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Xapakrepucturu /:xozedpconoBux konraxktie Nb/Al/AlO,/Nb,
copMoOBaHNX 32 CIIPOIIEHOI0 METOTUKOIO

A. O. Kanentor™, A. Il. Illanosanos™""

‘Themumym memanogizuxu im. I'. B. Kypdwomosa HAH Ykpainu,
6ynve. Axademira Bepradcvkozo, 36,
03142 Kuis, Ykpaina
“Kuiscvruil akademivnuii ynisepcumem HAH ma MOH Ykpainu,
oyave. Axademira Bepradcvrozo, 36,
03142 Kuis, Ykpaina

Jx03e)cOHOBI ITEPEX0AY ITUPOKO 3aCTOCOBYIOTHCA Y AKOCTi T'OJJOBHOTO eJieMe-
HTY Pi3HUX UyTJIMBUX IpuIaxiB, Hanpuraan, y CKBIllax, kybirax, y mudpo-
BUX HaAIPOBiAHUX ejgeMeHTax. ToMy po3poOKa T€XHOJOTil MacoBOTO BUTOTOB-
JeHHS TAKUX IIePeXOMiB € aKTyaJbHOI IP0o06JIeMOI0 CyYacHOI MiKpOeJIeKTPOHi-
Ku. ['osToOBHUMU BUMOTaMu JI0 TEXHOJIOTII € IpocToTa ii peasnisarlii, moBToproBa-
HicTh Ta cTabilbHICTL XapaKTePUCTUK IIepexomiB. B pobori mpexcraBieHo aBi
CIIpoIreHi Ta Hab MIKeHi 1o cTanmapTHOI HanmiBupoBigHuKoBoi KMOH Texmoo-
rii BUroToBJeHHA IJIIBKOBUX Hi006ift0oBuX [[2K03e(hCcOHOBUX ITEPEeXOiB 3 IieseK-
TPUYHUM HIPOIIAPKOM 3 OKCHUIY aJIOMiHil0, AKi 3mificHeHi 0e3 BUKOPUCTAHHS
IOPOruX MpenusiinHuX 3a rINOMHOIO IaBiieHHs. IlokazaHa MOMKJIUBICTE (op-
MYBaHHA IKiCHOTO IIepexoay HaBiTh 3 IOPYIIMEHHIM BAKYYMY MidK OCamKeHHs-
MU IIePIIIOTO MIapy Hio0iio i HacTymHOro I1apy adoMiHio. 3HalgeHo, 10 3aCTO-
CYBaHHS JOJATKOBOIO IIapy isoJssaropy SiO: 3 BiKHOM y TOUYI[l KOHTAKTy BIU-
KJIIOUa€E MpsAMe IIPOTiKaHHA CTPYMY MiK BEPXHBOIO Ta HUIKHBOIO Hi0o6iltOBOIO
€JIEKTPOJ0I0 Ha KPadX MePexony i TMM caMe Aae 3MOTY IIOBHICTIO BUKJIIOUUTH
TPYIAOMICTKUHA IIpollec aHOAYBaHHA Kpaio. Bussieni IllamipoBi cxogmHKM Ha
BOJIBT-aMIIEPHUX XapPaKTEePUCTUKAX Ta MPUAYIIEHHA KPUTUYHOTO CTPYMY He-
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BEJIMKUM ITapajieIbHUM [0 ILIONINHY KOHTAKTiB MarueTHuM moJieMm 7 mTJ mifg-
TBEPKYIOTHh BUCOKY AKicTh BUroToBseHuX [[:xo3edcoHoBux mepexoniB. Oze-
psKaHi TeMIlepaTypHi 3aJIeKHOCTI BeJIMUYMHN €HepreTUYHOl IiIUHU go0pe y3-
romxyoThea 3 mMofeaem BKIII, mo BKasye Ha (opMyBaHHA KJjacuuuHoro SIS-
KoHTaKTy. Omep:KaHO TAaKOK TeMIePATYyPHI 3aJIe;KHOCTI KPUTHUUHOTO CTPYMY
Ta OHOPY TEePexOo[iB, 3 AKMX BUILIMBAE HEOJHAKOBA KPUTHUUYHA TeMIepaTrypa
BEePXHBOI Ta HUKHBOI €JeKTPOAHU, IO IMOSICHIOETHCA 3HAYHOIO PiZHUIEIO B iX
TOBIIMHIi. 3a JOIIOMOI'0I0 IPOBEJEHNX BUMipiB BUKOHAHO PO3PaXyHKHU BEJIUUN-
HU napamerpa MakkambOepa—CrioapTa, EMHOCTHA, HOPMAJIbHOTO OIIOPY Ta TOB-
IUHA JieJIeKTPUUYHOTO MPOIIAPKY KOHTAKTY. P0o3po0jeHi TeXHOJIOTii MOXKYTh
OyTH 3aCTOCOBAHi MJIsT MacoBOTO BUTOTOBIEeHHS SIS-I[:%03e()COHOBUX TEPEXO-
IiB 3 METOIO 3aCTOCYBaHb iX Y Cy4YaCHill MiKpOeJeKTPOHiIIi.

Karouori cinoBa: I[:xosedconis mepexin, treopia BKIII, Ianiposi cxonmuKu,
Hi00iii, eHepreTUYHA IIiJINHA.

The Josephson junctions are widely used as the main elements in various sen-
sitive devices, such as SQUIDs, qubits, and digital superconducting appli-
ances. Therefore, the development of technology for the large-scale fabrica-
tion of such junctions is an urgent problem of modern microelectronics. The
main requirements for the technology are simplicity of its implementation,
repeatability, and stability of transition characteristics. The paper presents
two simplified CMOS-like technologies for manufacturing thin film niobium
Josephson junctions with an aluminium oxide dielectric layer, which are im-
plemented without the use of expensive precision etching systems. As shown,
a high-quality Josephson junction can be formed even when the vacuum be-
tween deposition of the first niobium layer and the subsequent aluminium
layer is violated. It was found that the use of an additional SiO, insulating
layer with a window at the junction point excludes the direct current flow
between the upper and lower niobium electrodes at the junction edges and
thus allows completely exclude the laborious process of the edge anodizing.
The revealed Shapiro steps on the current-voltage characteristics and sup-
pression of the critical current by a small magnetic field of 7 mT parallel to
the junction plane confirm the high quality of the fabricated Josephson junc-
tions. The obtained temperature dependence of the superconducting gap is in
a good agreement with the BCS model that indicates formation of the conven-
tional SIS type junction. Temperature dependences of the critical current
and resistive transition of fabricated junctions are also obtained. From these
dependencies, it follows that the critical temperatures of the upper and lower
electrodes are unequal that can be explained by a significant difference in
their thicknesses. From the carried-out measurements, the calculations of
the McCumber—Stewart parameter, capacitance, normal resistance values,
and also the dielectric layer thickness in the junction were performed. The
developed technologies can be used for the large-scale production of SIS Jo-
sephson junctions for applications in modern microelectronics.

Key words: Josephson junction, BCS theory, Shapiro steps, niobium, energy
gap.

