lizporen 36i-
JBIITYETHCSA PYXJMUBICTH AWCJIOKAIli, a CHUJM MiKaTOMOBOI B3aeMOIil
aTowmiB [Tamazgito mocaabmioroThbes B cuctemi Pd—H [12].

OueBUAHO, IO IeH I'PaJi€eHT KOHTPOJIOETLCA AUDPY3iNHNM BUBEIEH-
Ham ligporeny 3 06’eMy MeTay 0 HOT0 IIOBEPXHI Ta 3aJIeKUTH BiJ IPO-
CTOPOBUX 1 YacoBUX IapamMeTpiB mpoiecy l'ifporeHoBol gerasarii meTa-
ay (Temieparypa, THCK rasomofioHoro BomHIO ToImno). Came rpamieHT
KOHIIEHTpPAaIlil BU3HAUAE XapaKTePUCTUKHU Ta BJIACTHUBOCTI THMYaCOBOT'O
I'paZlieHTHOTO MaTepidAny meran—IligporeH, Taki AK I'pafie HTH AUJIATA-
il KpucTaliyHNX I'PATHUIL, I'PASi€HTH CUJ MiKaTOMOBOI B3aeEMOii,
MeXaHiuHi BJacTHUBOCTi, rpamienTu I'igporeHoBUX KOHIIEHTPAIiAHMX
HaNnpysKeHb TOIIO.

TakuM YMHOM, SABUILE BUTMHY KOHCOJI 3i crony a-PdH, 3a merasarii
Tigporeny € mposBOM SABHINA HAAILJIACTUYHOCTHU i, HA HAITYy JYMKY, 3a-
CIYTOBYE€ CHCTEMATHUYHOI yBaru MOCHiAHUKIB. A pe3yJabTaTH LOCJTi-
IJKeHHA MOXKYTh MaTU BasKJUBe 3HAUEHHA IJI PO3BUTKY HOBUX MaTe-
pidajaiB 3 MOJINNIIEHUMH BJIACTUBOCTAMU JIJIA 3aCTOCYBaHHSA B PiBHUX ra-
JY3aX, TAaKUX AK 30epiranusa BOAHIO, TaJUBHI eJJeMeHTH H iHIITi BICOKO-
TeXHOJIOTiuHi obacTi.

4. BUICHOBRKH

1. IIpoBegenHo mocuaim:xkeHHs (hOPMO3MiHEeHHA 3aKPillJIeHOI KOHCOJIi Po3-
mipamu 62x5,5x0,27 mm 3i crony a-PdH, 3a i ogqHOCTOPOHHBOI merasa-
1ii y remmeparypuomy inTepBaii 110-350°C. IligTBepasxeHo, 110 ¥ ABaA
eTany PO3BUBAETLCS BUI'MH KOHCOJI 3a merasarrii cromis o-PdH,. Ilep-
ITUH eTal TpUBAE ay:ke KopoTkuit yac (9—-30 cekyHna), XxapakTepu3y€eTh-
cAd IMBUAKUM AOCATHEHHAM MaKCHUMAaJIbHOT'O BUTMHY KoHcoJi. I[pyruit
eran TpuBae 3uauno mosire (mouan 100 cexyHn) i BimsHauaeTbCA yTBO-
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PEeHHAM ILIATO TPUBAJIICTIO Bif 3 M0 30 ¢ ¥ 3BOPOTHIM PO3IPAMICHHAM
KoucoJi. Ilig wac mpyroro eramy KOHCOJIb IIOBEPTAETBHCSA y BUXiTHMHA
cTaH abo0 mocsArae CTAI[iOHAPHOTO CTAHY 3 MiHIMaJbHMM BiIXWJIOM Bif
IIOYaTKOBOTO ITOJIOKEHHS.
2. Brepirre ekcriepuMeHTaJIbHO BCTAHOBJIEHO, IO BUTMH KOHCOJI 3i CTO-
ny a-PdH, gis tuckiB Boguio y Kamepi Py, =0,03 MIIa, Py, = 0,09 MIla
ta Pu,=0,15 MIla, axuii BignoBizae piBHOBaxHill KoHIeHTpaIii Iigpo-
reny B nmajagii (n) 3a ii omHOCTOPOHHLOI Aerasalrii, 3MiHIOETHCSA 32 €KCT-
peMaJbLHUM 3aKOHOM i B iHTepBaJi Tremmeparyp 220—-280°C Burun carae
MaKcuMaJbHOTO 3HaueHHs. [lokasaHo, 1110 MAKCUMAaJbHUN BUTUH KOH-
COJIi BU3HAUYAETHLCA ABOMA (PyHIAMEHTAJILHUMU BJIACTUBOCTSIMU CHCTE-
mu Pd—H, a came, xoepinierTom qudysii Ta piBHOBAKHOIO PO3UNHHICTIO
Tigporeny B manamii.
3. BayTpimui IigporeHosi KoHIleHTpallifiHi Hampy:KeHHS, IKi BUHU-
KaroTh 3a merasarlii KoucoJi 3i cromis a-PdH,, mepeBuInyoTh OpyKHi
XapakTepuCTUKHU I'pagieuTHoro cromy a-PdH, (200 MIIa) i smaxomarscsa
B imTepBaii Bix 62 mo 370 MIla, 110 migTBepa:Kye mepebir aBuima Haz-
ILJIACTUYHOCTH.
4. BcraHoByeHI eKcIeprUMeHTANbHI 3aKOHOMiPHOCTI (POPMO3MIiHM KOH-
couii 3i cronry o.-PdH, 06rosopeHo Ha 0CHOBI (pyHIaMEHTAJILHUX OCO0JIN-
BOCTel cucTeM MeTaad—ligporeH, AKi moaaraioTh y TOMY, III0 3a HecOp0-
nii ixporeny y merajii BUHUKAIOTh I'PAlieHT AUaATAIil KpuUcTaaidHOl
I'paTHUIIL Ta IeBHUN piBeHb I'iAporeHOBMX KOHIIEHTPAI[IMHMUX HAIIPY-
JKeHb.

ABTOp BBaKae CBOIM IPUEMHUM O0OOB’SA3KOM BHCJIOBUTU TJIUOOKY
BasuHicTh momeHTty M. B. TonbioBiii 3a 3mificHeHHSA Bimeosamucy Ta
TBOPUYY CHiBAPYKHICTbD.
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PACSnumbers: 61.72.Ff, 68.37.Hk, 68.43.Mn, 68.60.Dv, 81.15.Cd, 81.40.Gh, 81.65.Kn

Cobalt-Based Alloy Coating for Protecting Titanium from
Hydrogen Permeation
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The microstructure and phase composition of a new-type protective coatings
based on the Co—NbC system in as-deposited and annealed conditions are
investigated with x-ray phase analysis and scanning electron microscopy.
The coated titanium samples are annealed in a vacuum and in hydrogen
atmosphere. Regardless of the atmosphere used, the protective coating is
cracked during annealing, primarily due to the different coefficients of
thermal expansion of the phases. An additional factor affecting this process
is the decomposition of phases with a new phase formed in the coating during
annealing, which is identified as aluminium oxide. As shown, the coating can
withstand heating up to 500°C, but the exposure time should not exceed 20
min. Increasing the exposure time at this temperature (up to 120 min) lead to
an active interaction of hydrogen with the substrate (titanium). As found
out, the amount of hydrogen absorbed by the sample over the above-
mentioned period of time is of =0.22 wt.% at an average rate of =0.0025
wt.%/min (for comparison, titanium iodide absorbs =1.40 wt.% over the
same period of time).
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Key words: titanium, hydrogen, cobalt-based alloy, protective coating,
microstructure.

Meromammu peHTI'eHiBChKOI (ha30BOI aHANIi3WM Ta CKAHYBAJBHOI €JIEKTPOHHOL
MIiKPOCKOIii MOCHifKeHO MIKPOCTPYKTYPY Ta (asoBuil CKJAA HOBOTO TUITY
3aXMCHUX HOKPUTTIB Ha ocHOBi cuctemu Co—NbC y Buximmomy crasi Ta micias
Binmamy. Bigman twraHoBMX 3pasKiB i3 HaHECEeHMM HOKPUTTAM O0YJIO
IIPOBENEHO y BaKyyMi Ta cepemoBuIlli BogHI0. BeranoBieHo, 1110, HE3AJIEKHO
Bifi BuKopucTaHOI aTMoc(epu, mig yac Biamamy BimOysoca po3TPicKyBaHHSA
3aXVCHOTO IIOKPUTTA, B IEPIIy Uepry, uepe3d DpPLKHWIIO KoedilieHTiB
TEPMIYHOTO POBIIVPEHHS CIIiBiCHYIOUNX ¥ HbOMY (has. [logaTKOBUM YMHHUKOM
BILIMBY HAa I1eii mporiec OyB posnaf ¢as, OCKIIbKY ¥ CTPYKTYPi MOKPUTTS Hif
yac BiAmasy yTBOpmJacsa HoOBa (dasa, AKy O0yao imeHTum(hiKOBAHO SK OKCUI
Anrowminiro. Ilokasamo, 1Mo mgame MOKPUTTS MOMKEe BUTPUMYBATH HArpiB A0
remmneparypu y 500°C, ame BomgHOuac BUTpUMKa Mae He mepepurryBatu 20
XBUJAWH. 30iJbIIIeHHS Yacy BUTPUMKM 3a BKasaHoi Temmeparypu (mo 120
XBUWJIVH) IPUBEJIO 10 aKTUBHOI peakIfii B3aeMo/ii BOAHIO 3 0CHOBOIO (TUTAHOM).
Busnaueno, 1110 KiIbKicTh yBiOpaHOT0 3pa3KOM BOIHIO 3a BKA3aHUI ITPOMIiKOK
yacy craHoBuTh = 0,22 mac.% 3a cepemuboi mBuakoctu y =0,0025 mac.%/xB.
(myis OPiBHAHHA: MOAUAHUNA TUTAH 34 aHAJOTIUHUN MPOMIKOK UYacy 3maTeH
yBiopaTu = 1,40 mac.%).

KarouoBi ciioBa: TuTam, BOJeHb, CTOI Ha OCHOBI KOOAIBTY, 3aXUCHE MMOKPUTTS,
MiKPOCTPYKTYypA.

(Received 19 June, 2025; in final version, 11 September, 2025 )

1. INTRODUCTION

Hydrogen is considered as a clean and efficient energy source that is
crucial for shaping a zero-emission future [1, 2]. Large-scale
production, transportation, storage, and use of green hydrogen are
expected to take place in the coming decades [3]. However, having the
smallest atoms in the universe, hydrogen can adsorb, diffuse and
interact with almost all metallic materials, thus degrading their
mechanical properties [4—7]. This is especially true for titanium and
titanium-based alloys [8, 9].

Titanium and Ti-based alloys are considered to be rather resistant to
chemical corrosion. However, in many technological and commercial
applications these materials are exposed to hydrogen-containing
environments and, therefore, can be seriously affected due to
hydrogen embrittlement [10—12], as they can absorb large amounts of
hydrogen, especially at elevated temperatures [13, 14]. The degree of
interaction of Ti-based alloys with hydrogen directly depends on their
microstructure and chemical composition [15, 16]. According to [8],
today there are four main ways to protect metals (including titanium)
from interaction with hydrogen: formation of protective coatings on
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the metal surface, which prevent the permeation of hydrogen into the
bulk material [17]; alloying, which reduces the rate of interaction
between the metal and the hydrogen-containing environment and
increases the maximum acceptable hydrogen concentration [18];
modification of the material surface by high-energy impact [19];
annealing of the final products [20].

Despite the fact that the abovementioned methods of combating the
negative effects of hydrogen on metallic materials have already found
some application in industry, it is believed that the most promising
way to solve this problem is still the use of protective coatings[17, 21—
23]. The use of coatings, especially in nuclear and renewable energy,
can extend the service life of materials by minimizing the negative
impact of the interaction with hydrogen [24]. The methods for
applying coatings are very diverse: electrolytic deposition of metals
and alloys, gas transport reactions, ion implantation, chemical and
thermal treatment, etc. [24, 25]. Their compositions are also diverse:
oxides, borides, nitrides, carbides, silicides [26]. However, it was
noted in Ref. [24] that although the existing coatings already meet
certain technological requirements, it is still expedient to search for
new approaches to the formation of protective layers with increased
resistance to hydrogen permeation and other enhanced properties.

In Ref. [27], we first showed the prospects of using an alloy based on
the Co—NDbC system as a protective coating to counteract the negative
impact of a hydrogen-containing environment on titanium. The
55.18Co—17.66Cr—12.18Nb—7.45W—-3.07Fe—1.88A1-1.5C-1.59B [wt.%]
alloy was studied. A technique for forming coatings was developed,
which included: obtaining the alloy by induction melting; melt
spinning (producing the ribbon); annealing the produced ribbon;
milling the annealed ribbon; sieving powders of the needed fraction;
plasma-enhanced deposition of the produced powders onto the
titanium surface. The samples were annealed at 400°C and a hydrogen
pressure of 0.6 MPa for 3.5 h. The sample did not react with hydrogen
during this heat treatment. The present work is a continuation of the
abovementioned work. The goal was to reveal possible changes in the
structure and phase composition of the coating after heat treatment,
as well as to determine the extreme service parameters for the formed
coating.

2. EXPERIMENTAL/THEORETICAL DETAILS

The phase composition and lattice constants of the initial materials, as
well as after annealing in hydrogen environment, were determined by
means of x-ray phase analysis with a DRON-3M diffractometer.
Metallographic studies were carried out with a VEGA3 TESCAN
scanning electron microscope equipped with an XFlash610M EDS
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detector (Bruker).

The sample with protective coating was annealed at 400°C for 3.5
hours in a vacuum furnace SShVE-1.25/25-12 at a pressure of 10 MPa
and a heating rate of ~7°C/min.

The stability of the initial powders and the deposited protective
coatings in a hydrogen environment was studied with the Sieverts
method at an IVGM-2M unit [28, 29] at room temperature and during
heating to 500°C (annealing at 400°C and 500°C was carried out in
accordance with the data of Ref. [30]) at pressures 0.6—2.0 MPa. The
amount of absorbed hydrogen was determined by the change in
pressure in a closed volume (volumetric method) and additionally
controlled by weighing with an accuracy of 1.5-107°g (gravimetric
method).

3. RESULTS AND DISCUSSION

As shown in Ref. [27], the protective coating on titanium was formed
using the technique of plasma deposition in an argon flow. Argon was
used for two reasons: (i) protection of partially or entirely molten
powder from the negative effects of the environment (hydrogen,
oxygen, and nitrogen); (ii) transportation of the powder to the
substrate surface. The examination of microstructure of the protective
coatings only on the surface of the samples would not allow obtaining
complete information about the coating. Therefore, one sample was cut
in half, which provided more information about the coating (Fig. 1).

As seenin Fig. 1, partial or complete melting of the powder particles
occurred during the coating deposition, depending on the size of the
initial powder. When deposited on the surface of titanium, the melted
particles interacted with each other and partially with the substrate
surface, which resulted in a rather high adhesion between the particles
and the surface. The sufficient adhesion between the coating and the
substrate, as well as between the particles, is proved by the absence of
defects (cracks or delamination) at the interface between the substrate
and the coating after mechanical impact on the sample (cutting,
grinding, and polishing). Besides, it was found that the relief on the
surface on which the protective layer was applied did not significantly
affect the formation of the coating (Fig. 1, ¢). No intermediate layer
between the substrate and the coating was observed (Fig. 1, ¢, d). This
may indicate that the surface of the substrate did not significantly
melt during the formation of the coating (this is important when
depositing a coating on finished products).

The chemical compositions of the main phases (Table 1) in the
studied coating were determined using the EDX technique. As was
determined with the analysis of the coating surface [27], the basis of
the deposited layer was a solid solution based on cobalt with
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Fig. 1. Microstructure of protective coating: a, b—surface [27]; ¢, d—cross-
section.

comparatively coarse inclusions of light-coloured niobium carbide of
the NbC type (Fig. 1, d). The analysis of the coating cross section
revealed a fairly uniform distribution of coarse niobium carbide
particles (Fig. 1, d), which were present in the initial powders. The
previous study of the coating surface [27] showed the absence of coarse
carbide inclusions— only fine particles were observed (Fig. 1, a, b).

In Ref. [27], materials in their initial state, powders after heat
treatment in hydrogen, and the deposited coating were studied using
x-ray phase analysis (Table 2). Three phases were detected in the
studied materials: Co-based solid solution, niobium carbide, and
intermetallic compound Cro7Feos. Using MAUD Software, we
additionally examined the materials at each stage. This made it
possible to reveal four phases in the structure, as well as to determine
the volume fraction of each of them (Table 2).

According to MAUD Software, it was found that the volume
fractions of the Co-based solid solution and niobium carbide were =76
and =17.5%, respectively. Both phases have a face-centred cubic
lattice of Fm—3m space group. These data correlate with the literature
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TABLE 1. Chemical compositions of phases in as-deposited coating.

Content, +0.03 at.%
Co | cr | Nb [ W ][Fe|Al] C |B] O
Solid solution 53.86 17.78 4.26 1.89 3.53 3.35 14.07 - 1.25
Niobium carbide 1.29 0.87 54.11 0.68 0.07 0.14 41.61 - 1.23

Phase

TABLE 2. Lattice constants of phases.

Lattice constants, + 0.0009 (nm)
Co-based
State solid NbC |CrorFeos| Co:B | Al:Os
solution
iy B B B a=0.4909 B
Initial powder[27] a=0.3630 a=0.4406 a=0.2841 c=0.4479
Powder annealed in 4=0.4831
hydrogen atmosphere a=0.3715 a=0.4433 a=0.2854 =~ ° -
[27] ¢=0.4479
As-deposited coating B B a=0.4914 B
[27] a=0.3623 a=0.4490 a=0.2910 c=0.4465
Coated sample after _ B
annealing in hydrogen a=0.3580 a=0.4480 a=0.2872 ¢~0-4993 4=0.4760
atmosphere c=0.4324 ¢=1.2994

ones [31, 32] regarding the basis of alloys of this type. In addition to
the abovementioned phases, the Cro.7Feo s intermetallic compound with
a body-centred cubic lattice (volume fraction =3-4%) of the Im—-3m
space group was also revealed. Besides, the Co:B phase with a
tetragonal lattice (volume fraction =2.5%) of the I-42m space group
was also found in the initial powder. The presence of this phase may be
due to its incomplete dissolution during the production of the initial
alloy, or its re-precipitation during melt solidification.

Comparison of the lattice constants (Table 2) of the phases at
different stages (Table 2) showed a certain trend. Annealing in a
hydrogen atmosphere led to a slight increase in the lattice constants,
which was most likely due to some oxidation of the particles after
contact with the atmosphere. This trend was also observed for most
phases after coating deposition. On the contrary, the lattice constant
of the Co-based solid solution slightly decreased below the initial value
after coating deposition (Table 2). This can be explained by some
redistribution of chemical elements with significant difference in
atomic radius in the highly alloyed 55.18C0-17.66Cr—12.18Nb—
7.45W-3.07Fe—1.88A1-1.5C-1.59B system [33], since the partial
substitution of an alloy component with an element with a different
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atomic radius is accompanied by changes in the volume of the unit cell
[34].

According to the data of Ref. [27], after annealing at 400°C and a
hydrogen pressure of 0.6 MPa for 3.5h, there were no noticeable
changes in the hydrogen pressure in the chamber, which indicated that
there was no interaction between the sample and hydrogen. However,
there was no simultaneous effect of temperature and hydrogen
pressure on the coating [27]. According to SEM investigations, this
treatment led to the formation of cracks in the coating (Fig. 2, a, ¢). It
was found that the crack growth occurred not only along the interfaces
between the particles, but also through their bulk (Fig. 2, ¢). This may
indirectly indicate a fairly high adhesion between the particles. It was
also found that the heat treatment in a hydrogen atmosphere led to the
decomposition of the phases (Fig. 2, a). Dark-coloured crystallites
appeared in the microstructure, which were identified as a phase based
on aluminium oxide (Table3). According to the literature [35],
aluminium oxide can precipitate during annealing in the alloys based
on Ni—NbC or Co—NbC systems.

X-ray phase analysis was performed to confirm the above
conclusions regarding the change in the phase composition of the

Fig. 2. Microstructure of coatings after annealing at 400°C: a, c—in a hydrogen
atmosphere; b, d—in a vacuum.
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TABLE 3. Chemical composition of dark-coloured crystallites precipitated
upon annealing.

Environment Content, +0.03 at.%

Co| cr [ Nb| W | Fe| Al | C [B]|] O
Hydrogen 1.67 14.17 6.14 0.02 0.39 23.15 5.68 -— 48.77
Vacuum  0.65 3.33 0.35 - 0.07 29.65 7.13 - 58.77

coating after annealing in a hydrogen environment (Table 2). As
expected, the coating based on Co-based solid solution and niobium
carbide of the NbC type formed upon annealing. Besides, Co:B phase
and Cro7Feos intermetallic compound remained. Beside the initial
phases, a phase based on aluminium oxide with a trigonal lattice
(volume fraction =10%) was detected. Comparison of the lattice
constants of the phases in the initial state and after annealing in a
hydrogen atmosphere showed that they somewhat decreased (Table 2).
Most likely, this is associated with a decrease in the amount of oxygen
in the phases due to the reducing effect of the hydrogen environment
and the formation of a new phase based on aluminium oxide.

As shown above, after heating up to 400°C in a hydrogen atmosphere,
cracks formed in the coating, but it is not clear whether this process was
caused by hydrogen pressure, temperature, or their simultaneous
action. Besides, the phase composition changed. At the same time, it was
unclear where the oxygen came from in the amounts sufficient for this
phase formation (Table 3). In order to clarify the causes of formation of
cracks and the change in phase composition, annealing in vacuum was
performed (at the same parameters). As a result, the effect of hydrogen
pressure was discarded (Fig. 2, b, d). It was found that the vacuum
annealing also led to the formation of cracks. As seen in Figs. 2, a, ¢ and
b, d, the linear dimensions of the cracks (first of all their widths) are
similar. Besides, the following pattern was observed: the crack
propagated not only along the interface between the particles (Fig. 2, b),
but also through their volume, and the cracks are capable to bypass some
particles (Fig. 2, d), thereby choosing the easiest way for its
propagation. Figure 2, b also shows that dark-coloured crystallites (see
Table 3) appeared in the coating after annealing in a vacuum. It should
be noted that the amount of oxygen in this phase was higher after
annealing in a vacuum than after heat treatment in a hydrogen
atmosphere.