(Ompumano 17 nromozo 2022 p.; ocmamoyn. eapisnm — 11 cepnnsa 2022 p.)
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1. BCTYII

3 uacy BUHAXOAY IepIINX iHTerpaabHux cxeM y 1960-x pokax, HamiBI-
poBizHMKOBa IU(ppPOBa eJEeKTPOHIKA IPOAEeMOHCTPYBajaa MaiiKe eKCIIo-
HeHIIiliHe 3pocTamuA MaciITady inTerparii cxem. KinbkicTh Tpausucro-
piB Ha MiKpocxemi 3pocia Oinbllle HisK Ha BiciM mopAnkis, mocAraroouu
BeJIMUMH B Cy4YacHHX Ipomecopax moHagn 10° V¥V Toil ke wac posmipm
eJeMeHTiB iHTerpaJbHINX CXeMaX 3MEHIITUJINCS 3 AeCATKIB MiKpoH mo 7
HM i Mai:Ke TOCATIN ¢BOIX (pismuHUX MeK (KOJIM KBAHTOBi epeKTH € IIe-
PeIrKoa00 HOPMAaJIbHOI poOoTu). Maysio cyMHiBiB, 1110 HaAIiBIPOBiIHU-
KOBa IIPOMMCJIOBiCTL Oyne IIPOJOBKYBATH YIIAKOBYBaTU Ie OijbIire
TPAH3WCTOPiB Ha MiKpocxeMy 3a AOIOMOTOI0 TpuBuMipHOi (3D) imTe-
rpamii Ta iHIINX TigAXOAiB IPOTATOM IPUHANMHI Ile JeCATUIITTA. AJle
roJIOBHA MEPENIKOoia B IIbOMY — AOCATHEHHS MeXKi po3citoBaHHsA eHepril
~100 Br/cm?. YnHHUK, 3 SKUM II0B’A3aHe PO3CiAHHS eHeprii, oOMesxye
TaKTOBY YAaCTOTY CydacHUX IrporecopiB Ha piBHi ~4 I'Tm [1]. Tomy He
OUBHO, IO CHOTOAHI Hle iHTeHCUBHUH IIOINYK IIPUHITAIIOBO HOBUX ITif-
XOZiB MJIs 3aMiHM HaIiBOPOBIAHMKOBOI ejleMeHTHOI Oasu. Hampukian,
OyJia peajyiisoBaHa copo0a CTBOPUTU IPOTOTUII TPAHBUCTOPY 3 BYyTJIelie-
BO1 HaHOTPYOKM 3 poamipamu 1 um [2].

3acTocyBaHHSA €JIeMEHTIiB HAJAIIPOBiJHOI eJIeKTPOHIKK Ja€ 3MOTY J0-
CATTH KBAHTOBOI Me)Ki 1 3a0e3meunTy BHUCOKY eHeproeeKTUBHICTL 00-
YNCJIIOBAJIBHOI TexHikM. Hampukian, HaiOiabII INBUAKOLINHI HamiBII-
poBizHMKOBiI anasoro-nudpoBi neperBopioBaui (AILII), mo gocAramThb
rakToBOi yactotu 4 I'T1, MaioTh HUBBKY PO3PALHiIcTE (6—8 po3pamis).
Hanmnposiguukosi AIIII Ha ocHOBi mynToBanux I:K03e)cOHOBUX IIepe-
xoxiB SIS-tuny (HaAIPOBIZHMK—i30JIATOP—HAAIPOBITHUK), MOMKYThb
IIpaIioBaT Ha yacToTax AecATKu 'iral'epir i MmaTtu sHauHO OiIBIIY PO3-
panHicTs Ta eHeproeeKTUBHICTH [3]. 3 BuKopucrtanuam I:xosedcoHo-
BUX II€PEXO0AiB PO3p00JeHO YHiKaJbHI IpUIaan, TaKi K cTaHIaPTH BO-
JabTa [4], reHepaTopu 6e3lepepPBHOrO0 BUIPOMiHIOBAHHSA TEParepiroBoro
nissmasony [5], [6], kBanTOBI KOMipKM mam’aTi Ha ocHOBi CKBIy [7],
cuCcTeMU KBaHTOBUX obuncyieHb (KyoiTu) [8]. CTpym Kpiss [:Kozedconin
nepexif sByse co6o0 Gas3ouyTIUBUM iIHCTPYMEHT AJIA BUSHAUEHHA Ha/l-
npoBigHOI cuMeTpii mapameTpy nopAaky. TomMy criocTepeskeHHA TPaHC-
nopTy Kpisb l;Ko3edcoHiB mepexin Bigirpae BasKJIMBY POJIb ¥ BUBUEHI
caMoro SIBHINA HAAMIPOBIIHOCTH Yy HOBITHIX HAAIPOBIZHUX MaTepidaax
[9]-

OfHUM 3 CTPUMYBAJbHUX YMHHUKIB PO3BUTKY HAAIIPOBITHOI €JIEKT-
POHIKM € HeBeJMKa I'yCTHWHA iHTerpaillii y HaAOpoBiZHUX IHU(HPOBUX
cxeMax, IO Ha II'ATh IOPAAKIB HIKUE HidK Iell TOKAa3HUK Yy TUIOBUX
HamiBupoBigunKOoBUX cxeMax [10]. Tako:k BUHMKAIOTH CKJIAAHOCTI IpHU
BUTOTOBJIEHI 0a30BUX €JIEMEHTIiB HAAMIPOBiAHOI ejleKTpoHiKM — JlKO-
3e(DCOHOBUX IIEPEXOMiB, XapaKTepHa TOBIIMHA AieJIEKTPUUYHOTO IIApy
Mi)K HaAIIPOBiAHUMU eJIeKTPOSaMU B AKUX ~ 1—2HM.
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Knacuuna TexHoJoOris BUTOTOBJeHHsS J[I:K03e(D)COHOBMX II€PEXOMiB
OyJia pospobJena 1ie B 1983 pomi [11]. 3a 1ieto TexHOIOTiEI0, POPMY-
BaHHA [[:xo3edpcoHOoBUX SIS-KOHTAaKTiB 6a3yeThCsI HA CTBOPEHI TpHUIIa-
POBOI CTPYKTypH 3 TOHKUX ILIiBOK Nb—Al/AlO,—Nb B omHOMY BakyyM-
HoMy muKJIi (puc. 1, a). Hagairi, 3a mommomoroio cepiii JiTorpadiii i mpe-
MU3iNHUX IIpoIieciB MaBiIeHH (3a TIMONHOI0) B aTMocdepi MoHHOI miIa-
3MH, a TAKOXK 3 000B’A3KOBUM BUKOPUCTAHHAM IIPOIleCY aHOAM3AaIlil Hi-
00ir0 I11a YHUKHeHHs (opMyBaHHA AeeKTiB i30a4AIil Ha KpadX KOHTa-
KTY OIePIKYIOTh KOHTAKTH BUCOKOI IKocTHu (puc. 1, a—a8). Ha dpimanpHii
cramii popMyBaHHSA KOHTAKTY OCAIKVIOTh BepxHiii map Nb (puc. 1, 2).
Cyuacuuit cTaH po3BUTKY Iiei TexHosorii crBopenna I:xo3edcoHOBUX
KOHTAKTIiB Ii/ie MIJAXO0M IIOITapoOBOi iHTerpailii Ta 3MeHIIIeHHA PO3MUPIiB
KOHTaKTy no cyOMikpoHHUX [1]. CyTTeBUM HETOJiKOM Takoro opmy-
BaHHA KOHTAKTY € HeoOXifHicTEL eramy aHoamsallii HioOiro aya 3amobi-