The results considered above indicate that the main factor that leads
to the formation of cracks in the coating is the annealing temperature.
Therefore, the difference in thermal expansion coefficients plays a
decisive role in this process. However, it is still unclear what factor is
determinant: the difference in thermal expansion coefficients between
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the coating and the substrate, or between the phases in the coating.
Hydrogen pressure does not significantly contribute to the process of
crack nucleation and growth. It was also found out that the change in
the phase composition of the protective coating was not affected by the
atmosphere, in which it was annealed. Most likely, the corresponding
change occurred due to diffusion processes in the coating under the
impact of elevated temperature. It can be assumed that the difference
in the amount of oxygen in the phase formed upon annealing in a
vacuum and hydrogen atmosphere (Table 3) is associated with the
reducing effect of hydrogen during the formation of this phase. It is
well known that hydrogen can partially reduce oxide scale that is
always present on the surface of metallic materials [36, 37].

As noted above, annealing at 400°C resulted in the formation of
cracks in the coating, but no hydrogen absorption was detected. The
next temperature chosen for annealing was 500°C; this temperature is
considered optimal (range 400-600°C [38,39]) for hydrogen
saturation of titanium and b.c.c. Ti-based solid solutions. The same
samples (which already had cracks) were studied to simulate real-world
conditions of service.

As in previous experiments [27], at the first stage, the samples were
kept at room temperature and a hydrogen pressure of 0.6 MPa for 192
hours (8 days). Exposure under these conditions did not lead to surface
activation and, accordingly, to noticeable hydrogen absorption. The
next step was heating to 500+10°C, holding at this temperature, and
cooling to room temperature (Fig. 3).

The samples were heated to 410+£5°C at a rate of = 7 °C/min, and then
from 410 to 500°C at a rate of only 2.0°C/min. The heating rate in the
range 410-500°C was reduced based on the following considerations.
Firstly, according to the literature [38, 39], the majority of elements
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Fig. 3. Time dependences of hydrogen pressure and temperature.
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that can actively absorb hydrogen (e.g., Ti, Zr, Nb, and V) interact with
the latter exactly in this temperature range. The second consideration
was the presence of cracks that formed during heating to 400°C.

Time dependences of hydrogen pressure and temperature (Fig. 3)
show no that no hydrogen absorption occurred during heating up to
500°C. The next step was to hold the sample at this temperature and
hydrogen pressure of 0.622+0.02 MPa for 120 min. At the initial stage
of exposure (230 min), no hydrogen absorption was detected; at
further exposure (30—120 min), a rather active interaction began. The
amount of hydrogen absorbed by the sample over this period of time
was =0.22wt.%, at an average rate of =0.0025wt.%/min. This
calculation was made not for the total mass of the sample, but only for
the mass of the substrate, since, according to Ref. [27], the powders
used to deposit the coating did not interact with hydrogen. According
to Ref. [40], titanium iodide can absorb =1.40 wt.% at an average rate
of 20.015 wt.%/min for a similar period of time (90 minutes) at a
pressure of 0.5 MPa, starting from 450°C. The comparison of the
amounts of hydrogen absorbed by iodide titanium [40] and the coated
sample over the same period of time allows assuming that only some of
the cracks that formed during the first heating reached the substrate.

Figure 4 shows the surface of the protective coating after annealing
in a hydrogen atmosphere at different temperatures. The comparison
of the microstructures allowed concluding that the main cause of the
decreased catalytic capability of the coating after heating to 500°C was
an increase in the linear dimensions of previously formed cracks and
their coalescence with a continuous net formation (Fig. 4, b). As noted
above, cracks formed in the coating (Fig. 4, a) upon annealing at
400°C, but the thickness of the protective layer was still sufficient to
prevent the interaction of the substrate with hydrogen.

Fig. 4. Coating surface after annealing in hydrogen atmosphere at: a—400°C;
b—500°C.
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Figure 5 shows a cross section of the sample after annealing at
500°C. This made it possible to determine the degree of damage of the
protective coating by its thickness (to clarify how the crack
propagated), as well as changes in the substrate (whether the absorbed
hydrogen permeated in titanium). As seen in Fig. 5, a, the second
phase of dark colour with needle-like shape was observed in the
substrate in the regions where the crack passed through the protective
coating. We have previously determined [8, 40] that the hydride phase
looks like this [8, 41]. To a certain extent, this confirms the
calculations made above, according to which all the hydrogen that
permeated the sample was dissolved in the substrate volume.

Comparison of the microstructures shown in Figs. 5, a, b showed that
the linear dimensions of the cracks significantly affected the formation of
the hydride phase in titanium. When the crack reaches the substrate, thin
needles of the hydride phase form there (Fig. 5, a). Then the needles
transform into a continuous layer of the hydride phase, and the coating
around the crack fractures (Fig. 5, b). This can lead to delamination of the
coating from the substrate due to an increase in the volume of the
titanium unit cell and the high brittleness of the hydride phase [38]. It
was also found out that the simultaneous effect of high temperature and

Nl Ouseimiay: 102924
Tl Virw el 3.63 men
SEM MAG: IT X

Fig. 5. Microstructure of sample annealed at 500°C.
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TABLE 4. Chemical compositions of phases in coating after annealing.

Phase Content, +0.03 at.%
Co | cr | N\b [ W]Fe| AL | ¢ | B] O
Gray 54.21 17.71 5.09 1.93 3.55 4.02 12.85 -  0.63
Light gray 1.22 0.73 55.44 0.53 0.06 0.14 40.55 0.33 1.00
Dark  3.78 9.84 294 0.06 0.37 25.96 6.03 - 51.03

hydrogen pressure led to the delamination of the coating (Fig. 5, d).
Cracks up to 400 ym long formed, which propagated in the plane of the
coating. These cracks grew mainly along the boundaries between the
particles, and the particles located on the crack path were crashed. As a
result, a whole area in the coating formed with practically zero adhesion
between the particles and between the coating and the substrate. After 90
minutes of active absorption (hydrogen capacity was 0.22 wt.%),
hydrogen diffused into the substrate volume to a depth of more than 2.0
mm (see Fig. 5, d). This phenomenon was observed on all sides of the
sample, so the protective coating was damaged on all faces rather
uniformly.

The chemical compositions of the main phases in the coating cross
section are listed in Table 4. As noted above in the analysis of the
coating surface, the basis of the deposited protective layer is the Co-
based solid solution (gray phase) with comparatively coarse inclusions
of light-coloured niobium carbide phase of NbC type. Beside these
major phases, dark crystallites of the aluminium oxide formed after
the first annealing. The chemical composition of the dark phase on the
surface of the coating (Table 3) and in its depth (Table 4) was similar.
The formation of aluminium oxide crystallites in the volume of the
coating, to some extent, confirms the assumption made after
annealing the sample in a vacuum that this phase precipitated due to
diffusion processes in the coating at elevated temperatures.

X-ray phase analysis showed that five phases remained in the
coating after annealing at 500°C (Table 2). The lattice constants of the
phases, within the measurement errors, coincided with those after
annealing at 400°C.

4. CONCLUSIONS

1. The annealing temperature is the main factor affecting the
initiation of a crack in the coating and its further growth. The
difference in thermal expansion coefficients of the coating and the
substrate, as well as the phases in the coating, played a decisive role in
this process. At the same time, the hydrogen pressure practically did
not contribute to this process.
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2. It is determined that phase decomposition in the protective coating
can occur without the impact of the external atmosphere. A phase
based on aluminium oxide formed due to diffusion processes that
occurred in the coating annealed at elevated temperatures.

3. The protective coating from Co-based alloy allows heating titanium
in a hydrogen atmosphere (pressure 0.6—0.62 MPa) up to 500+10°C
(exposure time no more than 20 min) without a noticeable interaction
between metal and hydrogen.
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Microstructure Evolution of a Steel Bar during FEM Simulation
of Radial-Shear Broaching and Subsequent Drawing

I. E. Volokitina and E. A. Panin

Karaganda Industrial University,
30 Republic Ave.,
101400 Temirtau, Republic of Kazakhstan

The paper presents the results of finite element modelling of the microstruc-
ture evolution in the implementation of the combined technology of radial-
shear broaching and subsequent drawing by JMAK and cellular automata
methods. The analysis of the results shows that the simulation results have a
high degree of convergence with each other; so, it can be recommended to use
any of these methods to obtain information about the grain sizes. Workpiece
deformation with a diameter of 30 mm to 20 mm at ambient temperature is
the most effective method, since it allows refining the initial grain more than
3 times on the workpiece surface, from 25 pum to 8 ym. At the same time,
workpiece deformation with a diameter of 30 mm to 23 mm at ambient tem-
perature gives a twofold refinement of the initial grain, from 25pm to
12 pm. The processing of the central area of the workpiece in all considered
models is insignificant; it reaches only a 35% -reduction under the most op-
timal conditions.

Key words: steel, drawing, radial-shear broaching, severe plastic defor-
mation, bar.

¥V craTTi HaBeeHO PE3yIbTAaTH MOJIETIOBAHHSA METO/JOM CKiHUEHHUX €JIEMEHTIB
eBOJIIOIIi] MiKPOCTPYKTYpH IIif Jac peasisarnii KoMOiHOBaHOI TexHOJOTII pa-
IiAJBHO-3CYBHOTO TPOTATAHHS 3 TMOJAJBIINM BUTATYBAHHAM METOAAMU
JMAK Ta KiriTmHHUX aBTOMAaTiB. AHaJiza JaHUX ITOKasaja, IO Pe3yJIbTATHh
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MOJeTIOBAHHSA MAIOTh BUCOKUU CTYIiHBb 3013KHOCTU MiXK c000I0; TOMY MOJKHA
PEKOMEHIYBaT! BUKOPUCTOBYBATH OYIb-IKUI 3 IIUX METOIB MJIsI OfePKaHHA
indopwmariii mpo posmip 3epen. lledopmariis saroriBku giamerpom Big 30 mm
Io 20 MM 3a TeMIIepaTypu HaBKOJUIITHLOTO CEPeIOBUIIA € HANOIIbIT e(heKTUB-
HUM METOAOM, OCKiJIbKM Jae 3MOry IOAPiOHUTH BUXiHEe 3epHO HA IOBEPXHI
3aroTiBKu OinbII HisK y 3 pasu — 3 25 MKM A0 8 MKM. Y TO# ke uac, gedopma-
Iig saroTiBKu giameTrpoMm Bix 30 MM 10 23 MM 3a TeMIIepaTypu HaBKOJIUIITHBO-
TO CepeloBUINA A€ ABOPA30Be MOAPiOHEHHS BUXiAHOTO 3epHA — 3 25 MKM [0
12 mxm. O6poOJIeHHS IEeHTPAIBHOL 30HU 3aTOTiBKU Y BCiX POSTIIAHYTUX MOJE-
JAX € He3HAYHUM i carae Jjwuirne 35% -3MEHINEHHS 3a HANOITHMAILHIIIIIX
YMOB.

KarouoBi ciioBa: Kpuiid, BOJIOUiHHA, PamiAIbHO-3CYBHE IPOTATAHHA, iHTEHCH-
BHA IJTaCTUYHA AedopMallia, IPOTUK apMaTypPHOTro 3aIisa.

(Received 20 August, 2024, in final version, 1 November, 2024 )

1. INTRODUCTION

Wire is an indispensable material in a wide variety of industries. It is
used in the form of finished products such as steel ropes, nets (welded
and woven), nails, screws, as well as semi-finished products for the
production of machine parts, wire and cable products and many other
components. The key process in wire production is drawing, in which
the workpiece is stretched along its longitudinal axis. During drawing,
deformation occurs mainly in one direction, which makes this process
quasi-monotonic.

However, modern technologies tend to go beyond traditional pro-
cessing methods in order to obtain materials with improved properties.
One of the most interesting areas is the creation of materials with a
sub-, micro- and nanocrystalline structure. These materials have in-
creased strength, wear resistance, corrosion resistance and other ad-
vantages [1-T].

To obtain a sub-, micro- and nanocrystalline structure in metals, it is
necessary to use high-intensity deformation and the non-monotonic
nature of the process. Non-monotonic deformation implies a change in
the direction of deformation in each subsequent pass. For example, if
the angle between the deformation directions in two consecutive passes
is 90° or 180°, this will be considered a non-monotonic deformation.

Existing methods of severe plastic deformation (SPD), such as high-
pressure torsion, equal-channel angular pressing, extrusion and impact
treatment, have their limitations [8—14]. For example, they do not allow
the creation of products with the necessary shapes and dimensions for
practical use, especially for long products such as rods and wire.

To date, one of the most promising methods of forming an ultrafine-
grained structure in long products is radial-shear rolling (RSR). RSR
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can be considered as a special case of screw rolling, but with signifi-
cantly higher feed angles. This method combines deformations of
shape change and torsion shear. However, the presence of torsion of
the workpiece limits the use of RSR for processing long products.

The traditional method of producing long products, such as RSR, is
widely used in metallurgy. However, the use of planetary crates re-
quired for this method makes it impractical for wire production. That
is why a radial-shear broaching, as a new method of producing round
wire, was developed and investigated [15].

Radial-shear broaching is an innovative process that allows obtain-
ing wire by broaching without twisting, which eliminates the risk of
defects and improves the quality of the final product. The method is
based on the application of a forward pulling force to the wire rod (the
starting wire) and the rotation of the roller lug.

In this work, it was proposed to combine radial-shear broaching with
traditional drawing. In order to study the mechanism of radial-shear
broaching and drawing and to optimize the process, modelling was car-
ried out in Deform software package. Radial-shear broaching is a
promising method for producing rods, which promises to improve
product quality, reduce costs and increase productivity. Further re-
search in this direction promises to further improve the process and
open up new opportunities for the development of the wire industry.

2. EXPERIMENTAL

When developing a new deformation technology, along with studying
the stress—strain state and energy—force parameters, an important
task is to study the microstructure evolution. This knowledge provides
a visual representation of the material processing effectiveness on the
investigated technology. In recent years, in addition to experimental
studies, an approach to studying the microstructure evolution by the
finite element method has been actively developing. At the same time,
the most commonly used methods for predicting microstructure are
mathematical models that take into account dynamic and static recrys-
tallization. The ultimate goal of such studies is data on the size and
shape of metal grains after mechanical or thermal processing.

There are two methods of microstructure modelling in the Deform
system. The first method is the Johnson—Mehl-Avrami—Kolmogorov
(or JMAK) method. The main disadvantage of the JMAK method is the
fact that it does not take into account the different shape of the grain.
At the same time, its advantage is that during the calculation it is pos-
sible to obtain data on the grain size at any point of the workpiece. The
second method of microstructure modelling in Deform is the discrete
lattice method, implemented using the cellular automata algorithm,
which was implemented to eliminate the disadvantages of the JMAK
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method. This model, which explicitly represents grains and grain
boundaries visually, is more sensitive to local geometry changes. The
main disadvantage of the cellular automata method is that it cannot
provide data for the entire volume of the workpiece, since the calcula-
tion mechanism allows evaluating the microstructure only at prede-
fined points of the workpiece. Its advantage is that during the calcula-
tion it is possible to obtain data on the shape and size of the grains.

To use the JMAK method, it is necessary to calculate initially a
model with microstructure calculation parameters. By default, the
model assumes a uniform distribution of the initial grain size over the
entire area or volume of the workpiece. The value of 25 ym was adopted
as the initial grain size of steel 10.

For correct modelling, it is necessary to enter the parameters of
grain evolution for the JMAK method. They include data on static, dy-
namic and meta-dynamic recrystallization, as well as on the kinetics of
new grain growth. The essence of entering this data is to enter certain
constants of the model, depending on the properties of the material
and the type of processing process. All of them are considered in detail
in Ref. [16], which presents a large number of values of these coeffi-
cients for various grades of steels and alloys, depending on the types of
deformation and thermal treatments.

When using the JMAK method, three types of recrystallizations are
calculated. Dynamic recrystallization (DRX) starts after reaching a
critical degree of deformation, due to dynamic return, the process of
nucleation of new grains is added, which also undergo riveting during
deformation, which can lead to the formation of new grains inside
them. The basic JMAK equations describing dynamic recrystallization
for steel 10 are presented below: kinetic exponent (Avrami index) re-
sponsible for the rate of embryo formation,

k, = 0.029¢ "% exp(-16550 / RT); (1)
critical value of the strain intensity,
ke =1.97:%% exp(28590 / RT); (2)
strain intensity at 50% recrystallization,
k,, = 716" exp(51300 / RT) ; 3)
the size of dynamically recrystallized grains [um],
dpry = 0.367'% exp(50900 / RT); (4)

here, ¢ is strain rate [s7!], R=8.31 J/(mole-K) is universal gas con-
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stant, T is material temperature [K].

The process of metadynamic recrystallization (MRX) begins after
the deformation process stops when its critical degree is reached. In
fact, the MRX process consists in the growth of grains (embryos) that
appeared as a result of dynamic recrystallization. The basic JMAK
equations describing the metadynamic recrystallization for steel 10
are presented below: an empirically determined constant,

k, =0.237; (5)

the time, at which 50% of the metadynamically recrystallized grains
are formed in the structure,

t,, =1.12-10°d,£*® exp(230000 / RT) ; (6)
the size of metadynamically recrystallized grains [um],

d

MRX

=1.57d%%¢ % exp(-5115 / RT) . )

Static recrystallization (SRX) occurs, if the critical degree is not
reached as a result of plastic deformation, but the accumulated inter-
nal energy due to the temperature of the metal is sufficient for the
formation of new grain nuclei. This temperature value is a reference
value (A. critical point), for steel 10 it is equal to 742°C. The basic
JMAK equations describing static recrystallization for steel 10 are
presented below: degree indicator,

k. =0.31; (8)

the time, at which 50% of statically recrystallized grains are formed in
the structure,

t,, =1.14-10 "¢ %" exp(252000 / RT) ; 9)
the size of statically recrystallized grains [pm],

d

SRX

= 0.5d%%7507 (10)

To simulate the microstructure evolution using the Cellular Autom-
ata method, it is necessary to use pre-calculated models with fields of
all parameters (stress, strain, flow velocity, etc.). To be able to com-
pare with the results of the JMAK model, two points were considered
in each model, when calculating cellular automata,—in the workpiece
centre and at a distance of 0.5 mm on the surface in the contact area
metal with rolls, which allows to estimate the maximum level of metal
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Fig. 1. Initial microstructure.

processing.

In addition, it was decided to calculate the microstructure at the
designated points in two directions (transverse and longitudinal),
since this method provides a visual picture of the grains, and it is pos-
sible to assess not only changes in their size, but also their shape. For
the calculation of all models, the construction of a window with dimen-
sions of 100x100 pym was used. The initial structure with an average
grain size of 25 ym is shown in Fig. 1.

3. RESULTS AND DISCUSSION

Figure 2 shows the patterns of the microstructure evolution in the
cross section of the workpiece after all stages of deformation for all

30-25-20 (20°C) 30-27-23 (20°C) 20-18-16 (20°C)
1 o - -l

= \ ' “y

] - | @ |

30-25-20 (500°C)30-27-23 (500°C) 20-18-16 (500°C)

/ -1 L// y |
B &}::n =

i . y -

A I | z

30-25-20 (900°C) 30-27-23 (900 (:)20 18-16 (9()0°C)

PN/
\ ’\j |

Fig. 2. Average grain size over the workpiece section.
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models that were considered earlier in the study of the stress-strain
state. For ease of comparison, all results have the same scale range.

The following conclusions can be drawn from the results obtained:

1) the intensity of grain refinement is significantly influenced by both
the level of compression in direct dependence and an increase in tem-
perature in inverse dependence;

2) the most intensive refinement of the initial grain size is observed in
the model 30-25-20 at 20°C, which is a consequence of the maximum sin-
gle and total compressions, as well as the minimum temperature of the
workpiece; also in other models, this temperature is the most preferable;
3) the model 20-18-16 is the least effective in terms of grain refine-
ment at all temperatures, even in the absence of heating of the work-
piece, the central zone of the workpiece almost does not receive any
significant grain grinding;

4) in all models at 900°C, there is a sharp decrease in the intensity of
grain refinement, which is associated with the launch of the static re-
crystallization process at 742°C.

Figure 3 shows a summary diagram of the values of the average
grain size on the surface and in the centre of all the models considered.

From the data obtained, it can be said that the deformation of the
workpiece according to the 30-25-20 scheme at ambient temperature
allows the initial grain to be refined more than 3 times on the work-
piece surface, where the maximum metal processing is usually accumus-
lated during RSR.

At the same time, using the 30-27-23 scheme at ambient tempera-
ture gives a twofold refinement of the initial grain. The processing of
the central area of the workpiece in all the considered models is weakly
pronounced, reaching a 35% -reduction in the most optimal conditions.

Figures 4—6 show the results of the calculation of the microstruc-
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Fig. 4. Microstructure of the model 30-25-20 at 20°C: surface, transverse di-
rection (a), surface, longitudinal direction (b), centre, transverse direction
(¢), centre, longitudinal direction (d).

Fig. 5. Microstructure of the model 30-25-20 at 500°C: surface, transverse
direction (a), surface, longitudinal direction (), centre, transverse direction
(¢), centre, longitudinal direction (d).

ture by the cellular automata method for models 30-25-20 at three
temperatures.
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Fig. 6. Microstructure of the model 30-25-20 at 900°C: surface, transverse
direction (a), surface, longitudinal direction (), centre, transverse direction
(c), centre, longitudinal direction (d).

TABLE 1. Average grain size in models 30-25-20 [um].

. . Surface Centre
Temperature| Direction
cA | JmMaK CA JMAK

Transverse 7.3 15.96

20°C L 8 16
Longitudinal 7.7 16.46

500°C Transverse 12.03 12 18.07 18
Longitudinal 12.39 18.55

900°C Transverse 14 14 20.27 20
Longitudinal 14.33 20.95

With analysing the data obtained, it can be noted that the calcula-
tion results by cellular automata have high convergence with the re-
sults in the JMAK model, especially in the transverse direction. In the
longitudinal direction, sufficient uniformity of the grain shape re-
mains on the surface, whereas in the central region there is an intense
elongation of the grains due to the action of tensile forces during draw-
ing and laminar flow according to the RSR scheme. At a temperature
of 900°C, the intensity of grain elongation decreases due to the activa-
tion of the static recrystallization mechanism, which leads to the for-
mation of new grains.