Doropesuct ‘ [InasmoBe LIaBIeHHES

EE Jy—
~ {73 :
Nb, L Nb, g

- ~/ z

% aB
Hoxne miaBIeHHA Nb koHTAKT

I, g e (St

Z: / =
o SRR
8 4

Puc. 1. Tpaguniiitna cxema dopmyBanua Nb—Al-AlO,—Nb [I:xozedcoHoBUX
KOHTaKTiB: ocamKeHHsa TpUIIapoBoi cTpykTypu Nb—Al-AlO,—Nb 6e3 pospuBy
BaKyyMy Ta HaHeceHHsA ¢oTopesucty (a); mpernusiiiHe IaBlIeHHA BEPXHBOTO
mapy Hiobiro ayida popMyBaHHA HeobXigHOI reoMeTpii KOHTAKTY (6); G OpMyBaH-
HA OKCHIHOTIO IIapy B Ipoleci aHoguaallii Hiobiro a1a yHUKHeHHA (OpPMyBaH-
HA gedeKTiB isoyaIii Ha Kpadx KOHTaKTy, BUAAJIEHHS Iapy (oTope3ucTy Ta
OUYMCTKA MOBEPXHi KOHTAKTYy Iepel HaHeCeHHAM BEePXHBLOTIO Inapy Hiobiio (8);
dopMyBaHHSA BEPXHBOI eJIEKTPOAU KOHTAKTY [11] (2).

Fig. 1. Traditional scheme of the Nb—Al-AlO,—Nb Josephson junction fabri-
cation: sputtering of three-layer Nb—Al-AlO,—Nb structure without vacuum
breaking with photoresist setting (a); precision etching of the upper layer of
niobium to form the required junction geometry (6); forming an oxide layer in
the process of anodizing niobium to avoid the formation of insulation defects
at the edges of the junction, removing the photoresist layer and cleaning the
junction surface before applying the top layer of niobium (8); the formation of
the upper junction electrode [11] (2).
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ramia HeOasKaHUX 3aKOPOTKO. BUKOpHUCTaHHA aHOAM3AaIlil He Ja€ MOXK-
JIUBOCTH 3MEHITUTH KOHTAKT A0 HAHOPO3MipiB.

OcTaHHIM YacoM TaKOK HAOYJIO MOMYJSPHOCTA BUTOTOBJIEHHS IIOO-
IWHOKUX MIocKuX [7] a6o 3D xourakTiB [12] 3 BUuKopucTaHHAM CHOKY-
coBaHoro rounoro nyuka (FIB) ta ogao cramiiinoi ¢oromiTorpadii. Bei
IIi mpollecu BUMATaloTh KOIIITOBHOTO 00JIafHAHHA 3i cTabibHUME POOO-
UMMM IIapaMeTpaMuI.

Y pmawuiit po6oTi posriAHyTO ABa crmocobu omepskanusas Nb—Al/AlO.—
Nb KouTaKTiB 663 BUKOPHUCTAHHS IIPOILECiB aHOAM3AIlil Ta IIPeu3iiHoro
MOHHOIO IIaBJICHHS.

2. EKCIIEPEMEHTAJIBHA YACTHHA
2.1. BuroroBjieHH 3pa3KiB

3pasKu O0yau ofepsKaHi 3a JOIIOMOTOIO IIOCJiJOBHUX IPOIIECiB OcamKeH-
HA TOHKUX ILTIIBOK, (poTosaiTorpadii i mmaBaensd. [ad ogep:xaHHA TOH-
KX ILIiBOK OyJia BUKOpPHCTAaHa YCTAHOBKA MArHETPOHHOTO OCAIKeHHS
i3 sanumroBuM TucKoM B Kamepi 1078 Topp. 3pasoxr micTuscs Ha 06ep-
TOBY ILIaTdopMy Ha Bimcraui 24 cm Bix mimeni. [lapamerpu ocam:xeHH
HaBsegeHi B TabJ. 1. Ha nepiomy erari 0yJia ogepsxana miiska Nb Tos-
mrHo0 40 HM Ha candipoBiii migkaaguHII 3 posmipamu 5x5 mm. CTpy-
KTypHi gocaimxenna mriBok 3 Nb, 1o O0yu ofepskaHi 3 aHaJOriYHNMEI
mapamMeTpaMu ocaiyKeHHs, HaBemeno y [13]. Ilicaa mporo, 3a momomo-
row craHgapTHol (oTrositTorpadgil 3 momasbHINM He OPenusifHuM 3a
TANOWHOIO0 Ta IMBUAKICTIO PEAKTUBHUM MOHHUM I[aBJIEHHAM y aTMOC-
depi CF4+ O, 6yau omepsxkani 6 HukHixX enextpon (F1-F6). Caix sayBa-
JKUTH, 110 HOHHE IIABJIeHHS MOYKHA 3aMiHUTH 3BUYAMHUM PiIUHHNM.
Hapmanmi Taki 3arotoBkm Oy BHUKOPMCTaHI AJd Omep:KaHHS 3pas3KiB

TABJIAIA 1. IlapameTpu ocag:KeHHSA Ta OKUCHEHHS ILJIiBOK, 1[0 OyJIH BUKO-
pucrani gisa popmyBauusa Nb—Al-AlO,—Nb-nepexonis.

TABLE 1. Parameters of films deposition and oxidation for Nb—Al-AlO,—Nb
junctions’ fabrication.

Twun nnis- Tun/mory:xuicTs Tuck Twumn ra- I[IBuakicTts|Yac,| ToBmiuua
KU/IO3HA- | KUBJEHHdA, BT | ragy, |3y/mBUAKICTE HOro| ocaziKeH- | XB |mIapy IJIiB-
YeHHA mTopp| moTOKY, cM3/XB | Hs, HM/XB K1, HM

Nb/F1-F6 DC/250 3 Ar/25 1,9 21 40
Si0y/1 RF/150 3 Ar/25 0,67 90 60
Al RF/104 3 Ar/25 2,5 8 20
AlO, - 30 02/10 + Ar/20 — 40 1-2

Nb/FG DC/250 3 Ar/25 1,9 54 100
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IBOX THUIIIB 3 JOoZATKOBUM ItapoM SiOz i 6e3 HLOTO.

OO6uaBi TexHOJOTII MOKa3aHo HA puc. 2 ¥ BUTJIALL CXeMaTHUYHOI IIoc-
JiTOBHOCTHU TeXHOJIOTiuHIX nporeciB. IIpu mepmniomy cupomieHoMy CIo-
co0i Ha 3pasok 3 HmxHIMu Nb eekrpomsamu (puc. 2, a) HaHOCHJIACS Ma-
cKa 3 (poTopesucTy 3 BiIKHOM AJIS JieJIeKTPUYHOIO Iapy i BepXHbOI eJje-
KTpoau. Hanasi 3pa3ok micTuBCA B BAaKYYMHY KaMepy IJd MarHeTpoH-
Horo ocajkenud mwiIiBok Al ra Nb. Ilepen ocamsxkennam mapy 3 Al Oyia
npoBezeHa BY umcTka B ImasMi aproHy 3 BUJaJIEHHAM BEPXHBOI'O 3a-
opynuewnoro mapy (~5 HM) 3 moBepxHi HUKHBOI Nb-esekrponu. ITicasa
I[HOI'0, OYJIO IIOCJIiJOBHO 34iJiCHEHO OCAMKEeHHs Ta OKMCHEHHd mapy Al
Ta ocamkeHHd 1mrapy Nb (puc. 2, 6). I[IapameTrpu ocamKeHHS Ta OKUC-

Puc. 2. CxemaTuuHe 300paKeHHs IIOCIiJOBHOCTH TeXHOJOTIUHNX IPOILECiB A
omep:xkaHHA S—I—S-KOHTAKTiB ABOMa crocobamu. Ilepiuii crpoIeHni caocio:
3pasoK 3 HUMKHBOIO eJIeKTPOoIoIo0 (a); ocamkenHs mapy Al 3 okcupgariito mo AlO,
i macrynnoro mapy Nb Ha BikHO 3 (poTopesucTa (6); BULATEHHSA BEPXHbBOI ILIiB-
KU 3 MicIb, TOKPUTUX (hOTOPE3UCTOM 3 YTBOpeHHAM S—I—S-KoHTaKTY (8). Hpy-
ruii cmoci6: ocamxkeHHs miriBku SiOz; Ha MacKy 3 ()OTOpPE3uCTy Ta YTBOPEHHS
BikHa B SiOz B IeHTpi i Ha KpaAx HUIKHBOI eJleKTpoau (2); HaHeCeHHS MacKH’ 3
(doTopesucTy 3 HACTYIHUM ocaiskeHHAM mapy Al 3 okcugairo go AlO, i mapy
Nb (0); BumaneHHs IJIiBKY pasoM 3 Mackoio (oropesucty, hopmyBanua S—I1—S
KOHTaKTy y BikHi 3 SiO; (e).

Fig. 2. Schematic of the technological processes for obtaining S—I—-S junc-
tions in two ways. The first simplified method: a sample with a lower elec-
trode (a); deposition of a layer of Al with oxidation to AlO, and the next layer
of Nb on the window in the photoresist (6); removing the top film from the
places covered with photoresist with the formation of S—I—S junction (8); the
second method: deposition of the SiO; film on the photoresist mask and the
formation of a window in SiO; in the centre and at the edges of the lower elec-
trode (2); applying a mask of photoresist, followed by deposition of a layer of
Al with oxidation to AlO, and a layer of Nb (9); removing the film together
with the photoresist mask, forming S—I—S junction in the SiO; window (e).
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HeHHs BKasaHi B Taba. 1. Y IomaILIIOMY, 3pa30K IIOMIII[aBCa B YJIbTPA-
3BYKOBY BaHHY 3 posirpiTum nmo 40°C ammeToHOM. 3aBAAKU IIPOIECY BU-
0yxoBoi jgiTorpadii, Big0OyBasocsa BUgaJIeHH 3aiBUX IIaPiB IJIiBKH, IO
Oysa ocamxkeHa Ha poTopesuct (puc. 2, 8). B pesynbrari 6yJI0 oep:xaHo
KOHTaKT, III0 3HAXOAUTLCA B MiCIli IIepeTHHY BepPXHbLOI Ta HUKHBLOI eJjie-
Krponu 3 nporrapkom 3 Al-AlO,. Takum unHOM, BUKOPHCTOBYIOUHX 3a-
TOTOBKY 3 IIIicThMa eJIeKTPogaMu, OyJIO YTBOPEeHO 6 ImepexoiB o CIpo-
meHiu cxewmi (puc. 3, a, 8).

BurorosieHHsa 3pasKiB 3 giedeKTpuuHUM I1apoM SiO; MiK HUKHBOIO
i BepXHBOIO €JIEKTPOMIOI0 3MiMCHIOBAJIOCH IMLJIAXOM OOAaBAHHAM IOJAT-
KOBOI'O IOYATKOBOI'O eTaIry AJs ()OPMYBAHHS i30JIAMIAHOIO IieJeKTpu-
yHOTO mporrapky SiO: i BikHa y HbOMY (PO3TAIIIOBAHOTO B IIEHTPI HUMK-
HBOI eJIEKTPOAM) MeTO[0I0 BMOyXoBoi JsiTorpadii, (puc. 2, 2). Hagami

Puc. 3. MikpockomiuHi 300paskeHHsa 180X TuiiB KoHTakTiB Nb—Al-AlO,—Nb i
iX cxeMaTUYHUUN BUTJIAL B mepepisi. KoHTaKTU Mo cIpoIneHiil TeXHOJIOTiuHik
cxeMi, 110 yTBOpeHi Ha npamomy nepeturi Nb enextpon uepes 6ap’ep AlO; (a),
(8) ¢ posmipamu 8x8 mrm. KourakTu Nb—Al-AlO,~Nb 3 gogaTkoBuM IIapom
izomaropy SiO; Ta 3 BikHaMu B MiciiaxX KOHTaKTiB (6), (2) 3 posmipamu 7,5%x7,5
MKM. [Tosmauenusa ma maaoukax: FG — Bepxus Nb-exekrpozna, F1-F6 — uu-
skHi Nb-enexTpoau, map isoaaropy SiOz, J1-J6-korTakTu, Cutline — ymosua
JIiHig 3pisy KOHTaKTYy, AKill BiAmoBigaioTh pucyHKu (8) Ta (2).

Fig. 3. Microscopic images of two types of Nb—Al-AlO,—Nb junctions and
their schematic cross-sectional view. Junctions according to the simplified
technological scheme, was formed on the direct intersection of Nb electrodes
through the barrier AlO, (a), (6) with dimensions of 8x8 pm. Junctions Nb—
Al-AlO,—Nb with an additional layer of SiO. insulator and with windows in
the junctions (6), (¢) with dimensions of 7.5x7.5 um. Designations in the fig-
ures: FG—upper Nb electrode, F1-F6—lower Nb electrodes, an insulator lay-
er SiOz, J1-J6-junctions, Cutline—conditional cut line of junction, which
corresponds to Figs. (8) and (2).
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OyJio c(hopMOBaHO mepexpecHe 3 HIMKHBOIO €JIEKTPOI0I0 BiKHO B poTOpe-
3ucTi i Takox ocamKeHo mwiaiBKy Al 3 okucHernHam go AlO, i, morim, miri-
BKY Nb (puc. 2, d). Ha 3akai0uHOMY eTalli IIpoBeeHo IIPOoIeaypy Buby-
xX0BO1 JriTorpadii 3 yreopenaam KoHTakTy Nb—Al-AlO,—Nb mix Bepx-
HBOIO Ta HMKHBOIO eJIeKTpoaaMu Kpisb BikHO B SiOz (puc. 2, e). Ilapa-
MEeTPU OCaIKEeHH IJI IINX IPOIleCciB TaKOXK IpuBegeHo y Tada. 1.

B pesyabraTi po6oTu 6yJI0 0ep:KAaHO CTPYKTYPH, 110 MiCTATEL IIepeX-
pecHi mepexoau, MiKPOCKOIIiUHe 300pakeHHs AKUX IPUBeeHe Ha PIC.
3,a,0.