1208 I. E. VOLOKITINA and E. A. PANIN

Table 1 shows comparative data on the average grain size for both
microstructure calculation methods.

Fig. 7. Microstructure of the model 30-27-23 at 20°C: surface, transverse di-
rection (a), surface, longitudinal direction (b), centre, transverse direction
(¢), centre, longitudinal direction (d).

Fig. 8. Microstructure of the model 30-27-23 at 500°C: surface, transverse
direction (a), surface, longitudinal direction (), centre, transverse direction
(¢), centre, longitudinal direction (d).
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Fig. 9. Microstructure of the model 30-27-23 at 900°C: surface, transverse
direction (a), surface, longitudinal direction (), centre, transverse direction
(c), centre, longitudinal direction (d).

TABLE 2. Average grain size in models 30-27-23 [um].

Surface Centre
Temperature| Direction
cA | JmMaK CA JMAK

Transverse 12.17 17.21

20°C L. 12 17
Longitudinal 12.39 17.84

500°C Transverse 13.21 13 20.27 20
Longitudinal 13.79 20.95

900°C Transverse 15.22 15 23.03 99
Longitudinal 15.8 23.03

Figures 7—9 show the results of calculating the microstructure for
models 30-27-23 at three temperatures.

As in the case of models 30-25-20, the analysis of the results of mod-
els 30-27-23 reveals a high convergence of the results of the calcula-
tion of the microstructure with the results of the JMAK method—both
on the surface and in the centre (see Table 2). There is also an elonga-
tion of the grains in the longitudinal direction in the central area of the
workpiece; on the surface, the grains have a more equiaxed shape due
to the turbulent flow pattern of the metal due to the constructive ar-
rangement of the rolls of the RSR mill.
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Fig. 10. Microstructure of the model 20-18-16 at 20°C: surface, transverse
direction (a), surface, longitudinal direction (), centre, transverse direction
(¢), centre, longitudinal direction (d).

Fig. 11. Microstructure of the model 20-18-16 at 500°C: surface, transverse
direction (a), surface, longitudinal direction (), centre, transverse direction
(¢), centre, longitudinal direction (d).

Figures 10-12 show the results of calculating the microstructure
for models 20-18-16 at three temperatures.
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Fig. 12. Microstructure of the model 20-18-16 at 900°C: surface, transverse
direction (a), surface, longitudinal direction (), centre, transverse direction
(c), centre, longitudinal direction (d).

TABLE 3. Average grain size in models 20-18-16 [um].

Surface Centre
Temperature| Direction
cA | JmMaK CA JMAK

Transverse 19.95 23.53

20°C L. 20 25
Longitudinal 20.6 24.06

500°C Transverse 21.72 99 24.06 25
Longitudinal 22.13 24.62

900°C Transverse 23.03 23 25.89 25

Longitudinal = 23.53 26.6

When analysing the results of models 20-18-16, a high convergence
of the results of calculating the microstructure with the results of the
JMAK method was revealed both on the surface and in the centre (see
Table 3).

There is practically no effect of grain elongation in the longitudinal
direction, since the central layers in these models receive extremely
insignificant grain refinement. The surface layers are also poorly
worked out. The main reason for this effect is a sharp decrease in sin-
gle compressions, as well as the use of a workpiece with a reduced di-
ameter. As a result, the deformation zone in the rolls is formed in the



1212 I. E. VOLOKITINA and E. A. PANIN

rectilinear region of the rolls, which sharply reduces the angle of twist-
ing of the surface layers; in this case, it is advisable to talk not about
radial-shear rolling, but about conventional screw rolling.

4. CONCLUSION

In this article, the influence of the combined technology of radial-
shear broaching and subsequent drawing on the microstructure evolu-
tion of rods was studied by two modelling methods—JMAK and cellu-
lar automata ones. The analysis of the results showed that the simula-
tion results have a very high degree of convergence among themselves,
so it can be recommended to use any of these methods to obtain infor-
mation about the grain size. If it is necessary to obtain data on grain
shape changes, then, cellular automata will be a suitable method in this
case. In this case, it will be possible to track the change in the shape of
the grains in different directions. From the obtained microstructure
modelling data, it can be said that deformation of the workpiece ac-
cording to the 30-25-20 scheme at ambient temperature is the most ef-
fective method, since it allows refinement the initial grain more than 3
times on the workpiece surface. At the same time, using the 30-27-23
scheme at ambient temperature gives a twofold refinement of the ini-
tial grain. The processing of the central area of the workpiece in all the
considered models is weakly pronounced, reaching a 35% -reduction in
the most optimal conditions.

This research is funded by the Science Committee of the Ministry of
Science and Higher Education of the Republic of Kazakhstan (grant
No. AP19678974).
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KoHuleHTpaTOpH Hampy:kKeHb B aTOMapHOMY MOEJI0 OYyI0BH
MeTaJJiYHNX MaTepisaiaiB. 1. 3araapHi MPUHIAIIN TOOYTOBU MOS0
KOHIIEHTPATOPiB HANIPY:KEeHb B ATOMAaPHUX I'PATHUIISIX METAJIiB

II. 1O. BosoceBuu

Inemumym memanogisuxu im. I'. B. Kypodiomosea HAH Ykpainu,
oyave. Akademixka Bepnadcvrozo, 36,
03142 Ruis, Ykpaina

Ha ocHoBi Bmepiite 3aIpomroOHOBAHOTO MOEII0 CTOCOBHO BUHUKHEHHA, O0yI0BH,
B3aeMoAii Ta TpaHchopMallii TpboX BUAIB KOHIeHTpaTopiB Hampy:keHb (K),
KOKHUH 3 AKUX (Ha MacIITaOHUX PiBHAX CTPYKTYPHOI ¥ aTomMapHOi O0yg0BU
MeTaJIEBUX MAaTepifAyiB) IpeACTAaBIEHO ABOMA DiSHUMU THUIIAMY BUJIYYEHHSA
(K") ra Brinenna (K*) macu, posriasuyTOo iXHIO posb y (hOpMyBaHHI IIpoIiecis
BTPATH MeXaHiuHOI cTifiKkocTu 3paskis. o mepImoro BuAy BiTHECEHO HECTaH-
naptai (Kut), aki sassxaqu npucyTHi y peanbHnx 3paskax. Jlo gpyroro ta Tpe-
THOTO BUAIB HasexaTh K, aKi 3apomKyIOThCA 3a HaBaHTAXKeHb B3IOBXK 0a30-
BMX aTOMapHUX JIAHIIOKKIB 3 HAWOLIBII HIIIBHUM PO3TAIIYBAHHAM aTOMIiB
kpucraniuaux rpatauilpb (Kcet), MisxaToMOBI Biggai AKMX CTUCKAIOTHCA i Po-
3TATYIOTLCS, 4 TaKOox Mex 3epeH (Kms®) i komipok (Kmx®). Buepire mpogemo-
HCTPOBAHO POJIb O3HAUEHUWX IIEPBUHHUX CTAHIAPTHUX eleMeHTapHux Kce® y
¢dopMyBaHHI yrpynoBaHb KOMILJIEKCHUX CTAHIAPTHUX €JIEMEHTAPHUX BHYTPIi-
mHix (KKceB), mosgBa AKUX Ha BHYTPINIHiX MOBEPXHAX IOPOKHUH Y BUTJIALI
Ku~ abo 0iunmx moBepXHAX 3pa3KiB 3aBKAU CYIPOBOMKYETHCA YTBOPEHHIM
HOBUX BEPIINH KOMILJIEKCHUX CTAHIAPTHUX €JIEMEHTapPHUX MiKPOCKOIiUYHUX
nosepxHeBux Kkxcemn . Ixmi yrpymosanus, posramosani B30B:x IepuMeTpiB
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1216 I1. 10. BOJIOCEBNY

ILJIOIIWH BTPATH 3pPas3KaMU MeXaHIYHWX CTiKocTed, (GOPMYIOTH BEPIININHU
KOMIIJIEKCHMX CTAaHIAPTHUX MOBEPXHEBUX MakKpockKomiunmx Kxen , aAxi Ha
3araJii mpeACcTaBASIOTh MINUKKW. BOHM MalOTh IPUPOJHE TMOXOMKEHHA Ta PaK-
TUYHO € aHAJIOTaMU ITYyYHUX K-, AKi BUKOPUCTOBYIOTHCA B MexaHini. Buoepire
IIPOJEMOHCTPOBAHO 3B’ A3Ku MixK K pisHux Bugis i re, 1o noasa Ku* 3 necume-
TPUYHUMU CUCTEMaMM IXHBOI'0 PO3MIIIIeHH I 110 IOBEPXHAX I 06’eMax poboumx
YacTUH 3pas3KiB (AK B MOHO-, TaK i MONIKPUCTATIYHNX CTAHAX) CYIPOBOIKY-
€ThCSA BiATIOBITHUMY OPYIIIEHHAMY CUMETpPil B cxeMax po3momisy HanpyKeHb
po3TATY Ta cTUCKaHHA 1mo BepiuHax K ycix BuzmiB i macmirabuux piBuiB. Bua-
CJiIOK IBOTO BiOyBaeThca (hparMeHTalliss 3pasKiB i BiAxuia y po3MimieHHsax
TPAEKTOPi# BTpaTu iXHiX MexaHiUHUX CTIMKOCTel Bil IOJIOMKEHB IXHiX cepe-
IVHHUX 0 TOBXKWHI MepeTuHiB, aKi peanisyiorbesa 3a BigzcytHocTtu KH y cra-
HaX 3 JOCKOHAJMMH KPUCTATIUYHIMY OyJoBaMu. 3aIpOIIOHOBAHUN MO 100-
D€ Y3rOmKYETHCA 3 €KCIIEPUMEHTAJbHUMY Ta TEOPETUYHUMM Pe3yJIbTaTaMU,
OJlepPIKAHUMU AK HA MOHO-, TaK i MOMIKPUCTANIYHNX CTaHAX Pi3HUX METaJIiB Ta
ixmix cromiB. IIpogeMOHCTPOBAHO 3JaTHICTH HOT0 IPOTrHO3YBATHY XU PO3BU-
TKY IPOIECiB 3a IJIACTUYHUX I KPUXKUX PeJIaKcaIlili 38 Oy Ab-AKUX CXE€M BUIIPO-
OyBaHb i MIBUIKOCTEN HABAHTAKEHD.

KarouoBi ciioBa: KOHIIEHTPATOPY HANPYKeHb, aTOMapHa 0ymoBa, MijKaToOMOBa
B3a€MOJifA, MOHO- Ta MOJiKpUCTaIMU, IIBUAKOCTI gedopmarlii, Mmexamismu pe-
JaKcairii, pyiHyBaHHSA, MeXaHiuHi BJIaCTUBOCTI.

Based on the firstly proposed model for the origin, structure, interaction and
transformation of three types of stress concentrators (K), each of which is
represented by the extraction concentrators (K-) and the interstitial ones (K*)
at the scale levels of microscopic and atomic structure of samples of metallic
materials, the loss of the corresponding mechanical stability is considered
under the influence of these stress concentrators. The stress concentrators of
the first type include the non-standard concentrators (Ku*), which are always
present in real samples. The stress concentrators of the second and third
types are generated by loads along the atomic chains of the crystal lattices
(Kcet) and grain boundaries (Km3®) or cells (Kmk*). The role of the sets of
these primary concentrators (Kce®) in the formation of the groups of complex
standard elementary internal concentrators (Kxces) is demonstrated, and the
appearance of the Ku~ on the inner surfaces of pores (cracks) or side surfaces
of the samples is shown to be always accompanied by the formation of the ver-
tices of complex standard elementary microscopic surface concentrators
(Kkcemmr ). The sets of Kxkcemm in the vicinity of the perimeters of the planes
of the mechanical stability loss of samples form the vertices of complex
standard surface macroscopic concentrators (Kxcm). The Kxen™ concentra-
tors generally represent the necks, which are the macroscopic extraction con-
centrators of natural origin and analogous to artificial concentrators K~ con-
sidered in mechanics. The interrelation between the concentrators K of dif-
ferent types is demonstrated for the first time. Additionally, the fact of the
appearance of non-standard concentrators (Ku*) with asymmetric systems of
their location on the surfaces and in the core of the sample gauge in both sin-
gle- and polycrystalline states is shown to be accompanied by corresponding
violations in the filed-distribution symmetry of tensile/compressive stresses
occurred on the vertices of standard elementary concentrators K of all types
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and scale levels. As a result, there are the sample fragmentation and the devia-
tions in the location of the trajectories’ loss of the mechanical stability of their
gauges from the positions of their middle axial sections, which are realized in
the absence of Ku in the states with ideal crystal structures. The proposed ideas
regarding the concentrators are in good agreement with the experimental and
theoretical results obtained for both single- and polycrystalline states of vari-
ous metals and their alloys. The model is able to predict the development of
both plastic and brittle relaxation processes under any test schemes and load-
ing rates.

Key words: stress concentrators, atomic structure, interatomic interaction,
single- and polycrystalline states, deformation rates, plastic and brittle re-
laxation mechanisms, mechanical properties.

(Ompumano 16 aromoeo 2023 p.; ocmamoun. gapianm — 12 cepnua 2025 p.)

1. BCTYII

Ha crorogui craso oueBUIHUM, IO IOAAJBIINN PO3BUTOK YABJIEHL IIPO
KoHIleHTpaTopu Hampy:keHb (K), ocobamBocTi iIXHLOTO YyTBOpPEeHHA Ta
MMOBEIiHKM Ha aTOMAapHOMY PiBHiI OyJOBM KPHUCTANTIUYHUX I'PATHUIL Je-
KUTh B OCHOBI po3yMiHHA IXHBOI poJIi B mpoliecax (DOpMyBaHHA MeXaHi-
YHUX i CIYy’KO0BUX XapaKTEPUCTUK He TiJTbLKM 3pasKiB, a ¥ pisHOMAaHIT-
HUX BY3JIiB i KOHCTPYKI[ill 3 MeTa/IeBIX MATEPisJiB 3a YMOB BUIPOOY-
BaHb Ta eKCILIyaTallii. ¥ mepIry uepry, CTaH Ipo0JjieMHu HOB’A3aHUI 3
ImepexoaoM OOT'PYHTYBaHHS 3MiH O3HAUEHUX XapaKTEepPUCTUK Bimg moze-
JIIO i30TPOIHOIO TijIa 0 MOZEJII0 I0T0O ATOMAaPHOI Oy I0BH!.

VY mepmromy Bunaaky (y cydacHiit MexaHiIli TBepAOro Tijia) MaixKe yci
Ipo0JIeMU MPOTHO3yBAaHHSA IMMOBEIiHKY MEeXaHiUYHNX i CIy:KO00BUX Xapak-
TEPUCTUK BUPODOIB BUPIIIYIOTHCA IILJIAXOM PO3PAXYVHKY HANPY:KeHHS
PY#HYBaHHS, AKe BUHUKAE Yy BEPIIUHI IIITYYHOTO IIOBEPXHEBOTO KOHIIE-
HTpaTopa Tuiy BuiaydeHHsA Macu (K). Moro He6esneka moB’s3yeThCA 3
posmipauMu mapamerpamu K~ i roctpororo Beprmam [1].

Merasnogisuka pos3riamae BKasaHi mpodaeMu 3 OTJIALY Ha aTOMAapHY
OyIOBY MaTepiAdiB, B MexKaxX SIKOl HaOyJIM CeHCY Ta IPAKTHUYHOTO MiJT-
BepPAKeHHS iCHYBaHHSA B peaJbHUX MeTaJIeBUX BUP0OOAX 3HAYHOTO Pis-
HOMaHiTTa K manpy:keHb pisHUX TUIB (Y TOMY YMCJIi if BUDATKOBUX).
Yci BOHEM 3apOAKyIOTHCA, iCHYIOTH, TpaHCHOPMYIOTHCA (IMCOIiIOIOTh,
a00 HaOyBaIOTh PO3BUTKY) Ta BBAEMOIIIOTh Ha YCiX MacCIITAOHUX PiBHAX
aToMapHOi, CTPYKTYPHOI Ta (pa3oBoi OyZ0BM MaTepidliB, BU3HAUAIOUUN
MexXaHiuHi Ta cay:K00Bi XapakTepHUCTHUKMN BUPOOIB B 3aJI€KHOCTI Bif
YMOB i IMBUAKOCTEH HaBaHTaKeHb [2—5]. 3azHauumo, 110 cepen ycix K
icmyioTh i TaKi, aKki moOpe 3aMacKoBaHi, aje, AK i Bei inmi (aKki BUsaBIA-
IOTBCA B CTPYKTYPL MaTepiday y BUTJIAAL PiSHUX IIOPOKHUH, HEMETAaJTi-
YHUX BKJIOUEHDb, iHINMMUX (pa3 TOI0), BOHU BU3HAUAIOTH CBOIO IIPUCYT-
HiCTh TIJIBKU 3a IIJACTUYHOI UM KPUXKOI pesiakcallil 3aBIAKM r'eHeparrii
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B OKOJIaX iXHiX BepmnH BiAmOBigZHMX (IOAO BEeJIWYUH HAIPYKEHb i
IIBUIKOCTEH iIXHLOTO 3POCTaHHS) KiJIbKOCTEH ejleMeHTapHUX HOCiiB me-
¢dopmarii y Buraami gedeKTiB BTiJIeHHA Ta BUJIYUYeHHS MacH, IIPeIcTaB-
JeHUX BaKaHCiAMU’, TUCJIOKAIIAMU, IIOPAMU Ta KPUXKUMU TPIiITUHAMU
IedopmarriiiHoro moxomKxeHHsa [2—5].

Oxpim K7, B MeTaseBux marepianax icuyiors i K* Brinennsa. Bogmo-
yac, AKIIO IePIi BUTJIAAAIOTh TOPOKHUHAMM, TO OCTAHHI IIpeicTaBie-
HO IMMEeBHUMHU 00’eMaMM MaTepisaay (asK J0 BTiJIeHUX Y KPUCTAJIiYHy I'pa-
THUITIO ATOMiB), AKi 3HAXOAATHLCSA B CTUCHEHOMY CTaHi 3aBASAKMU HAIIPY-
JKeHHSIM Biff 30BHIITHIX a00 BHYTPIIIHIX CHJ MisKaTOMOBOI B3aeMOii.
OueBUAHO, 10 IPUPOIA IOXOAKEHHA 000X BuAiB K Ha aTomapHOMY pPiB-
Hi OyZOBU MeTaJeBUX MAaTePifliB MO)Ke OyTH IIOB’s3aHA 3 IMOPYIIIEHHI-
MM YMOB PiBHOBaru CHJI Mi’KaTOMOBOI B3a€MO/il BHACJIIJOK IXHBLOI Cy-
epnos3ullii 3 TMMH1, KOTPi BUHNKAIOTH B MaTEPiAIl KOHCTPYKIIii 3a yMOB
BUIPOOYyBaHL ab0 ekcmuayatarii. Bogmopas, ocob/MBOCTI icHyBaHHA,
yTBOpeHHA Ta B3aeMmogii K ycix Tumis, AKi mo-pisHOMY MOXKYTEL OYTH pO-
3TalroBaHi B 00’eMax peaJbHUX BUPOOiB HA MacCIITAOHNX PiBHAX IXHBOI
aToOMAapHOI Ta CTPYKTYPHOI OYI0BHM, Ha CHLOTOAHI He BUBUEHO, X0oua iXHi
BEPIINHY € IePBUHHUMHU BiJHOCHO BU3HAYEHHS BEJIMUYMNH i IIBUIKOCTEHN
3MiHM HAIpPy:KeHb PO3TATY Ta cTuckamua. O3HaueHi mapamerpu Ha-
NpysKeHb He TiJIbKU perjJaMeHTYIOTh IIOCJiJOBHICTh peasidaliii ycix Bi-
JOMHUX Ha ChHOIOJHI MexXaHi3MiB pesakcarrii Ta HaOIPSIMKHU I'eHeparrii 1x-
HiX ejleMeHTapHUX HOCiiB 6isa BepmiuH K, a i € BizmosigaabHUMU 3a
opieHTarii TpaeKTopiii BTpaTH MeXaHiuHOI cTifiKocTH BMPOOiB i piBHI
IXHiX MexXaHIUYHUX i cIyKO00BUX XapaKTEePUCTUK.

OsHaueHe cTajo IPHUBOJOM HAIMCAHHA AaHOI pPoOOTH, IPHUCBIYEHOI
CTBOPEHHIO MOJeJbHUX YSABJIEHb IIP0O OYZ0BY, 3B’I3KMU Ta B3aemonio K,
SIKi iCHYIOTH i BUHUKAIOTh Ha Pi3HUX MACIHITAOHUX PiBHAX aTOMapHOI Ta
CTPYKTYPHOI OyZIOBM MeTaJIeBUX MAaTepifAiB, 3a BCTAHOBJIEHHS IXHBLOI
poJsi B (popMyBaHHI cxeM PO3MOLiy HAIPYysKeHb i 3MiH MeXaHiuHUX
BJIACTHBOCTeIl BUPOOIB y MerKax 3arajJbHUX YABJIEHb IIPO 3aJIeKHICTD
peaJizarrii MexaHi3MiB IJIACTUYHUX i KPUXKOI pejaKcaliiii BiJl IMTBUIKO-
CTU HaBaHTAXKEHHJ (3MiH BeJIMUYNHY 30BHIIITHBOI MAKPOCKOIiIYHOI cHJIH,
medopwmarrii, spocTaHHA HaIpPyKeHb y Bepinaax K Tormo [2-9]).

2. MATEPIAJIN TA METOIM JOCJIIIKEHHSA

IIpob6iemMy POSTIAAHYTO B paMKaxX BifOMHUX YsBJIEHDL IIPO MACIITAOHI piB-
Hi KOHCTPYKIIINHUX i CTPYKTYpPHUX iepapxiii 0ymoBu BUPOOiB 3 MeTaJe-
BUX MaTEePifAiB y IOCJiJOBHOCTi: Mera-, MaKpo-, Me30-, MiKpoMacIITa-
O0uuit i atomapuuii piess [10]. MeramaciTabuuii piBeHb OXOILIIOE OCO-
O0smBocTi B3aemomii KOHCTPYKIIil (3paska) SK IIiJIOr0 3 cepemgoBUINEM
oroueHHs. I'abaputm oxpemux ii ereMeHTiB, popMa Ta BHYTPilTHiI
BMicT (oTBOopm ¥ iH.) BigHeceHO mO MaKpopiBHA. Bci MoxauBi
3’eIHAHHS, IKi IIOB’s3aHi, Y TOMY UMCJi, 3i 3MiHAMU BJIaCTHUBOCTEH Ma-
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TepiAIiB, 0cOOIUBOCTAMY IXHIX CTPYKTYpPHUX i (ha30BUX CcTaHiB, a Ta-
KOK HaaBHicTIO pisuux K (ak 10 BUIIagKoBMUX) ¥ BiAMOBiAHOCTI J0 iXHiX
po3MipHHX mapaMeTpiB BifHECeHO O Me30MacIITa0HOro, MiKpOMAaCIII-
TAOHOT'0O 11 aTOMapPHOT'0O PiBHIiB OyAOBU KPpUCTAIIUHNX I'PaTHUIIL. Ha mif-
I'PYHTI aHaji3® 3HAYHOTO MACUBY €KCIIEPUMEHTAJbHUX MTaHUX, KOTpi
CTOCYIOTBCS IIJIACTUYHUX 1 KPUXKUX PeJsiaKcallili, IIPOBEeIeH0l 3 BUKOPHU-
CTAaHHAM cuHepreTuyHoro migxonay [11, 12], B poborax [2, 4—6, 8, 9] 6y-
JI0O BU3HAYEHO 3arajibHi 3aKOHOMIPHOCTiI Ta IOCJIiIOBHICTH peaJisarii
MIPOIleciB MJIACTUYHUX 1 KPUXKOI penakcalliii 3a yuactu K Ta remepona-
HUX HUMH Je()eKTiB pisHmx TumiB. BogHOUYac mpogeMOHCTPOBAHO, IO
iXHi KiJIBKOCTi B MeTa/IeBUX MaTepisiax 3ajieskaTh BiJ MIBUIKOCTH 3PO-
CTaHHS NPHUKJIAAEHOI 30BHIIITHBOI CHJIM Ta MOCJiJOBHO 3MiHIOIOTHCS 34
napaboJiuHNMU 3aJIeKHOCTSIMH Bin Hel.

[ mpoBeeHHA PO3PaxyHKIB CTOCOBHO 3MiH MisKaTOMOBUX Biaga-
JeH 1 Bu3HaUYeHHs iXHBOI'O BILIMBY Ha HIPOIECHU, SKi BiAIIOBiZaiOTh 3a
0CO0JIMBOCTI MOBENiHKY He TiJIbKU HAIPY:KeHb, a I po3MipiB i dopmu
3pasKiB 3a yMOB BUIPOOYBaHb Ha PO3TAT, O0yJI0O BUKOPHCTAHO IapaMeTpH
kpucraxiunoi OITK-rparaumni sarisza (a=b=c=2,8664 A [13]), a Takox
pe3yabTaTH IOCHim:KeHb BILIMBY Ha HUX 0COOJMBOCTEH (hopMyBaHHSI
CTPYKTYDP 3a Aedopmallil Ta HUBbKUX TEMIIEPATyp YV MOHO- Ta MOJIiKpHC-
ramiuyHux cramax. OCKiJIbKY o3HaueHe m1o0pe BUBUEHO, OaraTo pasiB Ie-
peBipeno i y mepeBasKHili O0iabITocTi BUIagkiB 36iraersbes 3 ocobImBoC-
TSIMHU IPOIIECiB, AKi BiOyBaOThHCA V I'PATHUIAX iHIIINX MeTaJiB Ta iX-
HiX CTOIIiB, IIe Mae€ HaJaBaTU IIeBHOI YHiBepCaJbHOCTH MOIEJIO, AKWIHI
OpomoHyeThesa. Ha cxemax mepeMmillleHHs aTOMIB 3a HaBaHTAaKeHb Bif
PiBHOBa)KHUX IIOJIOKEHb BUXIHOTO CTAHy /M0 HOBUX MiCI[h pPO3Tamry-
BaHHS IIO3HAYEHO TiJIBKKM BY3JIOBi aToOMHM, K1 PO3TAIIOBaHI Ha OJHAKO-
BUX Bifgaaax i mogijA0Th PO3SMipHi ImapamMeTpu 3pasKiB Ha BiIIOBiAHY
CiTKy, CTOpPOHA KOYKHOT'O KBaJApaTy AKOI YTPUMYE OJHAKOBY KiJbKiCTb
atomiB. Ile Hagae MOXKJIUBICTHL 3pOOUTHM HAOUHUMM He TiJIbKM ixHi mme-
peMillleHHA y IOBEePXHEBOMY Ta IIPUIOBEPXHEBUX ITapax 3pasKa, a i
0c0o0JIMBOCTI 3MiH (3a HaBaHTAMKEHHS PO3TATOM) MPYKHIX HAIPYKEHb
CTHUCKaHHS Ta PO3TATY, AKi AiIOTh B3JOBXK IIOIIEPEUHUX Ta B 000X, IIPO-
TUJIEXKHO CIPAMOBAHUX BiJl IOIEepevyHOol ILJIOIIUHU BTPATHA MeXaHiuHOI
critikocTu 3paska MoH,, HanpaMKax z BizmoBiguo (puc. 1). o o3uaue-
HOT'O CJIiZ momaTu, IO KiJbKicThb mromuH tuy MoH, y 3amrpomoHoBa-
HOMY MOZEJII0 MOJKe 3MiHIOBATHCS BiJl OGHiEI 10 IBOX, IO 3aJIEKUTD Bil
YMOB POSIIONiay HABIIiJI IXHBOI 3araJibHOI YMCeIbLHOCTY (KpaTHA Y1 Hi 1O
IBOX) 3a BCTAHOBJIEHHS PiBHOBAru Mi’K BEPXHBOIO Ta HUKHBOIO YACTHU-
HaMM 3pasKa 3a pos3Tary. AJje, 3 OTJIAAY Ha Te, IO I 00CTaBUHA IIPUH-
IIMIIOBO He BILIMBA€E€ Ha ME€XaHi3M YTBOPEHHSA IIUNKU, IPOBEJIEHUI B PO-
00Ti pOSBTJIIANL CTOCYETHCSA BUIAAKY, KOJM TaKa ILJIOIMUHA € OIHOIO-
€IWHOI0. ¥ po3paxyHKaxX HaAIPyKeHb BPaXOBYBaJINCh 0COOJIUBOCTI pO3-
KJany IIPUKJaJeHOol 330BHI CHJIM 3a MiKaTOMOBMMH BiagajasaMu 3 ypa-
XYBaHHAM THX 00CTaBUH, IO 3MiHa mapamerpa OLIK-rpatHuri sasisa
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Puc. 1. Cxemu pob0ouoi YacTUMHU IUIIHAPUUHOTO 3pas3Ka 3 JOCKOHAJO Oymo-
BOIO KPHCTAJIIYHOI I'PATHUIIL Ta MO3HAYEHUMM po3nofiiamu mo ii o6’emy Ha-
IIPY’KeHb PO3TATY (Gpr) TA CTUCKAHHSA (Ger) — CYILIBbHI Ta MyHKTUPHI Jinil, aki
nmepetuHaioThbeA B 1eHTpi O muomuam MoHo Ta B ii okosax B menTpax 01 i O2
BinmosinHo (a, 6). Hanpavku nii HanpyKeHb PO3TATY Ta CTUCKaHHA (0) i Bix-
IIOBiZHE III0JI0 HUX IIePEMIIlleHHA aTOMiB 3 yTBOPeHHAM KKcn™ y BUTIAAi miuii-
KU (8) TO3HAYEHO CTPiIKaAMMU.

Fig. 1. Schemes of working part of cylindrical sample with the ideal crystal-
line lattice and marked distributions of the tensile (o,:) and compression (oer)
stresses over its volume (continuous and dotted lines, which cross in a centre
O of MoHy plane and in its neighbourhood in the centres of O1 and 02, accord-
ingly (a, 6). Location and moving of atoms in a neck along chains with their
densest packing before and during tensile testing (8).

3a IJIACTUYHUX AedopMalliii B inTepBaJIi Hanpy:KeHb Big 0 g0 on He IIe-
pesuiiye 3% Bin fioro mapamerpa a [13—15].

3. IIPUHIIUIINA ITOBY 1OBU MO EJIIO KOHIIEHTPATOPIB
B ATOMAPHHUX I PATHHITAX METAJIIB

IIobymoBa MmomenabHUX yaBJIeHb Ipo K BuMarae mimimizairii yenoro pis-
HOMAHITTA IXxHiX BUmiB [4, 5, 16] Ha migcTasi BuaBIeHHA 3araJbHUX 3a-
KOHOMipHOCTel YTBOPEeHHA, ATOMAapPHOI OyI0BM, PO3MipiB i moBeqiHKM 3a
YMOB Pi3HUX CHJIOBUX CXEM BUIIPOOyBaHb BUPOOiB miJ yac BUBHAUCHHSI
iIXHIiX MexXaHIUHUX i CIYy:KO0BMX XapaKTEePUCTUK. ¥ IMiATIPYHTI MOLEJIIO
aTomapHoi 0ynoBu Bcix K mokaamgerno sacagm aaeproi ¢isukm [17-23] ra



KOHIIEHTPATOPU HAIIPYJKEHDb B ATOMAPHOMY MOJEJIIO BYJOBI 1221

eKCIIepUMeHTaJNIbHI pe3yJIbTaTu, OJlep:KaHi 3a CIIOCTEPEKEHb PO3BUTKY
IPoIeciB, AKi mepeay0Th i CYIPOBOMKYIOTh IPYKHIO Ta ILIACTUYHY Je-
dopmarrii B inTepBasi Hanpy:keHb Bix 0 10 om i 3a pisHUX BUAIB PYHHY-
BaHb B iHTEepBaJIaX Oy—0p Y MEXaHIYHUX BUIPOOYBAHHAX.

3rigHo 3 ImepIIMM, AOCKOHAJIWI CTaH i CYIiJIBHICTh KPUCTAJIUHUX
I'PATHUIL METAJIeBUX MATEPifAJiB 3a0e3IeuyeThCs CHJIaMU B3a€MOil
MiK cycigmiMu aTomamu. BigmoBigaabHicTh 38 BUHUKHEHHS IIUX CUJI B
OinmbIrocTi MeTasiB Ta IXHiX CTONIIB IIOKJIAZEHO HA €JIEKTPOHHI cCHUCTeMH
aToOMiB, KOKHA 3 AKUX PO3AiJieHa Ha ABa BUAU — (pepMioHU Ta 6030HMU.
o depmioHiB BiZHOCATHCA eIeKTPOHU CTadiIbHUX (BHYTpPiMIHIX, 6a30-
BUX) OOOJIOHOK, AKi CIIPUSAIOTHL B3AEMHOMY BiAINITOBXYBAHHIO CYCimHIX
aToMiB, y TOIi uac gK 0O30HM, IPEACTABJIEHI eJIeKTPOHAMM 30BHIiITHiX
000JIOHOK, 3aBAAKK OOMiHHIiN B3aeMomii 3a0e3MeUyIOTh 3B’ A30K MiXK Cy-
cizamu. Cymepnosuilisa o3HaUeHNX CIJI 3 IPUKJIAAeHNMU 330BHI CIIpHeE
YTPUMAHHIO HeJIiHIHHUX KOJMBHUX IIPOIIECiB ATOMIiB y I'PAaTHUISAX Oijs
MEeBHUX PiBHOBAYKHUX MOJIOMKEHD, Ha MiJICTABlL AKUX (POPMYIOTHCS CXEeMU
posTarmryBanHA iXHiX By3siB. BogHouac, Biggasmi mixk Bysiaamu (aToma-
MH), K i aMILTITyaIu # 0cOOJMMBOCTI iIXHIX HeMiHIHHMX KOJIMBAHD i CHUJI
B3aEMO/Iii B MerKaxX iCHyBaHHA KOXKHOI'O0 KPUCTAJiUYHOTO CTaHy, BU3HA-
YalThCA BUAAMU aTOMiB i TepMOAVMHAMIUYHUMM IIapaMeTpaMM 3a IXHix
3aJIeKHUX i Hesae:KHuX 3MiH. CuIoBUE BapiAHT BCTAHOBJIEHHS PiBHO-
Ba)KHUX IIOJOYKEHb aTOMiB JJIsI KOMKHOTO 30iry TepMOAMHAMIiUYHUX IIa-
paMeTpiB cBiii, ame, 3a 3BUUYAMHUX A 3eMJIi YMOB, B 3aJIeXKHOCTI Bif
MIBUIKOCTU 3MiH IPHUKJIAAEHOI 30BHIIITHLOI CHUJIM, MOKEe 3MiHIOBATHCS
SIK 30BCiM IPYKHBO (63 CTPYKTYPHUX 3MiH AK 3a a0COJIIOTHOI KPUXKOC-
TH) IO MeBHUX I'PaHUYHUX (MiHiMaJbHUX 3a CTUCKAHHS YU TO MaKCHUMa-
JBbHUX 34 PO3TATY) 3HAUEHDb IIapaMeTpPiB I'PaTHUIIL, TaK i IIOCJIiT0BHO, 3
IIOCTYIOBUM HaOYBAHHAM 3pasKaMM Ha PidHUX CTAAifdX ILJIACTUYHOI Ie-
dopmartiii, B ToMy umcJi ¥ 3a po3TAry, HOBUX BJIACTUBOCTEH i hopMm 3a
BiAIOBIIHUX CTPYKTYPHUX 3MiH i 3minmuens [24—40].

OcKiJnbKM BILIMB 30BHIITHIX CHJI 3a PiBHMX CHJIOBUX CXeM HaBaHTA-
JKeHb 3aBiKJIU CYIPOBOIKYEThCA BUHUKHEHHAM Y KPHUCTANIYHIN rpat-
HUI[I Iap JOTAaTKOBUX, B3AEMHO OPTOTOHAJIBHUX, IOB’A3aHUX MiXK CO-
0010 HATIPY KeHb, AKi PO3TATYIOTh i CTUCKAIOThL MiKaTOMOBI Bigmaii 1o
BCTAHOBJIEHHS HOBUX PiBHOBAKHUX ITOJOYKEHb aTOMiB (II0 BiZHOIIIEHHIO
0 BUXiTHUX CTaHiB) B3IOBXK JAHITIOMKKIB 3 MAaKCHMAaJbHOIO IiJILHICTIO
IXHBOTO PO3TAITyBaHHS, I[i 0OCTABMHM OYyJI0O HMOKJIAAEHO y HiATPYHTS
MOJEJII0, AKUH PO3TJISAac MisKaTOMOBI Bigasi B TaKUX JIAHITIOMKKAX TK
MicIld BUHUKHEHH (B AKiil 3aBrogHO KPUCTATIUYHIN I'PATHUIL) BigIOBI-
OHUX peakIliil, moB’A3aHMX 3 IXHIM pO3TATYBAHHAM a00 CTUCKAHHIM
(mpy:xkHIM 30iJIBIIIEHHAM Y1 3MEHINIEHHAM napameTpiB). Bogmopas, 3a-
3HAUYMMO, IIT0 OCOOJIMBOCTI PO3TAIITyBaHHS aTOMIB Ta iXHi 3B’ IBKH Y CHC-
TeMi JIaHITIO}KKIB 3 HAUIIiIbHIimUM (0230BUM) PO3TAIITyBaAaHHAM B 00’ eMi
3paska (PaKTUYHO BHB3HAYAIOTH iXHI PiBHOBAKHI IIOJIO}KEHHS B SIKUX
3aBT'OJIHO iHINMX JIAHITIOMKKAX i KpuctajgorpadivHux HanpAMKax I'paT-
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HUIb. TaKUM YMHOM, yCA CHUCTeMa PO3IOAiJY 30BHIIITHBOI TPUKJIAAEeHO]
CUJIM II0 MisKaTOMOBUX 3B’fA3KaX I'DATHUIIL 3pas3ka (KOHCTPYKIIii) 3a Ha-
BaHTaKeHb caMa (B MeKaX CBOIX IIPYKHIX BJIACTHBOCTEIT) aBTOMATHUUHO
peopraHisyeTbCs MIJIAXOM BCTAHOBJEHHS B3IOBYK JIAHIIOMKKIB 3 HAMIITi-
JBHININM IMaKyBaHHAM aTOMiB IXHiX HOBUX DPiBHOBasKHUX IIOJIOKEHD,
AKi 3a HaBaHTaKeHb KOYKHOI MUTI 3MiHIOIOTBCA ILJIAXOM BCTaHOBJIEHHSA
HOBUX PiBHIB IPY:KHBOI PiBHOBATM MiK IOB’S3aHMMM B3a€MHO HOP-
MaJJbHUMU HANPY:KeHHAMHU PO3TATY Ta CTUCKaHHA. I[o Toro, 3a BUIIPO-
OyBaHb Ha PO3TAr ILJIOIMUHA piBHOBaru MoH, MiK IIPOTUIEKHO CIIPs-
MOBAHUMH CHUJIAMHU PO3TATY IIOAiJsge po60Uy YaCTUHY JOCKOHAJIOTO 3pa-
3Ka (0e3 medexTiB i Ku) maBmia (puc. 1, a) pasom 3 ycima mogoB:KHIMHU
0a30BUMU aTOMAPHUMHU JAHITIOMKKaAMHU.

B ocHOBI 11b0r0 ImependaueHHa MOLENIO JIeXKaTh AK IIPOBeJeHi pospa-
XYVHKH, TaK i eKCcIIepuMeHTaJ bHi pe3yJbTaTh BUIPOOYBAHL HA PO3TAT
MOHO- Ta HOJiKPUCTAJIYHNX 3Pa3KiB K OJHOr0 BUIY Ta PO3MipiB, Tak i
pisHUX, KOTpi cBigYaTh PO Te, IO ixHiiT abcoatoTHiN GiabIToCTi, AKA
IeMOHCTPYE MaKCHUMAaJIbHi BJIACTUBOCTi, IIpUTaMaHHE YTBOPEHHA IITU-
HMOK 1 ILJIOIUH ycixX BUiB pyHHYBaHHSA B MiCIli cepe/lJUHHOTO II0IIePeYHO-
r'o IIePeTUHY iXHiX po60UNX YACTHUH.

3a BU3HAUEHHAM, KOXKHUU piBeHb IIPOTHUJIEKHO CIPAMOBAHUX
B3/IOBYK 3pasKa HaNpysKeHb PO3TATY OJHOUYACHO BUKJUKAE B yCiX aTo-
MapHUX JAHITIOKKAX PaliaabHUX HAIPAMKIB maorrmuuau MoH, BigImoBi-
IHY MaKCHUMaJILHY peakiito rpatHuili. Ha makpomacmirabHOMy piBHI
BOHA BUABJAETHCA Y 3By KyBaHHi 3pasKa, AKe € HaCJIiJKOM 3MeHIIIEHb
MiKaTOMOBUX Bifmajieli He TiJIbBKM B yCiX pPamisiIbHUX JIAHITIOKKAaX
MoH,, a 1 y HabIMKeHUX 0 Hel mapajeJbHUX ILIoMunHaX. Takum uu-
HOM, 34 eKCIEePUMEHTAJbHIMU JaHNMU Il IPoIlec 3a KOXKHOI 3 IIPUK-
JageHunX 330BHI cuJ (AK 3a MPYKHOCTH, TAK i 3a IIJIACTUYHUX peJaKca-
1Iifl) BUKJIMKae GPOopMyBaHHS Ha MOBEPXHi 3paska B3JOBXK IIepHMeTpa
MoH, (B Miciax mepeTMHAHHSA HTOAOBMKHIX 1 IOMEPEYHUX JIAHITIOMKKIB)
BEPHINHN MaKPOCKOIIIYHOTO KOMILJIEKCHOT'O CTaHJJapTHOT'O IIOBEPXHEBO-
ro KOHIleHTpaTopa Tulty Buayuenua Mmacu (Kxcm ), AKuil yTBOPpUBCA 3a-
BIAKHU IPYKHIM 3MeHIIIeHHAM MisKaTOMOBUX BimmaJell y 6a30BUX JaH-
IIOYKKAX ILJIOMIMH B oKoJIi MoH), a Ha MaKpoMacIiTabHoMy pPiBHI mMae
Buraan muiku. O3HaueHe Big0yBaeThCA 3aBASKY BCTAHOBJIEHHIO HOBUX
YMOB PiBHOBarm MiKX MaKCUMAaJbHUMU PaAiAJbHUMHU HANPYKEeHHAMU
CTUCKAHHA Ccr 1 MOAOBKHIMM HaANPYKEeHHAMU PO3TATY Gp,. BogHOUAC,
MepIi BUHUKAIOTh 3a PO3TATry Ha OiuHill moBepxHi 3pasKa B3IOBXK IIe-
pumetpa maormuau MoHo, me poaraiioBana BepminHa KKem, a mBum-
KicTb IXHBOT'O 3POCTaHHA, AK IOKA3YIOTh PO3PAXYHKU I €eKCIIEPUMEHT,
icToTHO BULIEpeIKaAE Gp. Momensb mependauae, o TeMI IILOT0 BUIIEpe-
IKaHHS IJIS KOMKHOI 3 IIOJIOBUH 3pasKa € OJHAKOBUM. BiH mpsamMo mpo-
HOPIiITHO 3aJIE’KUTDH BiJl INBUAKOCTH 3MiHM BeJINYNHN 30BHIIITHBOI CUJIN
Ta CIIiBBiIHONIEHHS PO3MIipHUX IIapaMeTpiB IMUJIIHAPUYHOTO 3pasKa

(L/(2d)).
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Ha pucyHKy 2 mpeacTaBIeHO 3aJIE}KHOCTI 3MiH CIIiBBiIHOIIIEHL PO3-
MipHUX apaMeTpiB TPhOX BUAIB MUJIHIPUUYHUX 3Pa3KiB 3 PiBHUMMU J0-
BXKMHaAMHI PoOOUMX YACTUH Bif iIXHiX TisMeTpis.