2.2, MeTomguKka BUMipIOBaHb

Opep:xani spasku 3 KoHrtakramu Nb—Al-AlO,—Nb O0yau npukiaeeni mo
TEeKCTOJIiTOBOI BCTABKM i IMiAKJJIIOUEeHl 10 Hel TOHKIMH 65 MKM aJIIoMiHi-
MOBMMHU IIPOBOJAMU 3a JOIOMOIOI0 YJBTPAa3BYKOBOTO MiKpO3BaplOBaH-
Ha. Ilicaa mboro BcTaBKa 3i 3paskoM OyJia moMilljeHa B KpiocrarT 3a-
MEKHYTOTO MTUKJIY 3 MOKJINBICTIO 3MiHU TeMIlepaTypu B mgianasoni 300—
0,3 K.

3 reHeparopa, uepes CUCTEeMY KBa3iONTUUHUX JIiH3 i Mpo3ope BiKHO B
KpiocTari, Ha 3pa3ok momaBaJsiocsa HagBucokouactorue (HBY) Bumpomi-
HIOBaHHSA 3 yacToToio ~ 75 I'T'11. B mmpolieci ogep:xauua BOJAbT-aMIePHUX
xapakrepuctuk (BAX) Kpishb 3pasok HIMOB CHHYCOIZAIBLHUII CTPYM 3
yacroToio 1 I'm, i BuMiproBaauch BeIUYNHY CTPYMY Ta HaAiHHS HATIPYTH
B peaJbHOMY 4Yaci, 3 po3giabuoio 3gaTtHicTio 10000 BuMipiB 3a ceKyHIY.

VY pexumi BumipioBarHs onopy Ry = Ug./I4, Oys0 BucTaBIeHO (ikco-
BaHe 3HAUYEHHS aMILIiTyaIu 3MiHHOTO cTpyMy [, Ha piBHiI 10 MKA, i Me-
TOMOI0 CUHXPOHHOTO JEeTeKTYyBaHHSA BH3HAUaJacsd aMILIiTyAa 3MiHHOI
namnpyru U, Ha 3pasKy. BumipioBaHHsa mpoBoAuJIrCch Ha yacToTri 23 I'm1.
TakuMm YmHOM, JOcsArajacsad BUCOKA Yy TJINBiCTh BUMipIOBaHb, i IOBHICTIO
BUKJIOUABCA BIJIMB KOHTAKTHOI PisHUIlI HmOTeHIiAJIB B cxemi. OguH 3
BapiAHTIB IMiAKJIIOUEeHHA KOHTAKTiB CTPYMYy Ta HaANpyru IJsA BUMIipiB
mapamMeTpiB KoHTaKTy J1 300paskeHo Ha puc. 3, 6. 3acTocoBaHa METO-
I1Ka II0Kas3aJjia CBOI0 BUCOKY epeKTHUBHICTh y o/iep:KaHHI TPAHCTIOPTHUX
XapaKTepucTUK HAAITPOBiAHMUX 3paskiB [5, 9, 14].

2.3. Pe3yabpTaT JOCHid:KEeHb

TemmepaTtypui 3amexxHocTi omopy KouTakTiBs Nb—Al-AlO,—Nb cmopoire-
HOT'O TUIIy JIEeMOHCTPYIOTH ABa HAAIPOBigHi mepexomu. Temmeparypa
nepexony BepxHboi eexkTponu Nb 8,75 K Ta 6esmocepeqHbE0 caMOro KO-
"Hraxkty 8,1 K (puc. 4, a). Hopmanbuuii omip KOHTaKTiB CKJaB OJI3bKO
0,2 Om. 3HaueHHA KPUTUYHOTO CTPYMY 3a TeMmuepatypu 6 K ckaanu Bifg
8 mo 3 MA. BoabT-aMIIepHi XapaKTepUCTUKY KOHTAKTIiB IeMOHCTPYIOTH
ricrepesucHy nmoBemiuky (puc. 4, 0).

TemmepaTtypui s3amesxuocTi omopy Koutaktie Nb—Al-AlO,—Nb 3 mo-
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ITaTKOBUM ITapoM izomaropy SiO; moxasaui Ha puc. 5. HafiBumly Temie-
paTypy mepexony IpoJeMOHCTPYyBaJia BepXHs eixekTpona 8,5 K (puc. 5).
Ile smaueHHSa HUMKUe, HijK TeMIlepaTypa mepexony 3paska 0es mporrap-
Ky (8,75 K). Temmeparypa mepexomy HHKHBOI e€JEKTPOAM CcKJaja
7,25 K. IcToTHa BiAMiHHiCTh B KPUTUYHIN TeMIIepaTypi MOKHA ITOACHU-
TH HEBeJNKOIO TOBIIMHOIO HMMXHBOI eleKTponu 40 HM B HOPiBHAHHI 3
BepxHBLOIO eneKkTpomoio 100 mm. Kputmuna remmeparypa IIepexoniB
ckaaina 6,8 K (puc. 5). Bei mepexoau mpoaeMOHCTPYBAIU XOPOIITY BiAT-
BOPIOBaHICTh TPAHCIIOPTHUX BJacTUBOCTel. PO3KU HOPMAaJIbHOTO OIIO-
py KoHTaktie 1,6—2,5 Om i HOpMOBarOro omopy 90-141 Om-mem2. B
IpoIleci BUTOTOBJICHHS 3pa3Ka Ha KOHTAKTi J2 He BigKpuiIoca BiKHO y
nienexktpuuromy 1mapi SiO: (puc. 3, 6). Omip MBOro KOHTAKTy CKJIAB
21 MOwm. Take BeJuKe 3HaUEHHSA BKA3ye Ha XOPOIITY i30JIAIiI0 MixK Bep-
XHBOIO i HIJKHBOIO €JIEKTPOIaMM 1 BUKJIIOUA€E IMIPOTIKAHHSA CTPYMY IIOB3
BiKHO 3 IepexoaoM.

BAX maroTh BUraAn 3Budaianux SIS-KOHTAKTIiB ¢ XapaKTepHOIO Bep-
TUKAJIBHOIO CXOANHKOIO IPY HAIPYy3i 6inbirne ik 2 MB i HU3LKUX TeM-
neparypax. BeluunHa CXOAWHKN TPOXX MeHIIA 3a IOABIMHY HaIIIPO-
Bigmy miinuay Nb (puc. 6, a). Ilpu mepexoni Big MIlauHY 0 HOPMAJIBHO-
ro omopy Ha BAX cmocrepiraerbeca KoJiHO-mOAiOHA 0COOJMMBiCTE, dKa
xapakTepHa njasa SNIS-KOHTaKTiB, 110 BKa3ye Ha Te, IO HicJd IPoIiecy
OKCHAM3AIlil 3aIuINnuBCs cyTTeBUii map Al.

IIpukaneHe 30BHINITHE mapaJjiesibHe [0 MJIONIMHY KOHTaKTiB HEBeJIU-
Ke maruerHe moie (7,5 mTa) maiiske IMOBHICTIO NPUTHIUYE KPUTHUUHUH
ctpyM (puc. 6, a). ITe mose sauauno meniie H g qia Nb (~1 Tar) [15]. Ie
BKasye Ha Te, 1110 B KOHTAKTi BiICyTHI HaAIIPOBiAHI 3aKOPOTKM MiXK Bep-
XHBOIO Ta HMMKHBLOIO €JIEKTPOJaMM uepes Iap OKMCHEHOTO AaJIOMiHiio.