HaBenene memMoHCTPYE, IMO OJA AKOI 3aBroJHO KiJIBKOCTHU 3Pas3KiB 3
pisHMMU PO3MipHMMUY IIapaMeTpaMu PoOOUMX YACTUH MOMKHA IIe IO BU-
mpoO0yBaHb BUBHAUNTU HATIPSAMKU il Ta mepeBary TeMITy 3pOCTAHHA Ha-
MIPY:KeHb, AKi BUKJNKAIOTEL 3a PO3TATY IPUPOIHE CTUCKAHHA (BKOPOUY-
BaHHSA) Mi’KaTOMOBHX Bifgajeil B3LOBK aTOMapHUX JAHITIOMKKIB pagis-
JBHUX HANPAMKIB y IJIOIITMHAX TIOIEPEeYHNX epeTuHiB Tuny MoH, Han

L/2d

Puc. 2. 3anexsocti 1—3 3MiH criBBiZHOIIIEHb PO3SMipHUX ITapaMeTPiB IMIIiH-
PUYHUX 3pasKiB 3 moBkmHaAMU poboumx yactmH L y 40, 80 i 20 mm Bix ixHix
mismetpiB d 3a poarary BizmoBimuo. Touxamu A1-A3 mosHaueHO BUNIAAKMY,
kosmu L/(2d)=1 pgna Bcix 3paskis, m1o BimmoBimae obcTaBuHaM, 3a AKUX Ha-
MIPYKEeHHA PO3TATY Ta CTUCKAHHA, IKi MifOTh Ha MiKaTOMOBI Bimmasi momoBIK-
HiX i momepeunux 0a30BUX JIAHITIOKKIB y BepiuHax KKceM, mig uac pos3Tary
€ BeCh 4aCc OJHAKOBUMU Ta IepedyBalOTh y CTaHi IPYy'KHBOI piBHOBarm, B TOU
yac K 3a iHINMX CHiBBiAHOIIIEHb BOHU HEBPiBHOBAa’KEHi 3a BiAmoBigHMX mepe-
Bar y TeMIlaX 3pPOCTAaHHS HAIPYKeHb CTUCKAHHA, II[O0 BiATIOBiZAIOTH IEBHUM
3HAYEHHAM cIriBBigHOImEHb L/(2d).

Fig. 2. Dependences 1—-3 of variations in the dimensional parameter ratios of
cylindrical specimens with gauge lengths L of 40, 80, and 20 mm on their di-
ameters d under tensile loading, respectively. Points A1-A83 mark the cases,
where L/(2d)=1 for all specimens that corresponds to the conditions, under
which the tensile and compressive stresses acting on the interatomic distances
of the longitudinal and transverse basic chains at the vertices of Kxcemn™ dur-
ing tension remain identical and are in a state of elastic equilibrium, whereas,
at other ratios, they are unbalanced, with corresponding advantages in the
rates of growth of compressive stresses, which correspond to specific values
of the L/(2d) ratios.
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TEMIIOM 3POCTaHHA 3a HABaHTaKeHb IIEPBUHHUX HAIPY:KEHb PO3TATY B
MMOMOBIKHIX JaHIIOKKax. O6uaBa HaIpPy:KeHHSI BUHUKAIOTL y KPUCTAa-
JiuHifl T'paTHUII BHACIIOK CYIepIosullii IpUKJIageHOl 30BHINTHBOI
CUJIY 3 CUJIaMM NPY*KHBOI Mi’KaTOMOBOI B3aeMOZii, KOTPi yTPUMYIOTH
yci aTromMu 3pasKa B CTaHi IPyKHBOI piBHOBAru i ogHovYacHoO 3abesmneuy-
OTBb MO0 I[IJIiICHICTD.

IIpuurnHaMU HeBPiBHOBaYKEHOCTH IIUX CUJI € HE TiJIBKM Pi3HI TOUKU Ta
HaIPAMKU IIPUKJAJAaHHSA 30BHINIHIX CUJI, a 1 JOBKUHU JAHIIOMKKIB i
BiAMOBiAHI KiJIBKOCTI MisKaTOMOBUX Bifmajieil B3MOBK HUX Y IIOIOBIK-
HBOMY Ta IIOIIEPeUHOMY HaNPAMKAaX, IPUUYOMY CHiBBiITHOIIIEHHA OCTaH-
HiX BM3HAYalOTh YMOBU PO3KJAJy 30BHINIHLOI CHUJIN Yy O3HAUEHUX Ha-
OPSAMKax, a BiIIIOBiTHO, 1 PisKHUIIO B TEMIIAX 3POCTAHHSI HAIPYKEHb Y
BepminHi Koxxuoro KxKcemn , aKi QopMyOTEH He TITBKY BEPIIUHY MaKPo-
cromiumoro Kkem, a if ycio #oro 6iUuHy IIOBEPXHIO Y BUTJIAMI ITUHAKHU.
Bogmouac, KijJpKicTh MijKaTOMOBUX Bifmajeil B3IOBK KOMKHOTO 3 JIaH-
IIOJKKiB IIPOIIOPIlifiHa IXHIM JOBMKMHAM, a BiAIOBiZHO, I pejlakcallii-
HIM MOKJIMBOCTSM, IKi 3HAUHO MEHIITL 3a YMCTO NPYKHIX 3MiH y pagid-
JbHUX HANIPSIMKAaX BiJHOCHO MOAOBKHIX. TakuM YmHOM, BEPIINHN Hall-
nory:xkuimux Kxcemn 3ocepem:keHO B3IOB:K JIiHII IepeTMHaHHS IIJIO-
i MoH, 3 6i9HOIO0 ITOBepXHEI0 3pasKa 3a IIOCTYIOBOT'0 3MEHIIIeHHST
iXHiX TOTy:KHOCTel B Mipy BimmaneHHs Bix MoH, K B3TOBK PoO0UOL
YaCTHUHY 3pa3Ka, TakK i B il pagiAJabHUX HAIIPAMKAaX.

IIpakTuuHe 3HAUeHHA HaBeIeHOTO Ha PUC. 2 IMOJATAE B TOMY, IO
O3HAUEeHUH IMiAXil YMOMKJMBJIIOE 3’sCyBaTH IIfe A0 BUIPOOYBaHb IJIS
KOXKHOT0 BUAY 3pas3KiB 3 AKMMU 3aBT'OJHO posMipamMu Ta popMamMu po-
0ouMxX YacTHH He TiJIbKM BiAIOBiAHI IIepeBaru TeMIIiB 3pOCTaHHSA Ha-
NpysKeHb CTUCKAHHSA HABITh y BUIIQJKaX Pi3HOI JOBKUHU PaliAIbHUX
JAHIIOMKKIB y IIJOIMIMHI BTpaTM MeXaHIUHOl CTiKOCTU BiJHOCHO Ha-
MIPY:KeHb PO3TATY B IMMOAOBKHIX JIAHITIOMKKAX, a 1 PO3TJIAIAaTH 0CO0JIN-
BOCTi MOBEIiHKM B3JOBXK HMX MiKaTOMOBUX Bifmajieil I'paTHUIIL B 3aJIe-
JKHOCTI BiJ HanmpsAMKiB mil Ta pisHMX HIBUAKOCTEH IXHLOT'O 3POCTAHHS
SIK Ha MOYaTKOBUX (IIPY:KHIX), TaK i HAa HACTYIIHUX CTaAisdX HaBaHTa-
KeHHA. B ¢cBoIO Uepry, Iie g1ae 3MOI'y po3paxoByBaTH 3MiHU HANPYKeHb
PO3TATY Ta CTHUCKAHHA HE TiJIbKM B3JOBXK IIOBEPXHI ITMJIIHIAPUYHOTO
3paska y BepmuHi Kxcno, a i ycepenusi fioro o6’emMy y BepIInHax ycix
BHYTPilmHiX KKCceB Ha pidsHUX cTaiaAX HaBaHTAKEHH.

Boaxopas, BeIMUMHU HepeJlaKCOBAaHUX HANPY KeHb PO3TATY B3IOBIK
MMOBEPXHi 3paska (Opm) HAOYBAIOTH IMe I OPTOTOHAJNHLHO CHPAMOBAHUX
BiZHOCHO OcCi z GijbIN MOTYKHiIX cKJamoBuX. Ili cKaamoBi BUKJIMKAaHI
cupaAMOBaHUMH Bim Bepmnu KKcemm 1o menTpy miaoimuau MoH, Ha-
MIPY:KEeHHAMU CTUCKAaHHSI MijKaTOMOBUX Bimmasei (Ger), AKi 1A HaAIIOTO
3paska (y BigmoBimHocTi 3i cmiBBimHomenuam L/(2d) — sanexHicTs 1,
Touka B, puc. 2) B 4 pasu mepeBasKaioTh 3a BeJIUUYNHOIO Ta IIBUIKICTIO
3poCTaHHA MPUKJIALEH] IePBUHHI HATIPYKEHHSA PO3TATY (Gpr), CIIPIMO-
BaHi y OPOTUJIEKHUX HAIPAMKAX B3OBXK OCi 2. 3a3HAUMMO, III0 3aIPOo-
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IIOHOBaHA CXeMa PO3IOAiJy HAIPyKeHb CTUCKAHHA Ta po3TAry (puc. 1,
0) He CYIIepeunTh eKCIIepUMeHTAILHNM pesyabratam [21-27], ame icTo-
THO PO3IINPIOE VABJIEHHA IIPO 3aKOHOMipHOCTI ()opMyBaHHSA Ta 3MiHU
iIXHiX BeJIMUMH HA Pi3HUX MACIITAOHMX PiBHAX aToMapHOI OYIOBU mOC-
KOHAaJINX I'PATHUIIL AK B3J0BXK, TaK 1 BIIOIIEPEK POOOUMX YaCTHH 3Pa3KiB
3a pO3TATY. 30KpeMa, BOHA CBIIUNTH ITPO BUHUKHEHHA Ha IEePInuX JBOX
cragiax medopmalrii po3TAroM KiJbKOX ILJIOMIMH IIOIIEPEYHUX IIePeTH-
HiB 3 PiBHUMHU TeMOAMHU 3POCTAHHA HAIPYKEHDb PO3TATY Ta CTUCKAHHA.
Tak, y mnoruni MoH (3a eKcIepruMeHTAILHUMY JAaHNMH) i 38 yMOBaMu’
MOJIeJII0 3a HaBaHTaKeHb Ha MiKaTOMOBOMY DiBHi B3aeMofii BUHUKA-
IOTh MAaKCUMAJBbHI (I KOKHOI 30BHIIITHBLOI CUJIN) HAIPYKEHHS CTHC-
KaHHdA, AKi 110B’A3aHi 3 O0HAKOBUMHU 3MEHIIIeHHAMY MiKaTOMOBUX BiJ-
Iajieil TIIbKY B3JOBK 0a30BUX JIAHITIOMKKIB i1 pagigaapHUX HaIPAIMKIB 3
MaKCHUMaJbHOIO HIiJIBHICTIO poaralryBaHHA aToMiB. Ile cynmpoBoOmKy-
€ThCS BIAMMOBIIHMMI YKOPOUYBAHHSIMM JIAHITIOKKIB 3a (popMyBaHHSA Ha
MaKpOMacIITA0OHOMY PiBHiI MOBEepPXOHb IMJIIHAPUYHUX 3PasKiB MaKpoc-
Komiunmx mniiok. O3HAUeHMH MIPOoIlec MOB’SA3aHO 3 IMOCTYIOBUM 3POC-
TaHHAM 3a HaBaHTaKeHb HOPMAaJbHUX A0 Itomuuau MoH o, TpoTuaeKHO
CIIPAMOBAHUX CUJ PO3TATY 3a YMOB IXHBOI'O PiBHOMipPHOI'O PO3KJIANY IO
MeBHUX KiJbKOCTAX MisKaTOMOBUX BifgaJieil B3OBK 0a30BUX aTOMAaPHUX
JIAHITIOMKKIB 000X ITPOTUIEKHNX MOJOBXKHIX HATIPIMKIiB.

Kpim nmnoro, eKcrepruMeHTaIbHI pe3yJIbTaTH CBiguaTh, IO HaBeIeHAa
cxXeMa PO3MOAiy HANPY:KeHb PO3TATY Ta CTUCKAHHSA HA MEPIIUX IBOX
cTafiAX ILIACTUYHOI medopMallili CyIpPOBOMIKYETHCS IOABOIO IMe IBOX
ILJIOIIUH IIOIIEPeUHUX IIEPETUHIB, mapateabHux 00 MoH, 3 meatpamu O1
i 02 (puc. 1). O6uaBi 3a HaBaHTaKEHb PYXaIOTHCA Ha Y0Ji (YPOHTIB 3Mi-
IHeHHS B IPOTHMJIEKHNX HATIPAMKAaxX Bix MoH, i moginamoTs oOuaBi mo-
JIOBUHM Po00UOi UaCTUHU 3pasKa Ha gedopMoBaHy Ta HeaedOpMOBaHY.
OsmaueHi MIOMMHY BigpisuaoThea Bix MoHo TuM, 1110 BOHU € PYXOMU-
MU, a HAIIPYsKeHHA PO3TATY Ta CTUCKAHHSI B HUX JIEJKATh y MeKax pPiB-
HOBaru Mi’K PiSHMMMU 3amnacaMi’ NPY:KHOCTH MOAOBKHIX i pamiaipHUX
0a30BMX aTOMapHUX JIAHITIOMKKIB, KOKHA mapa AKWX 3a IIepeTHHaHHSI
YTBOPIOE BEPINMMHY KOMILIEKCHOT'O CTAHZAPTHOTO eJIeMEeHTapHOT0 MiK-
pocKoIriuHOT0o moBepxHeBoro KoHIleHTpaTopa (Kxcemn ) a6o iforo BHYT-
pimanoro amasiora (Kkces). BomHouac, piBHOBara HampysKeHb B iXHiX
BepIirrHax (Io3a MesKelo IPYsKHOCTH 0a30BUX JIAHITIOMKKIB pagiaiIbHUX
HAIIPSIMKiB) TocATaeThCA 3a Hii MeXaHi3MiB IIJIacTUYHOI penakcalrii, axi
3a0e31euyoTh BiAIOBiAHI 3MiIlHEeHHA IOAOBKHIX JaHITIOMKKIB 3aBIAKNI
HaIXOIKEHHIO 0 HUX IIeBHUX KiJIbKoCcTel HedeKTiB «BTiIeHHSa» y BU-
TJISA1 BAaKAHCIH 1 AucaoKalliil 3 00Ky IIPUJIErJINX CTUCHEHUX ITPUIIOBEP-
XHeBUX NinaAHOK. Ha MaxpomacmiTaGHOMY pPiBHI Ii IpoIiecu 3ocepe-
IKEeHO BcepeIuHi JiHiiT KoB3aHHA abo mosioc Yepuoa—Jliomepca 3a ix-
HiX mOMIMpPeHb 3a MJACTUYHUX JedopMalliil y MeKax MOJUUYOK IJIUHHO-
CTH MOHO- a00 IOJIIKPHCTAJIiB BigmoBigHo. B 000X Bumagkax IIi IJIOIIH-
HU (POopMYIOThCA IO obuaBa 6oku Big MoHo, ge 30cepe:keH0 MaKCUMY-
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Mu geopMaliiHUX 3MiIlHEeHb, 1 30iraroThcsa 3 PpPoHTAMHU IXHBOT'O PO3-
MMOBCIOMI’KEHHSA Ta PYXalOThCA 3 HUMH B OPOTUJIEKHUX HAOPAMKAaX
B3JOBJK IIOJOBYKHBOI OCi 3pasKa ay M0 KiHIA oro podouoi uactuuu. B
Toii ke uac B inTepBasax O—01 ra O—02 arigao puc. 1, 6 B ycix mioriu-
HaX, mapaJjeiabHux 10 MoHy, 3 iIXHIM BiggaleHHAM Bifg Hel BigOyBaeThCA
MIOCJIIJOBHE 3MEHIIeHHA PiBHIB 3MiIlHEHHSA, a BiAIOBigHO, i CHJI CTHC-
KaHHs] Ha (pOHi IMiABUINEHHA TUX, AKi JOKAJII30BaHO PO3TATYIOTH IIOBEP-
XxHeBi 06a30Bi JIAHITIOMKKKM aTOMIB y PamgisiIbHUX HANPAMKAX MJIOIUHU
MoH,.

ITle — mporiec 3a HaBaHTAXKEHb Y MeKaX IIPYsKHOCTHU IIOJOBMKHiX Oa-
30BUX JIAHITIO}KKIiB aTOMiB IOBEPXHEBOT'O IIAPY Ompn, AKa 32 YMOBaAMU
MOZIeJII0 BABiUi MeHIIa 3a IPYKHICTL BecepequHi 3pasKa (oyp). O3HaueHe
oB’sA3aHe 3 THUM, IO KiJbKiCTh aTOMiB, AKi OTOUYIOTH KOXKHHII aTOM
BCcepenHi 3paska 3aJisa, SK MiHiMyM, BABiUi IepeBUITy€ KiJIbKiCThb HO-
Iro CyCimiB y mOBEpPXHEBOMY IIIapi, IO CIIPUAE MEHII I[YIIKMM yMOBaM
yTpUMaHHA aTOMiB IOBEPXHEBOTO IIapy B cTaHi piBHoBaru. Ile He cyme-
peunth JiTepatrypHuM mauum [41—44] Ta cupuse 3a HaBaHTaKeHb IIep-
BUHHUM IIepecyBaHHSAM BepHminH KKceMII pas3oM 3 PO3TAIIIOBAHUMU Y
HUX TOBEPXHEBUMHU AaTOMaMHU B PamidJbHUX HAOPAMKAX IJIOIUHU
MyHy, e i BigOyBaeThcs, 3a JOCATHEHHSA MeEXKi IPYKHOCTH IOBEpXHe-
BOT'O IIapy, IepBUHHA BTpaTa MexXaHiuHOi cTifikocTu 3paska. Ileit mmpo-
Iec TPOAOBKYEThCA a’K IO MOMEHTY BCTAHOBJEHHS PiBHOBaru y Bep-
muHax K MiK Hanpy:KeHHAMU CTUCKAHHA Ta BUKJNKAHUX HUMHU B IIO-
BEePXHEBUX IMapax BiMOBIZHMX JOJaTKOBUX HAIPYKEHb PO3TATY, KOT-
pi Ha mouaTKOBill cTajmil mpoIlecy COpPAMOBaHI B pafiAJbHUX HAIIPAM-
Kax. BogHopas, caig momaTu, 1o IMOTYKHOCTI Beix o3HaueHnX KKcemm
posTaIoBaHUX i B3MOB:K OiYHMX IMOBEPXOHb INMUHAKM, 3MEHITYIOTHCS 3
HaOJIM:KeHHAM A0 momuH 3 meutpamu y Ol i O2, a piBeHs piBHOBaru
HAIIPYKeHb PO3TATY Ta CTUCKAHHA ¥ IXHiX BepIINHAaX JIEKUTh, 3 OJHOTO
00Ky, B Me:KaxX 3amacy IPYKHOCTH 0a30BUX PaSiAJbHUX JAHIIOMKKIB,
sIKa IPOIOPITifiHa iIXHIM TOBKHUHAM, a 3 IPYroro 60Ky, PO3TAIIIOBAHUN Y
Me:KaX 3HAYHO OiMBINIMX 3alaciB Ompy:KHIX BJIACTUBOCTEH IIOMOBIKHIX
JAHITIOMKKiB, TOBKUHA AKUX y pasu O0iabina. ITory:xuocti Kxcemm , 110
posrarmoBaui B miomuHi MoHy, 3 mepexomom medopMmallii Ha IOJIUUYKHT
MJINHHOCTH AK MOHO-, TaK i IMOJIIKPUCTAIIYHNX CTAHIB CATAIOTEH IIEBHUX
MesK. ¥ MOHOKPHCTAJaX BOHU 3HAYHO BUIIi, AK i TBEPIAOCTi, 3a BiIIIOBI-
IHIi TOJIKPHCTANiIUHI cTaHU, ajle B MeKaxX MOJUYOK IJINHHOCTH 00MIBa
napaMeTpH 3aJUIIAI0ThCA PiIBHUMH, ajle MPaKTUUYHO HE3MIHHUMHU aK 1[0
3aBepIeHHA KOMKHOI 3 IMOJUYOK, KO 00uaBa (DPOHTH 3MiITHEHHS pa-
30M 3 BepmmHaMu KKcO 3ynImMHAIOTLCS 3 HaOyBaHHSAM BCieio poOOU0IO0
YaCTHUHOIO IEeBHOTO PiBHA AedopMaIriiiHOro 3MiIlHEeHHS 3a BiJIIIOBiTHOTO
IS TaHOTO 3pas3Ka 30iJbITeHH i1 JOBKUHU Ta 3BYyKyBaHHsI. O3HaueHe
BiOyBaeThCs Ha (hOHI HACMUEHHA IPUIOBEPXHEBOT0 00’eMy pobouoi ua-
CTUHU HaA IeBHY TIJIUOMHY MaKCUMAJLHUMH KiJIbKOCTAMU IedeKTiB
«BTiJIEHHS» , IK1 HA MOJUYI] IIJIMHHOCTH HAOYBAIOTH CTAHY THUIIY «JiC»
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SIK B MOHO-, TaK i IMOJiKpucTanax 3a Horo HACTYHHOI mepebymoBu (Ha
cTamii meopMaIliiHOro 3MIiITHEHH) B KOMipUacTi CTPYKTYypH, IKi 3 Ha-
OJIMIKEHHAM 0 MeXKi MIiITHOCTM HMOCTYHOBO HMOAPiOGHIOITHCSI J0 MiHiMY-
my (0,1-0,15 mxm) [45 ]. Ax B MOHO-, Tak i B moJsiKpucTaiax O3HaUYeHi
IPOIecH Peai3yIoThCA 3a AHAJOTIUHMMM CIeHAPiAMM IIOCJIiZOBHOTO
yTBOpeHHA HOBUX KKCII™ y BUTJIAAI ITUIIOK Ta iIXHBOT'O PO3BUTKY B3IOBIK
pobourx YacTHH ak M0 iXHiX 3MiITHEeHD 10 MeKi MirmHOCTH (OM).

TakuM YMHOM, IPUPOAHE YTBOPEHHS 3a HaBaHTaKeHb (Ha BCix mac-
mrabHuX PiBHAX aToMapHOl OyIOBU I'DATHHUIIL METAJIEBUX MAaTepPisiB)
CTaHJAPTHUX ejJeMeHTapHUX Kce® moB’asaHe 3i 30iJbIIeHHAME Ta 3Me-
HIITEeHHIMHY MiXKaTOMOBUX Bifmajeil B3MOBK KOMKHOI mapu 0a30BUX JIaH-
IIOKKiB ITOIOBXKHBOT'O Ta IIOMEPEUYHOr0 HANPAMKIB, AKi 3a momapHUX
mepeTruHaHb (OPMYIOTHL BepIIHMHU KOMILIeKCHUX K pisHumx BuUIIB aK
BHYTPIiIIHBOT'O, TAK i MOBEPXHEBOT'0 I'aTyHKY B OKOJIi 1morrmuuau MoH .
Boxgnopas, 3pocTaHHA HAIPY:KEHb PO3TATY Ta CTUCKAHHA B IXHiIX Bep-
HMIMHaxX CIpHUAE BTPaTi MexaHiyHOI CTIMKOCTM JOCKOHAJIOrO 3pasKa y
IJIOIIMHI cepequHHOrO momepeunoro neperuny MoH, Ha (oHI mocimo-
BHOT'O 3MiITHeHHS IPUIIOBEPXHEBOTO IIapy po60oUuoi YacTHHY 3a PAXyHOK
HacHUUYeHHs Ae)eKTaMM «BTiJIeHHA» Ta HACHIAKIB iIXHbOI mepebynoBU B
TPaHUIIl KOMipYaCTUX CTPYKTYP, KOMiPKU AKUX MOAPiOHIOIOTHCS, KOJINU
Ha MaKpPOPiBHiI O3HAUeHE CYIIPOBOMKYETLCA IIOCJITOBHUMU 3BYKYyBaH-
HAMHA Ta BUAOBKEHHAMHU 3Pas3KiB 3 IXHIMM BiAHOBiZHMMUN 3MillTHEHHS-
MH. 3a TaKUX 00CTaBUH CTA€ OUEBUIHNUM, IO BiAIOBiJaIbHICTEL 3a TEMII
3BY:KYBaHHA Y KOMKHINA TOUII TOBEPXHIi IMUHAKY HECYTh OCOOJIUBOCTI CY-
MIePIIO3UILii CHJI MisKaTOMOBOI B3aeMoAii Buximmoro cramy (10 BUIpoOy-
BaHb) 3 TUMH, AKi BUHUKAIOTh 3a BUIIPOOYBaHb B3JOBK 3aliAHUX 0a3o0-
BUX JIAHITIOXKKiB AK B morruii MoHy, Tak i B il 0OKoJI1ax, Ie 30cepenKeHo
yci Kxkcemn, axi yTBopoOThH Oiuni moBepxHi Kxen™ y BUrIsami maxkpoc-
KomiuHoi muiiku. Hanpy:KeHHs pO3TATY Ta CTUCKAHHSA 38 BUITPOOYBaHb
B MapaJieJbHUX 110 00uaBa 0oku Bix MoH, miommrHax 3pocTaoTh HepiB-
HOMIipHO, a piBHOBara Mi:xk HuMH y BepmmuHax K ycix macmrabuux pis-
HiB (By3JlaxX HmepeTHMHAHHA KOKHOI Imapu JIAHITIOXKKIB MOJOBKHBLOTO Ta
MIOTIEPEeYHUX HAIIPAMKiB) JOCATAETHCS 34 MOCTYIOBOTO HAKOIUUYEHHS IO
MaKCUMYyMy TOYKOBHX i JiHifiHUX medeKTiB «BTijeHHA», KOTpi 3a0e3-
meuyoTh Ha KOKHIiN cramii medopmariii BigzmoBigHi mocaizmoBHI Buuep-
NyBaHHA NPYKHIX BJAaCTUBOCTEN MUTOMOIO 3pa3Ka TiJIbKU B MOIOBMKHIX
HanpaMkax. OCKiJIbKM YKMCeNbHICTD 3aJiAHNX MiKaTOMOBUX 3B’ A3KiB Y
HaIpAMKaX PO3TArYy Ta CTHUCKAHHS 3a Oii KOMKHOI 30BHINTIHLOI CUJIN
BILJIMBAa€E Ha PiBHI Ta XxapaKTepu 3POCTAaHHA HAIPY:KEHb IO MiKaTOMO-
BUX BiggajaXx BiAIOBIZHWX JIAHITIOMKKIB, Ie HAIAJIO HiJcTaBu BBaXKaTH,
IIT0 CIIiBBiJHOIIIEHHS PO3MipHUX IIapaMeTpPiB 3pasKa 3 OQHOT0 OOKY € BU-
3HAYAJbHUM IIOAO BUSABJIEHHS KiJIbKOCTeH TaKMX Bifgmajeil y 0a30BUX
JAHITIOMKKAX MOJOBKHLOI'O Ta PANisIIbHUX HANPAMKIB IIUJIIHIPUYHOTO
3pasKa 3ajida, KOTPi € BaKJUBUMHU 3a PO3KJIAAY 330BHI IIPUKJIALEHOI
CUJIM Ha CKJIAZOBi He TiJIbKM 3a KiJIBKiCTIO JIAHITIOMKKIB Y KOMKHOMY 3 Ha-
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IPAMKIB, a i 3a YMCEJbHICTIO 3aJiTHNX y HUX MisKaTOMOBUX 3B’SI3KiB.
OsmaueHe, BCyIleped 0 IOJOKEHb MOIEeJb i30TPOITHOrO Tijia, BKasye Ha
3aJIeKHICTh BEeJIMUNH HAIPYKEHDb PO3TATY Ta CTUCKAaHHS, a BiIIIOBiTHO,
1 MexaHIYHMX BJIACTHMBOCTEH HOCKOHAJIOTO 3pasKa He TiJIbKW BiJl BUIY
(BumiB) aToMiB HOr0 I'paTHUIIi, a ¥ BiJ CIiBBimHOIIeHHA PO3MipiB iforo
pob0UOoi YaCTHHU y IOAOBKHBOMY Ta IIOIEPEUHOMY HANPAMKAaX, OCKi-
JbKM BOHO € BiAHOBiZalbHMM 3a KiabKocTi Ta mory:xuHocTi KKces i
KxceMn aToMapHOTO IIOXOMKEHHS, a TAKOMK 1 BiJ JOBKMHU JAHITIOMK-
KiB, AK1 YyTBOPIOIOTH iX i BUBHAUAIOTH PiBHI Ta TEMNIU 3POCTaHHA HAIIPY-
JKeHb CTUCKAHHA Ta PO3TATY y BepinuHax. Ocramnae HaOyBae 0cO0JIMBOTO
3HAUEHHS 3a OIiHKY BEJUYNH HANPY:KeHb, AKi JiIOTh B3IOBK KOXKHOI
MiKaTOMOBOI BiamaJji B3mOBK JIAHITIOJKKIB BiAIIOBIiZHMX HAIIPAMKIB 3a
BUITPOOYBaHb 3pasKiB pisHMX po3MipiB. Bce ozHauene yMOMKIMBIIOE
MIPeACTABUTH JIAHIIOKKN 3 HaAWNIAbHImMHUM (60a30BUM) HaKyBaHHAM
aToOMiB, BigmaJi MiK SIKHMH PO3TATYIOTHCS YW TO CTHCKAIOTLCSA, BiJIIO-
BiIHUMU IIePBUHHUMHY CTAaHIAPTHUMHU ejieMeHTapHUMU Kce BuiayueHHS
a6o Brinmenusa macu Kce'. Tari nmepsunni K aromapuoro piBua (moxo-
MKEeHHS) MOMKYTDh 3MiHIOBATH B 3aJIEKHOCTI Bifl HAIPAMKY il 30BHIIII-
HBbOl CUJIM He TiJIbKHM CBOI BUAM, a ¥ HAIIPAMKM il HAIPYKeHb PO3TATY
Ta CTUCKAHHA y BeplIInHax 3a HaJaBaHHA KOXKHOMY JIQHITIOXKKY, II0 PO-
BTATYETHCA TA CTUCKAETHCSA, O3HAK CTAHIAPTHUX eJIeMeHTAPHUX KOH-
IeHTPATOPiB HANIPY:KeHb BimgmoBiguux TtumiB — postary Kece Ta cruc-
rauua Kce'. I[o mporo ciig momgaTtu, 10 BOHM HAIPAMY OB’ sI3aHi 3 aTo-
MapHOI0 O0ymoBOIO MaTepiany (KOHCTPYKIIii) 3paska Ta, aAK i Bci immmi,
MOKYTb MaTH pi3Hi posmipu (DOBKMHM), KiJIbKOCTi Ta IIOTYKHOCTI.
Kpim 11p0ro, 03HaUeHi mapaMeTpu 34AaTHI 3MiHIOBATHCS He TiJILKHU Bil Be-
JUYMHYU Ta IITBUJKOCTU 3MiHM 30BHINTHBOI IIPUKJIAJIEHOI CHJIV, a ¥ pO3Mi-
PHUX nmapaMeTpiB i ¢hopM 3pas3KiB, eJIEMEHTIB IXHIX CTPYKTYP, IXHiX Kpu-
cTasiorpad)iuHIX O3HAK i po3MipiB, HAABHOCTU Pi3HUX TUIIIB MEXK Ta 0CO-
OoJimBocTel 3B’A3KiB B3ZOBK Hux. O3HAaueHe MOKe BILJIMBATU HE TiJIbKU
Ha 301JIBINIeHHA KiJTbKocTell 000X BUIiB KOMILIeKCHIX K aToMapHOro 1mo-
XOIKeHHs, III0 OB’ A3aHO0 3 MOAPiOHeHHAM 0a30BUX JIAHIIOMKKIB aTOMiB
Ta 3MiHaMM IXHiX HalIpAMKiB, a I YyTBOPEHHAM JIOIaTKOBUX KiJIbKOCTEH
Oinmpmr Hebesmeunmx K-, mpefcTaBIeHNX MeKaMH 3 II0CJIA0JIeHIMU
3B’ ABKaMMU.

TaxuM YMHOM, aTOMAapPHi 0a30Bi JAHITIOMKKY 3 HANNIIILHIIIIIM IaKy-
BaHHAM aTOMIiB, BiggaJi MisK AKMMI PO3TATYIOTHCA ab0 CTUCKAIOTHCA 34
HaBaHTaYKeHb, MOKYThL OyTHU IpeZcTaBIeHI AK B JOCKOHAJINX, TaK i pea-
JbHUX 3pasKkax B AKocTi K BuIyueHHA Ta BTiJIeHHSI Macu, IKUX Y POOOTi
BusHaueHno ax Kce ta Kce'. Bouu gpopmyioTsh v Bupobax 3a HaBaHTa-
JKeHb Iy rpyIy IepBUHHUX K aToMapHOTO moxom:KeHHA (Ha BCix Ma-
CIITA0OHUX PIiBHAX aTOMapHUX OyIOB I'PAaTHUIIL). A Ile CYTTEBO IOIIOB-
HIo€ yaBjeHH mpo K, 3axoHoMipHOCTI IXHLOTO YTBOPEHHSA, CTPYKTYPY,
YHCEeJbHICTh BUAiB, PyXOMiCTh, KiJIbKiCTh Y KOMKHOMY BUi, HOTYKHOCTI
1 yMOBHU B3a€EMO/Iil B MeKaxX PO3yMiHHSA IXHBOI POJIi B 0CO0IMBOCTAX (o-
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PMyBaHHSA Ta BU3SHAUEHHS MEXaHIUYHMX i CIY:KOOBUX XapaKTePUCTUK
MeTaJIeBUX BHPOOIB 3a PidHMX YMOB BUIPOOyBaHbL ab0 eKcILIyaTarlii.
3azHauYMMO, IO YaCTMHA HAWMEHINNX eJIeMEHTIB IIPOCTOPY V BUTJIALI
MiKaTOMOBUX Bigmajieil y peaJbHUX i JOCKOHAJIMX CTaHaX KPHUCTAJid-
HUX I'PATHUILh MeTaJIeBUX MaTepidAJiB € IEPBUHHOIO Ta CIIiJILHOIO, a IXHi
0c00JIMBOCTI (DOBKMHM Ta MOBEMiHKA) BU3HAYAIOTHCA BUIAMU aTOMiB
[46, 47].

Taxum YUHOM, eJeMeHTU IIPOCTOPY y BUTIANI MiKaTOMOBUX Binga-
Jeli B3OBK JIAHITIOMKKIB 3 0a30BMM PO3TAIIIyBAHHAM ATOMiB, IXHi BeIu-
yuH1 (DapaMeTpHu) it 0co6JIMBOCTI 3MiH IK 0, TaK i i yac BcTaHOBJIEH-
HS HOBUX PiBHOBa'KHUX ITOJIOKEHb BepinuH K 3a0e3meuyioTh B yCiX BU-
magKax Ha PisHMX MacHITaA0HUX PiBHAX OymZOBU MeTaJIeBUX MAaTepPiAIiB
peaJisartiro IXHIX IPY:KHIX i pejakcaliiHUX MOMKJIMBOCTEHN 3a mocTa-
OifiHOI yuacTHu PisHOMAaHITHMX MeXaHi3MiB IJIACTHUUYHOI a00 KPUXKOI pe-
Jakcalliii Hanpy:keub. Oco0JIMBOCTI 3MiH OCTaHHIX B OKoJax BepminH K
AK 3a BUIPOOyBaHb, TaK i IIi yac ekcIyaTallii sajiesxaThb BiJ BeJIUMUNH i
MIBUIKOCTU 3POCTAHHSA IIPUKJIAAEHOI 30BHIIITHLOI CUJIN 3 BPaxyBaHHIM
3MiH CIIiBBiITHOIIIEHb PO3MipHUX IIapaMeTpiB 3pa3KiB, KOTPi perjiaMeH-
TYIOTH IIiABUIIEH] PiBHI Ta IMBUAKOCTI 3MiH HAIPYKEeHb CTUCKAHHSA, IKi
€ TePIIONPUUYNHOIO ITOABU B MOBepXHeBOMY miapi muoriuau MoH, Bep-
muHY nepBuHHOro KKem, BiAMMOBiZaJIbHOTO 3a HACTYIHUHA PO3BUTOK
ycix pemakcamiiaux nporeciB. I1i MoskauBocCTi moB’ A3aHi 3 3a/1€KHICTIO
YMOB MiKaTOMOBOI B3a€MO[il BiJ IIBUIKOCTEH 3pPOCTAaHHA PiBHIB Ha-
Py KeHb CTUCKAHHS Ta PO3TATY B3AO0B:K 0a30BUX JAHITIOMKKIB, IIPUYO-
MYy BeJIWUYMHU Ta CHiBBiZHOIIEHHS IIUX HANPYy:KeHb BU3HAUAIOTH YMOBU
reHepailrii, HaIPAMKHU IIePEeMillleHHsI, B3aEMOAil I yTpUMaHHA Ta HAKO-
OIUYeHHS y IeBHUX 00’eMax MAaTepidaay HmiJBUINEeHUX KiJbKocTel mede-
KTiB «BTiJIeHHs», IKi 3a0e31euyIoTh BignoBigHi aminmuenusa. [[o Toro
MIPY:KHi BJIaCTHUBOCTI MaTepisjiB Ha aTOMapHOMY MacIITaO0HOMY PiBHi
BU3HAYAIOTHCA OOMEKEHUMHN MOMKJINBOCTAMU €JeKTPOHHUX CHCTEeM
aToOMiB, 3JaTHUX TiJBLKM B IMEBHUX MexKaX OO0 IOBHIiCTIO a00 YACTKOBO
3BOPOTHIX 3MiH MijKaTOMOBUX BifgaJjiell 3a BCTAHOBJIEHHS IIPYKHIX Pi-
BHOBAT MiK aToMaMu 3a YMOB 30epesKeHHs I[LIICHOCTH 3pasKa. 3asHa-
YUMO, ITI0 YCi eJeMeHTH npocTopy (YTBOPEHHSA THUNY BUJIYUYEHHS Macu,
MMOPOYKHUHMU, TPIIlUHU TOINO), AKi (B pasm) OinbImi 3a posmipamu, HiK
cTaHAapPTHI Mi’KaTOMOBI Bimmasi, He3aJie:KHO BiJl iIXHbOIO0 MOXOAKEeHHS,
dopMu Ta Miclid pos3TalllyBaHHA B peaibHUX KOHCTPYKIIiAX, Has3BaHO
HecTaHZapTHUMHU KOHIleHTpaTopamu Buaydenua macu (Ku ). Bogaopas,
yci BOHM y MOXiZHUX cTaHaX (0 HaBaHTAMKEHHS) IIPeCTaBJIeHI TOPOXK-
HUHaAMHU Pi3HUX PO3MipiB, AKi MepeBUNIYIOTh BEJIUUYMHU MiKaTOMOBUX
Bimmasieit 6a30BUX JAHITIOMKKIB I'DATHUIE 1 MalOTh BiJIbHI BHYTPIIIHI II0-
BEPXHi, KOTPi TaKOK MOKYTb OyTH IIpefcTaBJIeHi Yy BUIJIAAI BiAmOBiz-
HIX HaOOPiB cTaHgapTHUX eleMeHTapHuX Kce® a60 iXHIX KOMILIEKCiB y
BUIJIAI BepHIMH KOMILJIEKCHUX CTAaHAZAPTHUX eJIeMeHTapHUX MiKpoc-
KOIMiuHMX moBepxHeBux KKceMn BHYTPIiITHLOrO raTyHKY. «Jle TOHKO,
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TaM i pBeTbCA» — Iell BUCIIB AysKe Ho0pe Biga3epKasioe BILIUB Pi3HOI'O
pony mopo:kHUH TUITY KH™ BcepequHi Ta HA MOBEPXHAX pPeaJbHUX 3Pa3KiB
Ha IIOTi pIIeHHA IXHiX CIIy:K00BUX XapaKTePUCTHUK.

VY mepiry uepry e moB’s3aHe 3 TUM, IO CTATUCTUYHUI PO3IOIiaI Je-
dexTiB TUIy BUIYUEeHHS Macu (IIOPOKHUH), IPEICTAaBICHUX B AKOCTI
Ku, Beme 10 haKTUUYHO HEBPAXOBAHOTO 3MEHIIIeHHA MTiACHUX ILJIOII II0-
epeyHUX MepeTUHIB 3pasKiB BiTHOCHO iXHiX po3paXxyHKOBUX 3HAUEHD 3
ycimMa HacJHiKaMu y BUTJIALL HeCIIOAiBaHUX BTPaAT MeXaHiuHOI CTifKOC-
ti. IlomiOHi BTpaTy IpomopItifiHi HeBiJoMOMY BHECKY 3 00KY BChOTO Ha-
0opy IPUCYTHIX MOPOKHNH — KH He TiIBKU 0 BTPATHU MEeBHOI YaCTUHU
(HeBpaxoBaHOi) Macu BUPOOiB, a i BIJIMBY IIHOTO HPOIIECY HA PO3MOLIiI
HaIpyKeHb, AKi BUHUKAIOTH IIiJ Ji€l0 MAKPOCKOMIYHOI CHJIN PO3TATY,
B3JOBK MiKaTOMOBUX Bifmajieir 6a30BUX JAHITIOMKKIB JOCKOHAJIOI I'paT-
HUIIi 3a MOABU B iXHIX CTPYKTypax MOPYIIIEeHb Y BUTJIAML POo3pUBiB. 3a
aHaJjoriero yci KH npeacraBieHo TAKOMK JBOMAa BUAAMU — BTiJIEHHS Ma-
cu (Ku") i 11 Bunyuennsa (Ku"). Ilepiri popmyoTses: B3LOBK MimKdasHUX
MeJK, MisKaTOMOBI BifggaJi B CIHiIBHUX JAHIIOMKKAX aTOMiB MiK cycima-
MU CTUCKAIOTHCSA, a APYTi OB’ A3aHi 3 HOPMAJLHUMH O ILIOIIUHN MeXK
HAIIPYKeHHAMU PO3TATY. 3arajoM moxioHe BimdyBaeThCA, KOau 0a30Bi
JAHIIOMKKY MaTPUIll CTUKAIOThCA 3 KOTEPEHTHUMMU, HaIlliBKOT€PEeHTHU-
MU ab0 HEeKOTE€PEeHTHUMH MeyKaMH eJIEMEHTIB CTPYKTYPH, AKi MOXKYTH
CIPUATHU 3a HABAHTAKEHb YTBOPEHHIO B3IOBK HUX OiJBIT MOTYKHIX K™
y Buraani mop (rpimuu) medopmaliiiinoro moxomkeHHa abo Ku',
OB’ A3aHUX 3 MOJKJIMBUM BUHUKHEHHAM B3J0BK TaKUX MEXK JiJIAHOK i3
CTaHOM CTHCHEHHS MiKaTOMOBUX Bigmajieii. ¥ 3aIpOIIOHOBAHOMY MOJe-
JII0 MOXKE PO3IJIALATHCEH SIK BiTOKpeMJieHe iCHYyBaHHSA y BUXITHUX cTa-
Hax ycix sasHaueHuX TumiB K, Tak i ixHilt B3aeMounH 3 mogioHUMU abo
TaKUMHU, KOTPi BUHUKAIOTH 32 HABaHTAKEeHHS B3JOB/K 0a30BUX JIAHITIO-
JKKiB HA aToOMapHOMY PiBHIi iIXHBOI OyTOBHU.