. ‘ —J4 - ‘
° sL——dJ2 ]
= : 2 —J6 —
e e |
o 01f ,_J 1 <«
= ° = 0f ]
" ° -
&’ : ~ |
[ |
0’0 ! I —-10 T 1 L

6 7 8 9 10 -0,1 0, 0,1
T.K U, MmB
a 6

Puc. 4. TemnepatypHhi 3asesxkHocTi omopy Ry (@) Ta BoJbT-aMIIepHi XapaKTepuc-
TUKU (0) KOHTaKTiB, 1110 OyJIM BUTOTOBJEHi 0e3 izosaiitinoro mapy SiOs.

Fig. 4. Temperature dependences of R, resistance (a) and volt-ampere charac-
teristics (6) of junctions without SiO; insulating layer.
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Imakmie Oysnu 6u chopmMoBaHI TaK 3BaHi «IMiHXO0JAW» (3AKOPOTKU MiK
eJIEKTpOJaMu uepes HeBesinKi orsopu B mapi AlO,), AKi IpuBOAATE 10
HMU3BKOr0 HOPMAJLHOMY OIOpPY (IIT0 cIiocTepiraBcs y 3paskKax 3pobJie-
HUX II0 CHPOINEHili cxXemi) Ta BiCyTHOCTH 3aJeKHOCTI KPUTHUUHOTO
CTPYMY BiJT HeBeJIMKOTo MarHeTHoro mnoJisd. IIiHXoau TOpOIKYIOTH
CTPYMH 3MillleHHA i3 MHOKMHHUME TicTepesducamu Ha BAX, 1o maioTs
OpUPOAY MepeMUKaHHA TaKMX TOHKUX KaHaJiB B HOpMaJbHUN CcTaH i
BUHUKHEHHS aHAPEEBCHKOrO BiMOUTTS Ha MeXKi HaAIIPOBiIHUK—MeTa I—
HagnpoBigunk. HagBHicTs Bcix mmx osHak Ha BAX mepioro spaska,
SIKUH OyJI0 BUTOTOBJIEHO 6e3 izossarniiinoro mapy SiO; (puc. 4, 6), BKasye
Ha IIPUCYTHICTH TAKNX HMiHXO0JiB B HHOMY.

MikpoxBUJIbOBE OIPOMiHEHHA 3pasKka Ha uactori 75 I'T'm mpuBogmiio
IO MOABY BiATOBiAHMX I[i¥l yacTOTi mo HApPysi BepTukaabuux Illamipo-
BUX CXOAMHOK. IloTy:KHicTh Oyia migibpana TaKUM UMHOM, IO KPUTU-
YHUM CTPYM MOBHIiCTIO MPpUTHIUYBaBcs, a IllamipoBa cxonmnHKa gocAraia
Makcumymy (puc. 6, 0). [Tagma MiKpoXBUJILOBA MOTYXKHICTE i CTPyM po-
sirpiBaam 3pasok, TOMY IpPU HafiHHi Hampyru 6imbire mixk 0,5 mMB Ha
BAX cmocTepiraroTbcs TaK0K TepMiuHi epeKTH.

Ha pucyuky 7, a mpogeMoHCTpOoBaHO eBoJoIito BAX 3i smiHo0 TeM-

6,0 65 7,0 75 80 85 90
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Puc. 5. TemmepaTypHi 3a7eXHOCTi OmOpPiB 3pa3Ky 3 i30/0OBAJILHUM IIIapPOM
SiO;z: koHTaKTiB J1-J6; BepxHbOi enekTponu FG; nmkuix enexkrpon F4, F3.

Fig. 5. Temperature dependences of sample resistances with SiO; insulating
layer: junctions J1-J6; upper electrode FG; lower electrodes F4, F3.



XAPAKTEPUCTUEN IHOSE®PCOHOBIUX KOHTAKTIB 1249

neparypu. 3 nux BAX 0yJo omep:xaHO TeMIIEpaTypPHY 3aJIesKHICTh KPH-
TUYHOTO CTPYyMY (puc. 7, 6).

3. OBTOBOPEHH{ PE3YJIBTATIB
3.1. EHepreTuuHa uriimHa

Ha BAX (puc. 6, a) cnoctrepiraerbcsi BepTUKaIbHA CXOOUHKA, IO Bij-
moBimae manpysi 2A/e, ne e — 3apsan eIeKTpoHa, A — eHepreTUYHA IITi-
auHa. BukopucroByiouu cepito BAX, 1110 6yiu BUMipaHi 3a pisHuX TeM-
neparyp (puc. 7, a), olep:KaHO TEeMIEPATyPHY 3aJeKHICTh NIiLIMHUI
(puc. 8). 3rigno 3 Teopiero Bapauuna—Kynepa—Illpudpdepa (BKII) xkpu-
TruuHa Temiepatypa T. 3B’ sa13aHa 3 NIiaInHO0 A POPMYJIOI0:

T. ~0,57A, / k, 1)

Ie k — BoiniiMaHHOBA cTaja.

BukopucToByiouu ofiep:kaHe 3 eKCIePUMEHTY 3HaueHHa 2Ao/e = 2,18
MB pospaxyHoK 3a popmysiomo (1) mae sHaUeHHA KPUTUYHOI TeMIIepaTy-
pu T.= 7,3 K. 3 maBegenoi Ha puc. 8 anpoxcumairii BKIII mo Bcim ekc-
IIepUMEHTAJBLHUM TOUKaM onaep:kaHe sHauenuda 1. = 7,5 K. HeBenuka
PO30iKHICTh PO3PAXYHKOBUX 3HAUEHD 1. KOHTAKTIiB 3 BUMipAHNMMU 3Ha-

T T T T T T T
J3 ] J3
7,56 MT RF off
1+ O0wMT : 0.2+ }
1,
Y L 1 RF on
§ 0 g I
. 7 2aye 1 = i i
~ . —
—1k ] -0,2F 9
. 0,5K 3,6 K]
11 1 1 1 Il 1 1 1 1 Il
-2 -1 0 1 2 -1,0 -0,5 00 05 1,0
U, mB U, MB
a 6

Puc. 6. BoabT-aMIepHi XapaKTepUCTUKM KOHTAKTY J3 3 IIapoOM i30JIATOPY
SiOz. EdexT npuayIieHHsS KPUTUYHOTO CTPYMY KOHTAKTy CIa0KUM, Iapajeib-
HUM J0 TIJIONTMHY KOHTAKTy MaraeTHuM mojeMm 7,5 MTi (a). Bnaus MmikpoxBu-
JaboBoro onpominernHs 75 I'T1ir Ha BOJIbT-aMIIEPHI XapaKTEePUCTUKU KOHTAKTY 3
yrBopenuam IllanipoBoi cxomnuuku (6).

Fig. 6. I-V characteristics of the junction J3 with the insulator layer SiO;. The
effect of suppression of the critical current by a weak parallel to the plane of
junction magnetic field 7.5 mT (a). Influence of microwave irradiation 75 GHz
on volt-ampere characteristics of junction with Shapiro step formation (6).
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Puc. 7. BoabT-aMIIepHi XapaKTePUCTUKN KOHTAKTY J4 3 mapom izoasaTopy SiOs
1o OyJsiz ofep:kaHi y aiamasoui remneparyp 0,5—7,0 K (a). TemneparypHa sase-
JKHICTBh I'YCTUHY KPUTUYHOTO CTPYMY KOHTAKTY 3 isosanitauM mapom SiOs (6).

Fig. 7. I-V characteristics of the junction J4 with the SiO; insulator layer was
obtained in the temperature range 0.5-7.0 K (a). Temperature dependence of
the critical current density of the junction with the insulating SiO; layer (6).

YeHHAMU MOYKHA IIOSCHUTH BILIMBOM 3aJIMIIIKOBOTO METaJIEBOTO IIPO-
mapkKy Al Ha KPUTUUYHY TEMIIEPATYPY IIEPEX0ay.

3.2. Po3paxyHok mapamerpiB /I:x03edcOHOBHX ITepexoiB

SNIS-KOHTaKTH MalOTh BEeJIUKY €EMHICTL MijK eJIeKTpoJaMu, i AK HaCJTi-
oK, ricrepesuc Ha BAX. Brtus emuocTty Ha BAX BusHauaeThcsa mapa-
merpoMm Makkambepa—CrioapTa:

B, = 2—;41%;0, @)

ne C — eMHicTh, Ry — HOpPMaJIbHUM OIIip, I, — KPUTUYHUI CTPYM KOH-
TaKTy; e — 3apsAJ eJIeKTPoHY; /i — crtajna [lnamka.

Hna nianaszony sHauenb mapamerpy 10 < . < 100 cipaBeanusa op-

myna[l16]:

I. 41

Tl 3)
ne I, — ctpym nmoBepHenusa Ha BAX (puc. 6, a).

IligcraBpasioun 3HaUeHHA KpUTUYHOTO cTpyMmy I.= 0,433 MA i cTpymy
noBepHeHHd I, = 0,142 MA B dhopmyay (3), ogepKuMO 3HAUEHHS IIapa-
meTpa Maxkkambepa—Crioapra . = 14,9. BuKopucToByiouu e 3HaAYEH-
Hs, a TAKOXK BeJINUYNHY HOPMAJBHOTO OIIOPYy KOHTaKTy Ry = 1,65 Owm, 3a
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2A/e, MB

Puc. 8. Temneparypua sanexxkHictd miijnam A. Toukn — eKcnepuMeHTaJIbHI
naHi, cylijabpHa JiHisg — podpaxyHOK 3a mogensboMm BKIII.

Fig. 8. Temperature dependence of the superconducting gap A. Points are ex-
perimental data; the solid line shows the result of the BCS model calculation.

JIOTIOMOTr0I0 BUpasy (2) 3HaiiieMo 3HaUeHHA eMHOCTH KoHTakTy C = 2,11
ad.
€MHICTB ILJIaCKOT0 KOHAEHCATOPY BUPAIKAETHCI (pOPMYJIOIO:

S
C= —, 4
= (4)

Ie S — ILIoIa KOHAEeHCATOpPYy, d — TOBINMHA HieJeKTPHUUYHOro IIapy,
€ — JMlieJIeKTpUUYHA NPOHUKJIUBICTH I1apy. BuKopucToByioun GopmMyTy
(4) i BCTaHOBUBINIK 3HAUYEHHS MieJeKTPUUYHOI IPOHUKHOCTU AJIA IIapy
Al;03£=9,5, ogepsxumo ToBIuEy mapy d = 2,2 aM. e suauenHs xapa-
Krepuo s JxozedcomoBux SIS-mepexoniB i moKasye X0OpoIy BiAIo-
BiHiCTEL OZlep:KaHnX B POOOTi KOHTAKTiB.

4. BUCHOBKH

B pob6ori 6ys0 posriaguayTo ABi 01u3bKi 7o KMOH TexHosorii BUTOTOB-
aenHa J[»xozedcoHoBUX HiobitoBux SIS-mepexoniB 6e3 BUKOPUCTAHHS
aHoamM3aIlil Kpaim KOHTAKTy. Bech TeXHOJOTIUHNI [IUKJI MOKHA BiATBO-
pPUTH 3a AOIIOMOIOI0 PiAMHHOTO 3aMiCTh KOIIITOBHOT'O, IPEI[U3iAHOTO 3a
TINOWHOI0, HOHHOTO II[aBJeHHS.

Ilepmia cmpoirleHa TEXHOJIOTIA IIoJiATrae y (DOPMYyBaHHI KOHTAKTYy Ha
ImepeTuHi JBOX Hi0o0ilioBUX eeKTpon OesmocepenHbo Kpisb map AlO,.
Jpyra meTonnka JOIOBHIOE MEPITy MoJAaBaHHAM i3oadAIiiiHOTO 111apy i 3
BIiKHOM y MicIli KOHTaKTy. 3pasKu, 1o Oy ofep:KaHi 3a IepIo TeX-
HOJIOTi€10, ITPOJIEMOHCTPYBAIN HAABHICTD 3aKOPOTOK Ha KpasdX KOHTaK-
TiB. BOHM BUHMKAIOTh BHACTIAOK Aerpajmaliii TOHKOTro AieJIeKTPUUYHOTO
IIapy Ha KpadXxX IIPH B3a€MOJil 3 OTOUYIOUMM CepeIoBUINEeM. 3a3BUuaii
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iX SHEIIKOIKYIOTh JTOJaTKOBMM IIPOIlecOM aHoam3allii KpaiB. BuHUK-
HEeHHs 3aKOPOTOK TAKOMK MOXKe OyTH HOB’A3aHO 3 OCAMKEHHAM OiJIbIm
ToHKOI IIiBKu Al Ha OOKOBi mOBepXHI HMMKHIX HiIOOiOBHX €JIEeKTPOL
(puc. 3, 8). 3acTocyBaHHA HOAATKOBOrO i3oJsariiiHoro mapy SiO: y Apy-
ritt TexHOJOTI] 1aJ10 3MOTY BUKJIIOUNATH MOMKJIMBOCTI BUHUKHEHHS 3aK0-
POTOK, a TaKOK 3axucTUTH TOHKU map Al-AlO, Big BIinBy HaBKOJIH-
IIHLOTO cepegoBuina. Omep:kaHi IIMM CIIOCOOOM KOHTAKTH IIPOJEMOH-
CTPYBaJIX XOPOIITY BiITBOPIOBAHICTh MapaMeTpPiB, a TaAKOX e(eKT IIpu-
IYIIeHHS KPUTUYHOTO CTPYMY CJIA0KUM 30BHIITHIM MarHeTHUM II0JIEM,
Ta HagBHicTL IIlanipoBuX CXOZWMHOK HiJg Ai€f0 MiKPOXBHJILOBOI'O OIPO-
MiHeHHA. PopMa BOJIBT-aMIIEPHUX XapaKTEPUCTUK Ta MPUCYTHICTH BU-
e 3raJaHUX O3HAK CBiIUMTL PO OAep:KaHHS MM crocobom [l:xo-
depcoHoBux mepexoxiB SNIS-tuny. Po3pobieni TexmHoJOTii MOXKYTH
0yTH BUKOPUCTAHI AJA MacoBOTro BUTroToBJeHHA [[:Ko3edpcorHoBUX SIS-
IepexomiB 3 METOI0 iXHiX 3acCTOCyBaHb B Cy4YacCHilI MiKpOeJeKTPOHiIli
[17,18].