Mopgens mependauae, 1o napu KKceMn , SKi BUHUKAIOTL HA aToMap-
HOMY PpiBHiIi OymoBM I'PATHHIII 3a HaBaHTA)KEHHA II0 obuaBa OOKU Bin
MoHy, MOXKYTE OyTHI 00’ fHAHI MisK cO00I0 3 YTBOPEHHSIM Ha aTOMAapHO-
My piBHiI OymoBu moBHOrO mpodisio MakpocKomiuxoi mmitku. KoxxHa
MiKpOCKOIIiYHa BepIlIMHAa YTPUMYE aTOM, Ha AKUU Jie Tpifika BEKTOpPiB
HAIIpy:KeHb, ABa 3 AKUX CIPIMOBAHI B IIPOTUJIEKHI 6OKM B3JOBXK IIO-
JOBXKHIX JIAHITIOMKKIB aTOMiB, SKi po3TAryoThcs BigaocHo MoH), a Tpe-
Tii posTamoBaHui y i pamgiglbHIX HAIPIAMKaX. 3a3HAUNMO, 110 KOKHE
YIPYHOBaHHA 3 TAKUX JIAHITIOMKKIB Y MiCI[AX IXHBOT'O IepeTUHAHHSA BCe-
penuHi 00’eMy 3pasKa YTBOPIOE BiATIOBiAHY BHYTpPIiIIHIO BepriuHy. 1lo-
TY*KHOCTi MiKpo- Ta Makpockomiuaux K, AK i iXHIX CKJIaJ0BUX, 3aBXKIN
30iIBITYIOTHCA 3 HAOAMKEeHHAM A0 Iroinuau MoHo, a B Hill 3poCcTaiOTh y
HaOpAMKY Bif ii meHTpa M0 6iuHOI IOBEPXHi 3pasKa, IPUUOMY HAIIPIM-
KM pyXy BepiiuH KKceMIT , IIT0 YTBOPIOIOTHLCSA Ha MOBEPXHAX, AK i aTo-
MiB, fAKi B HUX 3HAXOIATLCSA, BU3HAUYAIOTHCS CIiBBiHOIIIEHHIMM BEJIM-
YUH BiITIOBIiAHUX HANpPYyKeHb PO3TATY Ta CTUCKaHHA. TaKUM YUHOM,
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moxi6ui Habopu BepinuH KKceMIl , AKi 3HAXOAATHCS B3JIOBIK II€PIIMET-
piB nomuH MoH Ta ii cycilok y BepxHill 1 HUKHIN yacTuHAaX 3pasKa 3
JOCKOHAJIOIO I'PATHUIIEIO, (DOPMYIOTh 3a HaBaHTaKEeHb MAaKPOCKOIiYHMNHT
Kxcn y Buraani mmiKky Ta peraaMeHTYIOTh HOSIBY HOBUX BEPIITNH IO -
OHMX MiKPOCKOMIYHMX ITIOBePXHEBUX KKceMII B3IOBIK IIOBEPXOHD YCiX,
AK HecTaHmapTtuux KH, TaK i IxHiX pisHOBUAIB, 30CcepeasKeHNX B3TOBK
MeXK 3epeH y nojikpucrasax. Ile crocyeThes Becix MUMOK, AKi 3a eKcIie-
PUMEHTAJbHUMU JAaHUMHU YTBOPIOIOTHCA 34 PO3TATY Ha 6iUHUX IIOBEPX-
HAX poOOUYMX YACTUH 3Pas3KiB AK 3a MPY:KHIX, TaK i Ha MOYaTKY KOXKHOI
cTail miaacTuyHOI fepopMalrii 3a po3TATY B iHTepBaJiax HAIIPYKeHb Bif
0 1o ou i 3a ycix BUZiB pyiiHYyBaHb B iHTepBajiaX ony—0Cp. Il0BepXHi TaKMX
IINHOK Ha MAaKPOPiBHI MalOTh BUIIAJ JOKAJIi30BaHUX 3By KYBaHbL PO0O-
YMX YACTUH, OB’ A3aHNX 3 BiAIOBiAHNMY 3MEHIIIeHHAMY PaIiloCciB meB-
HOI KiJIBKOCTH HapayeIbHUX ILIOIINH, HabamsxeHux xo MoH,. I1 pos-
TalryBaHHs B3JOBIK IIOIOBKHBLOI OCi B JOCKOHAJINX i peaJbHUX 3pasKax
36iraeThcA 3 TPAEKTOPiAME BTpPAT MeXaHiUHUX CTiHKOCTEH, Y TOMY YHC-
Ji 1 3a pyiHyBaHb.

Tak, B’A3Ke pyiHYBaHHA 3pasKa 3 ifealbHOIO OYI0BOIO KPUCTAIIUHOL
I'paTHUII BimOyBaeThcA 3a ydyacTH HAMOiJbII HeOe3lmeuHoro Habopy
KOMIIJIEKCHUX CTaHJapTHUX eJIeMeHTapHUX MiKPOCKOIiUHUX ITOBEpPX-
HeBux KKceMmn , 3ocepel:KeHMX B3AOBK HMOBEPXHiI IIMHAKMN II0 o0MABa
0oxu Bim MoH,y BepxHili i HM}KHiI TOJIOBUHAX 3pasKa; IPUUOMY y pea-
JBbHUX 3pasKax IMOBEPXHA MINNKU POPMYETHCS 3a YUIaCTH YCiX IPUCYT-
Hix K crammapTHOTO Ta HeCTaHIAPTHOI'O IIOXOIKEHHS 3a YMOB 3HaXO-
IKeHHA ocTaHHiX y muomnuHi MoH,. I o6craBuHa cripusie ¢hopMyBaH-
HIO Ha MOBEPXHAX KH HOBUX, GiJILIII rOCTPUX BEPIINH, IKi YTBOPIOIOTh-
cA BcepeJlHi 3pas3Ka B3IOBXK JIiHiMl ITepeTUHaHHA MOBEePXOHb BHYTPIII-
Hix KH 3 ILIOIMHOIO BTPATH MeXaHiuHOi cTifiKocTH. 3TifHO 3 1M, II0-
sHaunMo Taki K AKX KoMIjIeKcHi BHYTpPiImmHI cTaHmapTHi moBepxHEBi
(KxBcmr ). 3arasom, KoJu IOTY:KHicTs KH , AKUiT 3HAXOAUTHLCS B iHIIIO-
My MicIi 06’emMy 3pasKa, ImepeBaskac moTyskHicTs KKen™, 1110 MosKe cdo-
pMyBaTHCA B MOT'0 JOCKOHAJOMY CTaHi, Ile MOKe 3MiHIOBaTH Miclie pos3-
TAIlyBaHHA TPAEKTOPil BTpaTu. ¥ TOI Ke uac abCONIOTHO KPUXKe PYyH-
HYBaHHA «iJealbHOr0» 3pasKa BimOyBaeThCA 3a y4yacTH OLHOTO HaM-
011 He6e3IMeUHOT0 30BHINMTHLOT0 (TOCTPOT0, TOTYKHLOT0) KKen y Bu-
A0l IPY*KHBOI IMUHKM 3 BEPIIUHOIO, cC(DOPMOBAHOI0O HA aTOMapPHOMY
piBHi 6ymoBu B3moB:k mepuMmerpa MoH, 3a eKCTpeMaJbHOI A1 JaHOTO
3pasKa HIBUAKOCTH HAaBAHTAKEHHS Ta IIOBHOI'O IIPUTHIUYEeHHSA OiAJbLHOC-
T ycix MexaHisMiB miaacTuuHoi penmakcarii [2, 4—9]. Micie posramry-
BaHHA TPAcKTOpil MOAiOHOTO PYHHYBAaHHS peaJbHOrO 3pasKa, B TOMY
YKCJIi B iHTepBaJli KPUXKO-B A3KO0Tr0 IIePexXoay, MOKe 3MiHIOBATHCS Bif-
HOCHO M0r'0 TOCKOHAJIOTO CTaHy Y BiAIOBiTHOCTI 10 mepeBaru yMoB pyi-
HYBaHHA y BepIIUHI camoro Hebe3meuHoro BHyTpimaboro Kkeen , cdo-
pMoOBaHOro B3I0BK moBepxHi KH B iHIII# ILJIOIMHI TOIepeuHOro Iepe-
TUHY Ha MiHiMaabHi#M ranbuHi Big moBepxHi. [[o 1boro ciaix mogaTu, 1110
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yCi BEeKTOpPU HANPY:KeHb CTHUCKAHHS B3JOBXK JAHITIOKKIB pPamistIbHUX
HAIPSAMKiB, posTammoBanux y miaoimnuHi MoH, (Bepmuuax Kxces i
Kxcemn ), cipamoBawi mo ii meuTpy (O), AKui (3a JOCKOHAJIOI I'PATHUIII)
3HAXOAUTHLCS Ha IOAOBXKHIN oci 3paska (puc.1). Takum umHOM, IIJIO-
IIMHA IIomepevHoro mnepetuny MoH,, B3OOBK HepuMeTpy AKO1 30cepe-
IKEeHO MaKCHUMAaJbHUN cyMapHUU e(DeKT BiJi YKOPOUEHHA yCiX MixkaTo-
MOBHUX Bigjajieil B3LOBK aTOMaPHUX JIAHITIOMKKIB 11 pagigapHuX HAIIPA-
MKiB, IPOXOAUTH KPidh Bepmmuy Kxcm (MakpocKoImiuHol muitku). Bo-
Ha, K Yy 3pas3Kax 3 JOCKOHAJIOI0, TaK i pealbHOI0 OyJOBaMU I'DATHUID,
dopmye mpupoaHiii KKen , AKMil € IOBHUM aHAJOTOM IIITYUYHNX IIOBEP-
xHeBUX K™, KOTpi BUKOPUCTOBYIOThLCS B MexaHii. IToBepxHi ycix mak-
Po- Ta MiKPOCKOIIiYHMX 30BHIMIHIX i BHyTpimuix KH (y Buraaai pisamx
MIOPOKHUH 3 OLJIBITMME 3a MisKaTOMOBi Bigmasi posMmipaMu) MaioThb Of-
HAKOBY aTOMapHy OyZoBy. i mpeacTaBieHo (IIOLiOHIMHE IO BiKe POBTJIA-
HYTHUX) IIapaMu 3 IIOJOBMKHBLOT'O Ta IIOIIEPEeYHOro 0a30BUX JIAHIIOMKKIB,
KOTpi mepeTUHAIOTHCA yV MOFIOHUX 10 MoH, IIOIMIMHAX 3 YTBOPEHHAM
HOBUX BePIIUH KOMIIJIEKCHIUX BHYTPIITHIX CTAaHAAPTHUX eJIeMeHTapHUX
MikpockomiuHnx moBepxHeBux K~ (KxBcemm ). Ixui Bigmosizui Habopu
IIepeTBOPIOIOTEL nepBuHHI KH y 6inbmt He6esneuni. Takum unHOM, Y 3a-
MIPOIIOHOBAHOMY MO0 Ipoliec yTBopeHHA K Ha ycix macirrabuux pi-
BHAX aTOMapHOI OyIOBY KPUCTATIUHUX I'PAaTHUIIL METAJEeBUX MarTepi-
AJIB aXK 10 MaKPOITUHUKY 3 BEPIIIUHOIO, PO3TAIIIOBAHOIO B IIOBEPXHEBOMY
mrapi spaska B IJIOIIMHI BTPATH HOT0 MeXaHivHOl CTIMKOCTH, OTPUMAaB
He TiJbKU JIOTiuHNI 3B’A30K, a i (isuuHe OOI'PYHTYBaHHSA, AKe HaJIae
MOKJIMBICTb IOACHIOBATH YCi eKCIIepUMEHTAJIbHI pe3yJabTaTu, IPUUYOMY
BKasaHO Ha OesmocepenHiil 3B’A30K ycix K aTromapnoro piBHs 0ymoBu
MTOCKOHAJIOI I'paTHUII 3 iHIMuMHY BugamMu K, aKi MOKYTh OyTH IpUCYTHI
B peaJIbHUX MeTAaJIeBUX MaTepisdjax i Bupobax, Ta BU3HAUEHO iXHIO Bif-
MOBiadbHICTL 3a GOPMYBAHHS MEXaHIUHUX i CayKOOBUX XapaKTepuc-
TUK BUPOOiB AK B MelKaxX IUIACTUUYHNX, TAK 1 KPUXKHUX peJaKcalliii. 3a-
BOAKU 3aKJIaJeHUM IIePBUHHUM IIPUHITUIIAM, ITI0 IIOB’A3aHi 3 IMepIIoI-
pUuYMHAMU SABUII, IKi BigOyBaiOTbCA, 3aIIPOIIOHOBAHUU MOMEJb Mae€
MIPaKTUYHO HeoOMeKeHe MeTaJIeBUMU MaTepifjaMu mojie BUKOPUCTAH-
Hd, IKe MOoKe OyTH IIOIIMNPeHe He TiJIbKM Ha iHII mijicHi, TBepAi Kpuc-
TANiYHiI Ta HeKPUCTAJNiuHi Tijma, a ¥ Giosoriumi 06’eKTu Ta rpyutu. AK
BUSBJISIETHCSA, CIIPaBa OB’ sI3aHAa 3 BU3HAUEHHSIM BeJUYNH BiAIOBIZHUX
CTPYKTYPHUX €JIEMEHTiB Ta YMOB 3B’ A3KiB iX 3a BTpaT MexaHiuHOI CcTiii-
KOCTH.

4. BUICHOBRKH

3anpomnonoBaHi yaBJeHHA npo K m00pe y3romKyIOThCSI 3 eKCIepUMeH-
TaJbHUMHU Ta TEOPETUUHUMHU Pe3yJIbTaTaM!, OfepP:KaHnMHU AK Ha MOHO-,
TaK i Ha MOJNIKPUCTAJIUYHUX CTaHAX PiSHMX MeTaJIiB Ta iXHiX CTOIiB.
Mogens 3maTHUM TPOTHO3YBATHU IIJIAXY PO3SBUTKY MPOIIECiB 3a MJIACTU-
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YHUX i KPUXKUX peJaKcalliii 3a 0yAb-IK1UX CXeM BUIIPOOYBAHb i IIIBU/I-
KoCTell HaBaHTa)KeHb 3aBAAKU MOKJaJIeHUM B MO0 OCHOBY IPUHITUTIAM
IIePBUHHOTO yTBOpeHHA K Hampy:KeHb Ha aTOMapHOMY piBHiI OymoBu
KPHUCTAJIUHNX I'PATHUIL METAJIEBUX MaTepidxis. O3HaueHe mae 3MOTy
BIIEPIIIe HANIPSAMY 3B’ A3aTU OCOOJMBOCTI IMMOBEHiHKM aToMapHOI O0ymoBuU
MeTaJIeBUX MATepisajiB 3a ixHiX BUOPOOYBaHb 3 MAKPOCKOIIIUHNMH OCO-
OJIMBOCTAMY PO3MipHUX IMapaMeTpiB BUPOOiB i BU3HAUEHHAM IIPOBigHOI
poJii ixHixX cmiBBigHOIIIEHs ¥ (DOPMYBaHHI YABJIEHDb IIPO ILIAXU pPejlaK-
califHMX IIPOIleCiB, AKi Bi0yBAIOTLCA Ta € BiAMOBiZaJIbHUMH 34 PiBHI
MeXaHiuHNX i cIy:KO00BUX XapaKTEepUCTUK, IKi 3aJIe/KaTh He TiIbKY Bif
3MiH TepMOAMHAMIUHUX IapaMeTpiB, a ¥ BiJf NIBUJAKOCTU HaBaHTaXKeH-
HdA, AKe, B 3aJIeKHOCTiI BiJ CIIiBBiAHOIIIEHb PO3MipHMX IIapaMeTpiB,
perjaMeHTye BiAIOBiAHI PisKHHUIII B PIiBHAX i MIBUJKOCTAX 3POCTAHHS
HaIpy:KeHb y BepimnHax K, aKi OpUpogHIM HLISXOM BHMHHKAIOTH Mif
Ii€ero TUX JKe HAIIPYyKeHb Ha 30BHINTHIX i BHYTPIIITHIX ITOBEPXHAX BCEpPe-
IUHI 3paskiB 3a Bzaemogii 3 inmumu K HecTaHIapTHOTO Ta BUIIAAKOBOTO
MOXOJI’KEeHH.

Bce HaBemeHe CBiAUNTE IIPO Te, 10 3aIIPOIIOHOBAHII MO EJIb, 3aCHOBA-
HUI Ha IIepBUHHUX IIPUHIINIAX B3a€MOJIl aTOMiB MeTaJIeBUX I'PATHUILb,
OB’ A3aHUX 3 PeaJbHUMU 3MiHAMHI IXHiX MiKaTOMOBUX BifmaJeir 3a Ha-
BaHTa)XeHb 3 yciMa HacJaigKaMu, € OiJIbII JOCKOHAJINM i IIPOI' PEeCUBHUM, B
TOMY YHCJIi 11 3a Oflep;KaHNMU Pe3yJabTaTaMU, Y HOPiBHIHHI 3 MOIEJIsIMU,
3acHOBaHUMMU Ha ab initio-po3paxyHKax abo BUKOPUCTAHHI METOIiB MO-
JeKyaapHoi Ta 2D- it 3D-gucaokamiitunx guHaMik [47—-54].
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ing equations. Results show that the Viola—Tornabene model produces the
highest frequencies, followed by power-law and trigonometric models. Mass-
density porosity yields maximum frequencies, while even porosity gives min-
imum values. Increasing porosity coefficient generally increases frequencies,
except for even porosity. Increasing thickness-to-span ratio decreases fre-
quencies across all models. The findings provide insights for optimizing
functionally graded porous plate designs.

Key words: functionally graded materials, elastic foundations, homogeniza-
tion models, dynamic response, porosity, fundamental frequencies.

B pobori mpoBeneHo uncioBy aHAMIBy AUHAMIUHMX ITapaMeTpiB BiATYyKiB ¢yH-
KI[iOHAJIBbHO rpafieHTHMX mopuctux miactud Al/Al:Os. Mocaigsxeno BIius
KJIIOYOBUX IIapaMeTpiB, 30KpeMa BiJHOIIEHHA TOBIIWHU O JOBKUHU IIPOJIHO-
Ty Ta KoedirienTa mopucTocT, Ha 6e3po3MipHi ocHOBHI uactoTu. Pisui mozeri
MiKkpoMmexaHiuHOI romorenisarii (3a @oxtom, Mopi—Tamaku, LRVE, Tamy-
poio, Paiiccom) 3acTocoBaHO A0 pisHUX mpo(diniB posmomisy 06’eMHOI YacTKuU
MaTepisanay (cTemeHeBOT0, YoTUpomapamerpuyHoro Bionu—Topuabene, Tpuro-
HOMETPUYHOT0). PO3riIAHYyTO YOTMPY MOJ€eIi 3MiHM IOPUCTOCTU: ITAPHUM, He-
TMapHUH, JOTAPUTMIYHO-HemapHuil i MacoBo-MIiabHUN. 11 po3B’ A3aHHA Kepi-
BHUX PiBHAHb BUKOPHCTOBYETHCA METOJ Po3B’s3aHHA 3a Har’e. PesysmbpraTu
MMOKa3yloTh, M0 Mozenb Biomu—TopHabeme mae HAWBUINI YacTOTH; 3a HEIO
UOyTH CTEIIeHEBi Ta TpUroHOMeTpuYHi Mogeri. MacoBo-11iyibHA TIOPUCTICTE ae
MaKCHUMAaJbHI YaCTOTH, TOAI K IapHA MOPUCTICTDL Ja€ MiHiMaJbHiI 3HAaUEHHS.
30imbiIeHHa KoedilieHTa TOPUCTOCTY 3a3BUYAl 30iIbIITye YACTOTH, 34 BUHSA-
TKOM BUIIAAKY ITapHOI MOPUCTOCTU. 30iMBbINEHHA BiHOIIIEHHA TOBITUHA A0 I0-
BXXUHU IPOJILOTY IOHIIKYE YaCTOTH Y Beix Mozxenax. OmeprkaHi pesyabraTu fa-
I0Th YABJIEHHS IPO ONTHMIi3allil0 KOHCTPYKIiN (DYHKI[IOHAJIBLHO I'DAJiEHTHUX
IIOPUCTUX IIJIACTHH.

KarouoBi ciioBa: GyHKITiOHATBHO I'PANi€HTHI MaTepidAau, MPYKHICTH, MOAEi
romorenisarii, TmHaMiYHUI BiATYK, TOPUCTICTh, OCHOBHI YaCTOTH.

(Received 1 August, 2024; in final version, 27 August, 2024 )

1. INTRODUCTION

Functionally graded (FG) materials (FGMs) have gained significant
attention in engineering applications due to their ability to exhibit
spatially varying properties. These materials offer advantages in
terms of thermal resistance, reduced residual and thermal stresses,
and improved fracture toughness. The introduction of porosity in
FGMs can further improve their performance by reducing weight and
modifying mechanical properties.

This study focuses on the dynamic behaviour of functionally graded
Al/Al;O; plates with porosity. The analysis of such structures is cru-
cial for their effective design and application in various fields, includ-
ing aerospace, automotive, and civil engineering [1-3].
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Various research endeavours have contributed significantly to this
domain. Addou et al. investigated the dynamic response of functional-
ly graded plates resting on Winkler—Pasternak—Kerr foundations with
varying porosity levels [4]. Their study, employing a simple quasi-3D
hyperbolic theory, scrutinized the influences of gradient index, poros-
ity, foundation stiffness, mode numbers, and geometry on natural fre-
quencies. Similarly, Zaoui et al. conducted flexural analysis on FG
plates supported by elastic foundations, employing novel 2D and quasi-
3D higher-order shear deformation theories [5].

Furthermore, the collective contributions of Damani et al., Merdaci
et al., and Mahmoudi et al. have enriched the field by investigating var-
ious aspects of porous FG plates, including bending, vibration, and dy-
namic analysis. They employed diverse shear deformation theories and
examined the effects of different parameters on mechanical behaviour.
Similarly, the works of Berkia et al., Billel, and Benaddi et al. have sig-
nificantly advanced the understanding of FGM and nanoplates. Their
research includes the effects of parametric homogenization models
such as by Reuss, LRVE, and Tamura ones on natural frequency, axial,
and shear stress, and the factors influencing the vibration behaviour
of FGM nanoplates [6—11].

Researchers have explored advanced computational techniques and
homogenization models to conduct accurate analyses of porous FG
plates. Yin et al. introduced a scaled boundary finite element method
for bending and free vibration analyses [12]. Al Rjoub and Alshatnawi
utilized artificial neural networks to predict natural frequencies [13],
while Hu and Fu delved into the intricate effects of porosity distribu-
tion and grading patterns on the free vibration response of FG plates
[14]. Kaddari et al. investigated the statics and free vibration of FG
porous plates on elastic foundations, employing a novel quasi-3D hy-
perbolic shear deformation theory [15].

Additional studies have further expanded our understanding of po-
rous FG structures.

Sharma et al. introduced a 3D degenerated shell element approach
for free vibration analysis [16]. Sah and Ghosh explored the free vibra-
tion and buckling behaviour of multi-directional porous FG sandwich
plates [17], while Kumar et al. conducted free vibration analyses of ta-
pered FG plates with porosity [18,19]. Shahsavari et al. proposed a
novel quasi-3D hyperbolic theory for free vibration analysis of FG po-
rous plates on elastic foundations [20].

Researchers utilize various mathematical laws to describe the spa-
tial variation of material properties in FGMs, including exponential
[21], sigmoid [22], and power-law [23] distributions. Further studies
have examined aspects such as elastic buckling, vibration response,
and thermal behaviour of porous FG structures [24—31].

The present work aims to provide a comprehensive analysis of the
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dynamic responses of porous functionally graded plates by considering
various factors: different micromechanical homogenization models (by
Voigt, Mori—-Tanaka, LRVE, Tamura, Reuss), material volume frac-
tion distribution profiles (power-law, Viola—Tornabene four-
parameter, trigonometric ones), porosity variation patterns (even, un-
even, logarithmic-uneven, mass-density ones), effects of thickness-to-
span ratio and porosity coefficient.

By employing the Navier solution technique and conducting para-
metric studies, this research seeks to offer valuable insights into the
behaviour of porous FGM plates under dynamic loading conditions.
The findings of this study will contribute to the optimization of FGM
designs for various engineering applications.

2. THEORETICAL FORMULATIONS
2.1. Geometry and Material Properties

We examine an isotropic functionally graded rectangular plate made
of a porous material whose properties vary in the thickness direction.
The plate has thickness &, length a, and width b. A co-ordinate system
O(x, y, 2) is defined with the origin at one corner of the mid-plane of
the plate, as shown in Fig. 1, a. The edges of the plate are aligned with
the x and y axes. The plate material is isotropic in the (xy) plane.

The plate has isotropic material properties P(z) that vary through
the thickness direction z. Two key properties, Young’s modulus E(z)
and mass density p(z), follow a power law distribution:

1 =z
_+_

P(z) = B, +(F, —Pb)(z X

] —E2(9), (1)

where Py(z) are the values at the bottom face and Py(z) are the values at
the top face. The exponent A is a gradient index that controls how rap-
idly the properties change through the thickness. The porosity varies
through the thickness based on a distribution function Z(¢). We exam-
ine two specific forms for Z(¢) determined by a porous coefficient ¢
(0<¢$<0.5)as shown in Fig. 2:

evenly distributed porosities P1 with

E(9) =P +R)/2; (2)

unevenly distributed porosities P2 with

==L+ p[1-2H 3)
2t TP h)



PARAMETRIC INVESTIGATIONS ON DYNAMIC RESPONSES 1243

Bottom face: metalic

Fig. 1. Co-ordinates and geometry notation.

Fig. 2. Illustration of different patterns of porosity variations: evenly dis-
tributed porosities P1 (a), unevenly distributed porosities P2 (b).

2.2, Displacement Field

The four-variable hyperbolic quasi-3D shear deformation theory
(FHQSDT) proposes a mathematical model for describing the displace-
ment behaviour of FG platesu; (i=1, 2, 3):

ul(x, Y, 2) =1u, l(x, y) — zw + Q)(Z)M ,
' 0x ox
Uy (%, Y5 2) = U (%, Y) — Z%yx’y) + @(z)w, (4)
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Ug (.’JC, Y, Z) =Uys (x’ y) + F(Z) Up 4 (x’ y) ’

where uo.1(x, y), wo.2(x, y), wos(x,y), and uo.s(x, y) are displacements in
the directions of x, y, and z, ®(z) and I'(z) are the shape functions in the
longitudinal and transverse shear displacement distributions respec-
tively with the following expressions for ®(z) and I'(z):

zsech(2z /h) 2(1-th1) (5)
h hchl ~°

F(Z):iseCh(%j[l_%th(%j_Ch(%Jl_thlJ- ©)
3h h ok h) chl

2.3. Stress—Strain Relationship

D(2) =

With small plate strains assumed, strains are related to displacements

and their derivatives through an equation. This connects the displace-
ment field to strains as follow:

E={e,, €, Yy €.} =& + 52+ D(2)g, + &54,
0D(2) (7
Y=V v} = ( + F(Z)) &5
in which
Oy azuo.s a2“0.4
Ox ox? ox?
Oy, 62u0.3 a2“0.4
51: ay ’52: ayz 753: 5!/2 ’
Otty.y + Oty 2 Oty 2 Oty
oy ox dxdy dxdy
0 0 0
0 ou,,
0 ox
- T = 3
= 0 % OUy 4 ®)
Up 4 %y

For linear elastic FG plates, Hooke’s law relates stresses to strains
through elastic coefficients. The coefficients vary continuously across
the plate thickness:
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O x @,(2) Q;(2) @;(2) 0 0 0 €.,
Oy Q,(2) @yy(2) Qy(2) 0 0 0 €,
0| 0@ @@ @ 0 0o [fa] o
T,z 0 0 0 Q,(2) 0 0 Yye
Tz 0 0 0 0 Q55(2) 0 Yz
Ty 0 0 0 0 0 Qs(2)] Vs,

®i;(i,j=1, ..., 6)are the elastic coefficients calculated as follows:

B B _ E(z)1-v)
Q),(2) = Q,,(2) = Qy(2) = 2001 0)
B B 3 E(z2)v
Qur(@) = Qi) = Qu@) = 5~ (10)
E(2)

Q44(2) = Q55(2) = Qes(z) = 2(1 N \_)) .

The governing equations for porous FG plates on elastic foundations
are derived using Hamilton’s principle. They mathematically repre-
sent bending and vibration behaviours:

t
[(8U, +8U, +8V -8K) dt = 0. (11)
0

The expressions mentioned represent modifications of the elastic
strain energy 6Up, the elastic strain energy associated with the founda-
tion 8Ur, the potential energy due to external loads 8V, and the varia-
tion of the kinetic energy of the plate 0K.

A detailed explanation of these energy variations is provided in the
following sections:

h/2

8Up = [ [ (086, +0,88, + 0,06, + 1,87, +1,.8,, + 1,07, )dz dA,, (12)

A -h/2
2 2
SUF :j kwug—ks % + % 8u3 dA, (13)
A ox 6y

8V=.[Aq du, dA, (14)

h/2
8K = [ [ pluydu, + 0, + uydit,)dz dA . (15)

A —h/2

duLo.2, Ollo.3, Ollo.4 tO Zero:
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ON ON ) i
6u01 xx Xy __ T;)uo L Tl au03 + 7’; au’0.4 "
ox dy ox
Suy ON,, n ON,, T, , — T, Oty 5 + T, Oty 4 ,
ox oy oy
2 *M,, o°M 2 2
8uo 3 aajwzxx 2 P axy P zyy kwuos + ks [aau(;g + aaug3j = Touos +
(16)
.. .. 2 .. 2 .. 2 .. 2 ..
+Tl (a;l'o.l + a;‘0.2 j _ T2 (6611‘02.3 + 6@“‘(;.3 J + T4 [aauoz.zi + aau%4 ] + Tzsiio.v
X y x Y X Y
2 2
Su . 6zsxx + 2 a Sxy + a S.l/.'/ + _ anz _ aQ.'/Z —
0.4 °

ox® oxdy oy’ = ox oy

.. . 2. 9. 9 .. 2.
=T, ago‘l + Oldyy | _ T, 0 u02.3 + 0 ug.s + T, 0 uo2.4 + 0 u(;A Ty 5 — Ty ,»
x oy ox oy ox oy

wherein N;;, Myj, Sij, Qizy N2, and T (i =0, ..., 7) are defined as follow:

h/2
[N, M,,S,]= j [1, 2, ®(2)]o,dz (i, = x,Y) , (17)
-h/2
h/2
Qij = I (a(D(Z) + F(Z)j Tide (l’.] =X, y)a (18)
h2 0z
h/2
N, = | [—8r(2)j022d2, (19)
e 0z

{1,,1,,1,,T,,T,, T;, T;, T,} =
/2

= [ pll,2,2°,0(2), 20(2), ®*(2), [(2), T (2)}dz.

~h/2

(20)

3. NAVIER SOLUTION TECHNIQUE

This study investigates simply supported rectangular FG plates. The
plates are subject to the following boundary conditions:

uO.l :u0.3 :u0.4 :Nxx :Mxx :Sxx :sz :Oatx:()’a’

(21)
Upy =Uyg =Uy, =N, =M, =S, =N_=0aty=0,0.

The Navier solution method can be employed to obtain an analytical
solution to the governing Eqgs. (16) by assuming the following forms
for the unknown quantities uo.1, %o.2, Uo.3, Uo.4, and q:
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Uy, = . U™ cos(hx) sin(ny) ,

m=1 n=1

Uy, = D D Upte sinkx cos(uy),

m=1 n=1

Upsz = Z ZU:;nneiwm"t sin(Ax) sin(py), (22)

m=1 n=1

Uy, = . > Upte sin(hx) sin(ny),

m=1 n=1

7= g, sin(hx) sin(uy) ;

m=1 n=1

um,u,”, U, U™ are coefficients to be determined, and the eigen fre-
quency o, is associated with (m, n) eigen mode. Substituting Eqgs. (22)
into Egs. (16) yields the algebraic equations written in matrix form:

By, Ry, ks Rk, m, 0 my; m, U 0
Ry Ry Ry ky B 0 my, my my (Dfn ) Uz: : _ 0 (23)
Ry Ry Ry ky Mz My Mgy Mgy U Qnn
Ry Ry ky Ry my My My, My, U 0
with

By, = ‘4117L2 + Aesuz’ By = (A, + A, kg = _3117‘3 —(B,; + 2By )7““2 ’
k, =—-H \+ CHKS +(C,, +2C u?, Ry, = Aﬁﬁkz + Azzuz "

by, = —(B,, + 2B ST 322”3’ By = —Hygp + (Cyy + 2C, A + szug ’
ks, = D11(7“4 +ut)+ 2(D,, + 2D W2u® + k, + kS(K2 +u?), (24)

ky, = Ilg(k2 +u?) - F11(7“4 +ut) - 2(F, + 2F66)}\’2 2
ky, = Lo, + 2+ },tz)(K44 —2J;)+ G11(7”4 +ut)+ 2(G,, + 2G66))\‘2 2
my, = my, =Ty, myz = -T)A, my, = Th, my;, = -Tip, my, = Top,
Mg = Ty + Ty02 + 1), iy, = Ty = T,02 4 02, my, =T, — T, 02 + 129

4. NUMERICAL RESULTS AND DISCUSSION

4.1. Comparison and Validation Study

In this section, we conduct a thorough comparison and validation
study centred on the dynamic behaviour analysis characteristics of
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TABLE 1. The properties of the materials.

Properties
Material
E, GPa p, kg/m3
Aluminium (Al) 70 2702
Alumina (Al:03) 380 3800

functionally graded plates. Non-dimensional fundamental frequencies
predicted using the current power-law, four-parameter Viola—
Tornabene, and trigonometric models are benchmarked against pub-
lished literature values. Four different patterns of porosity variations
are applied to analyse further the present approaches by comparing our
results with work of Addou et al.[4].

The material properties of the functionally graded materials em-
ployed in this study are listed in Table 1.

The results align well with previous studies, validating the accura-
cy. This analysis confirms the method’s reliability and potential im-
pact, demonstrating its ability to capture the effects of geometric rati-
os and material gradation on FG plate vibration characteristics. The
proposed model proves valuable for understanding and optimizing
FGM structures.

4.2, Parametric Study and Effect of Porous Coefficient ¢ on the Non-
Dimensional Fundamental Frequencies

Figures 3 and 4 illustrate the impact of porous coefficient ¢ on the non-
dimensional fundamental frequencies ®» response of a functionally
graded Al/Al;Os plate (gradient index A=1). The study explores the
influence of three different models for distributing material volume
fractions through the plate thickness: power-law model, Viola—
Tornabene four-parameter model, and trigonometric model are further
compared across four different models for porosity conditions are con-
sidered: perfect, even porosity, uneven porosity, logarithmic-uneven
porosity and mass-density porosity each with varying porosity coeffi-
cients (¢ =0-0.05-0.10-0.15-0.20).

Regarding the material volume fraction distribution models, the
Viola—Tornabene four-parameter profile leads to the maximum @ val-
ues followed by the power-law and finally the trigonometric model,
which shows the minimum frequencies. Moreover, the impact of mass-
density distributed porosities is greater followed by uneven distribut-
ed porosities and logarithmic-uneven distributed porosities respective-
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ly, than the even distributed porosities which shows the minimum fre-

quencies.

It is important to note that an increase in the porosity coefficients ¢
leads to an increase in the non-dimensional fundamental frequencies ®
except in the even distributed porosities, which shows a decrease of
frequencies with the increase in the porosity coefficients ¢.

The findings indicate that within the patterns of porosity variations,
the mass-density distributed porosities consistently yields the highest

TABLE 2. Comparison of the non-dimensional fundamental frequencies of
square plate with A =1.

Even Uneven Logarithmic- Mags-
h/a Model [0} . . uneven po- density | Perfect
porosity | porosity rosity porosity
0.05 8.8888  9.0368 9.0368 8.6248
Power-law[4], 0.10 8.7852  9.0456 9.0456 8.1224 o o0
Voigt 0.15 8.5656  9.0552 9.0544 7.4713 )
0.20 8.3728  9.0656 9.0640 6.5652
b | 0.05 8.9471 9.1716 9.0527 9.2585
ower-law .10 8.8555  9.3317 9.0810 9.5123
Bl 015 87451 95062 91089  9.7882 o
0.20 8.6100 9.6973 9.1363 10.0895
0.05 Viola— 0.05 11.1603 11.3145 11.1756 11.3682
Tornabene 0.10 11.2304 11.5503 11.2560 11.6610
four- 0.15 11.3075 11.8066 11.3375 11.9777  9.0240
parameter
(present), .20 11.3927 12.0861 11.4202 12.3216
Voigt
. ~0.05 7.7670  8.0537 7.9407 8.1672
Trigonometric o 19 75512  8.1736 7.9360 8.4117 4
Plsel 015 7.2799 83038 70286  8.6794 O
0.20 6.9275  8.4458 7.9181 8.9745
0.05 8.6992  8.8408 8.8402 8.4432
Power-law[4], 0.10 8.5520  8.8464 8.8458 7.9568 o oo
Voigt 0.15 8.3898  8.8532 8.8526 7.3262 )
0.20 8.2058  8.8606 8.8594 6.4470
0.05 8.7498  8.9649 8.8483 9.0523
fgxgzéi‘;" 0.10 8.6627 9.1190 8.8732 9.3007 8.8229
0.10 Voigt ~~ 0-15 85575  9.2870 8.8977 9.5706 )
0.20 8.4287  9.4710 8.9215 9.8655
Viola— 0.05 10.8413 10.9878 10.8527 11.0453
Tornabene 0.10 10.9072 11.2112 10.9250 11.3297
four- 0.15 10.9796 11.4537 10.9982 11.6373 10.7812
parameter
(present), 020 11.0597 11.7180 11.0723 11.9714

Voigt
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Continuation of Table 2.

0.05 7.5845 7.8586 7.7480 7.9731
0.10 7.3767 7.9716 7.7393 8.2119
Trigonometric 0.15  7.1156  8.0942 7.7277 8.4735
(present), 0.20 6.7764  8.2278 7.7127 8.7617  17.7540
Voigt 0.10 7.1168  17.6727 7.4483 7.9150
0.15 6.8704  7.7847 7.4313 8.1673
0.20 6.5502  7.9067 7.4107 8.4455
0.05 8.0635 8.1795 8.1795 7.8280
Power-law[4], 0.10 7.9385  8.1800 8.1800 7.3930
Voigt 0.15 17.8015 8.1815 8.1810 6.8285
0.20 17.6450 8.1835 8.1830 6.0395
b | 0.05 8.0966 8.2831 8.1743 8.3708
r-law
(&Z‘éenm, 0.10 8.0231 8.4186 8.1897 8.6009 o .o,
Voigt 0.15 7.9341 8.5663 8.2044 8.8511
0.20 17.8247  8.7282 8.2184 9.1245

8.180

0.20 Viola— 0.05 9.8296  9.9537 9.8309 10.0199
Tornabene (.10 9.8834 10.1408 9.8814 10.2778
four- 0.15 9.9426 10.3436 9.9321 10.5567 9.7804
parameter
(present), .20 10.0079 10.5643 9.9829 10.8596
Voigt
. ~0.05 6.9870 7.2228 7.1203 7.3385
Trigonometric o 10 8041  7.3157 7.1011 7.5586
(present), 7.1365
Voigt 0.15 6.5747  17.4162 7.0786 7.7999

0.20 6.2767  7.5253 7.0524 8.0658

estimates for the non-dimensional fundamental frequencies ®, fol-
lowed by the uneven distributed porosities and logarithmic-uneven
distributed porosities respectively, while the even distributed porosi-
ties provide the lowest predictions.

Concerning the models describing material volume-fraction distri-
bution, the Viola—Tornabene four-parameter profile produces the max-
imum values for non-dimensional fundamental frequencies w, followed
by the power-law model, with the trigonometric model exhibiting the
minimum frequencies.

As the value of the porous coefficient, ¢ increases, there is a rapid
increase in non-dimensional fundamental frequencies ®, except in the
even distributed porosities in the power-law model and the trigono-
metric model, which shows a decrease of frequencies with the increase
in the porosity coefficients ¢.

Figures 5 and 6 illustrates the impact of thickness-to-span ratio #/a
on the non-dimensional fundamental frequencies o response of a func-
tionally graded Al/Al;O; plate (gradient index A= 1) and porosity coef-
ficients (¢ =0.10). The study explores the influence of three different
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Fig. 3. Effect of porous coefficient ¢ on the non-dimensional fundamental fre-
quencies for Al/Al:Os-interface plate with different homogenization models
(A=1,h/a=0.1).

models for distributing material volume fractions through the plate
thickness: power-law model, Viola—Tornabene four-parameter model,
and trigonometric model and further compared across four different
models for porosity conditions are considered: Perfect, even porosity,
uneven porosity, logarithmic-uneven porosity and mass-density poros-
ity each with varying porosity coefficients (¢ =0-0.05—-0.10-0.15-
0.20).

The results of Figure 5 demonstrate clear trends in fundamental
frequency predictions across the different modelling approaches. The
Viola—Tornabene four-parameter distribution model produces the
highest frequencies, followed by power-law model, while trigonometric
model give identical lower estimates. For the different patterns of po-
rosity variations, the mass-density distributed porosities yields maxi-
mum frequencies, followed by the uneven distributed porosities and
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Fig. 4. Effect of porous coefficient ¢ on the non-dimensional fundamental fre-
quencies for Al/Al:Os-interface square plate with different patterns of poros-
ity variations (A=1, k/a=0.1, B =k =0).

logarithmic-uneven distributed porosities respectively and even dis-
tributed porosities the minimum. A distinct effect of increasing thick-
ness-to-span ratio h/a is observed, with a rapid decline in non-
dimensional fundamental frequencies as the index grows. This &/a-
dependent reduction occurs irrespective of the model utilized.

The findings indicate that within the different patterns of porosity
variations models, the mass-density distributed porosities consistently
yields the highest estimates for non-dimensional fundamental fre-
quencies o, followed by the uneven distributed porosities and loga-
rithmic-uneven distributed porosities, while the even distributed po-
rosities provide the lowest and predictions.

Concerning the models describing material volume-fraction distri-
bution, the Viola—Tornabene four-parameter profile produces the max-
imum values for non-dimensional fundamental frequencies m, followed
by the power-law model, with the trigonometric model exhibiting the
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Fig. 5. Effect of thickness-to-span ratio 4/a on the non-dimensional funda-
mental frequencies for Al/Al:0s-interface plate with different homogeniza-
tion models (A=1, $=0.1).

minimum deflection.
As the thickness-to-span ratio h/a increases, there is a correspond-
ing decrease in the non-dimensional fundamental frequencies .

5. CONCLUSION

This study presents a comprehensive analysis of the dynamic responses
of porous functionally graded Al/Al;O; plates using various homoge-
nization models and material distribution profiles. The following key
conclusions can be drawn.

1. The Viola—Tornabene four-parameter model consistently produces
the highest non-dimensional fundamental frequencies, followed by the
power-law model, while the trigonometric model yields the lowest fre-
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Fig. 6. Effect of thickness-to-span ratio Z/a on the non-dimensional funda-
mental frequencies for Al/Al:Os-interface plate with different patterns of
porosity variations (A=1, ¢ =0.1).

quencies across all porosity patterns.

2. Among the porosity variation patterns, mass-density distributed
porosities result in the maximum frequencies, followed by uneven and
logarithmic-uneven distributions, with even porosity distribution
showing the minimum frequencies.

3. Increasing the porosity coefficient generally leads to an increase in
non-dimensional fundamental frequencies, except in the case of evenly
distributed porosities, which shows a decrease in frequencies with in-
creasing porosity.

4. The thickness-to-span ratio has a significant impact on the dynamic
response, with increasing ratios resulting in a rapid decline in non-
dimensional fundamental frequencies across all models and porosity
patterns.

5. The proposed analytical model demonstrates good agreement with
previous studies, validating its accuracy and reliability for predicting
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the dynamic behaviour of porous FGM plates.

These findings provide valuable insights for the design and optimi-
zation of functionally graded porous plates in various engineering ap-
plications. The results can be used to tailor the dynamic properties of
FGM structures by selecting appropriate material gradation profiles,
porosity patterns, and geometric parameters. Future work could explore
the effects of different boundary conditions, thermal loads, and more
complex geometries on the dynamic behaviour of porous FGM plates.

This work was supported by the University research and training
projects (PRFU), code A01L02UN220120200004, which provide es-
sential support for doctoral training in higher education institutions
in Algeria.
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