Asropu Bgauni B. I. [Ilaupxosy, B. M. KpacuoBy ta T. 'osmony 3a yu-
acTb B 00roBopeHHi pedyabraTiB. ociimgykeHHsa OyJI0 BUKOHAHO Y paM-
kax nporpamu HATO «Hayka zapagu mupy» (rpanat G5796) i Ilporpa-
MU QyHIaMEeHTAJIbHIUX i IpUKJIaAHUX AocaimkeHnb MiHicTepcTBa ocBiTU
imayxku Yrpainu (HIIP 0121U110046).
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Concentration and Temperature Dependences of the Thermal
and Electrical Conductivity of Polymer Hybrid Composites
Graphite Nanoplatelets/Fe/Epoxy

Yu. S. Perets, O. S. Yakovenko, L. L.. Vovchenko, T. A. Len,
O. V. Turkov, and L. Yu. Matzui

Taras Shevchenko National University of Kyiv,
60 Volodymyrska Str.,
UA-01033 Kyiv, Ukraine

The concentration and temperature dependences of the electrical and thermal
conductivity of epoxy-based (LL285) composite materials (CM) with a combined
graphite nanoplatelets/carbonyl iron (GNP/Fe) filler are studied. The content
of GNP is varied from 0.7 to 4.0% vol., and the content of Fe was 5.6% vol.
As found, the addition of Fe particles in the GNP/L285 composite leads to a
decrease in thermal conductivity and a more complex dependence of thermal
conductivity on the concentration of GNP. Such changes in thermal conduc-
tivity for three-phase CM can be related to an increase in thermal contact re-
sistance at the interfacial boundaries of the matrix—filler, the number of
which increases significantly with the addition of Fe particles. Experimental
concentration dependences of thermal conductivity of two- and three-phase
CM with GNP filler are described in the framework of the combined model of
mixtures. The features of the temperature dependences of the thermal con-
ductivity of two-phase CM GNP/L285, Fe/L285 and three-phase composites
GNP/Fe/L285 are determined by increasing the concentration of phonons and
increasing phonon—phonon scattering when heated. As found, the addition of
5.6% vol. of dispersed Fe particles in a two-phase GNP/L285 composite has
almost no effect on the percolation threshold, the value of which is ¢.=1.8%
vol. This means that electrically conductive chains are formed mainly from
GNP particles in the hybrid composite, and electrically conductive particles
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do not form individual continuous chains and can only act as ‘bridges’ con-
necting GNP particles in electrically conductive chains. For concentrations of
hybrid filler above the percolation threshold, the number of electrically con-
ductive chains and the value of contact electrical resistance between GNP par-
ticles are estimated within the framework of model of the effective electrical
resistance. It is shown that in CM with GNP content which is less and near the
percolation threshold electronic transport in composites is carried out mainly
due to the hopping mechanism of conductivity, and at GNP concentrations
above the percolation threshold the tunnelling mechanism of conductivity is
realized due to the formation of a large number of electrically conductive
chains with a small gap between the conductive particles.

Key words: iron, graphite nanoplatelets, three-phase composite, thermal
conductivity, electrical conductivity.

Byio mocaim:keHo KOHIIEHTPAI[IHI Ta TeMIIepaTypHi 3aJIeKHOCTi eJIeKTPOIpo-
BiTHOCTH Ta TEIJIONPOBiAHOCTH KoMIo3uTHUX Marepisaiais (KM) Ha ocHOBI emok-
cunuaoi cvmouu (L285) 3 KoMGiHOBaHMM HamoOBHIOBaueM I'pad)iToOBi HAHOIJIACTUH-
ku/xapboninsHe 3aaiso ('HII/Fe). Bmict I'HII BapiroBaBcs Bix 0,7 1o 4,0% 06.,
a smict Fe — 5,6% 006. BusineHo, 1o gomaBaHHsA 4acTUHOK Fe B KoOMIIO3UT
GNP/L285 npuBOogUTS 10 3MEHIIeHHSA TEIJIONPOBiHOCTHY i OibINI CKJIAAHOI 3a-
JIeXKHOCTHU TeIlIompoBimHocTy Bia KoHmenTparlii I'HII. Taki samiam Temmompo-
BigHOCTH AJd Tphox(Pasuux KM MoxkyTh OyTHU OB’ A3aHi 31 3poCTaHHAM TEILIO-
BOTO KOHTAKTHOTO OIIOPY Ha MiK(}pasHUX IpaHUISAX MaTPUIlA—HATIOBHIOBAY, UN-
CJI0 AKMX 3HAUHO 3POCTa€ HpHU JojaBaHHI uacTuHOK Fe. ExcnepummeHTabHi
KOHIIEHTPAIIifiHi 3aJIe;KHOCTI TemtonpoBigHocT ABO- i Tpudasaux KM 3 I'HII
ONMCaHO B paMKax KOMOIHOBAaHOTrO MOEJII0 cyMimieii. XapaKTep TeMIlepaTyp-
HUX 3aJIe’KHOCTeH TeronpoBigHocTu aBoxdasaux KM I'HII/L285, Fe/L285 i
Tproxdasaux xomuosutiB 'HII/Fe/L285 BusnauaeTncs 30iIbIIIEHHAM KOHIIEH-
Tparii poHOHIB i 3pocTaHHAM (HOHOH-(POHOHHOTO POICIAHHA IIPU HATrpiBaHHI.
Bussieno, o gomaBanusa 5,6% 00. qucnepcHux yacTUHOK Fe y mBoxdasumit
kommosut I'HII/L285 maii;ke He BIJIMBaA€ Ha IIOPir IIEPKOJIAIIl, BeJIMUMHA SKO-
ro ckaagae ¢p.=1,8% 06. Ile o3Hauae, 110 €IEKTPOIPOBIHI JIAHITIOKKHN POPMY-
I0ThCA mepeBakuo 3 yacTuHOK I'HII y TpudasHOMy KOMIIO3UTi, a €JIeKTPOIIPO-
BiHi yacTMHKM He (DOPMYIOTHh OKPEMUX HEIIEPEPBHUX JAHITIOMKKIB i MOXKYTH
BUKOHYBATHU JIUIIIE POJIb «MiCTKiB», 110 3’ 1HYIOTh yacTuHKu I'HII B eeKTpot-
poBimHUX JaHIIOXKKaxX. a1 KoHIeHTpamiil ri6puaHOTO HAIIOBHIOBAYA BHUIIE
IIOPOTry IIEePKOJIAIIl B paMKax Mozea0 e)eKTUBHOTO eJIeKTPOOHopYy 0yJIo oIiHe-
HO KiJIbKiCTh eJIeKTPOIIPOBIAHUX JIAHITIOMKKIB Ta BEJIMUNHY KOHTAKTHOTO €JIeKT-
poonopy mixk uactuakamu I'HII. ITokasano, o 8 KM i3 smicrom I'HII meniie
Ta B OKOJIL ITIOPOTY MEePKOJAIII eJIeKTPOHHUH TPAHCHIOPT B KOMIIO3UTAaX 3/iCHIO-
€ThCsI, TOJIOBHUM UMHOM, 34 PAXYHOK CTPUOKOBOTO MeXaHidMy IPOBigHOCTH, a
npu xKoumeurpaniax I'HII Bumie mopory mepkoJisiii peanisyeTbcsi TyHEJIbHUHI
MeXaHi3M IPOBiTHOCTM BHACJIIOK YTBOPEHHS BEJINKOI KiJIbKOCTHU eJIeKTPOIIPO-
BiTHUX JIAHITIOXKKiB 3 HEBEJIMKUM IPOMiKKOM MiK IIPOBIITHMMHU YaCTUHKAMMU.

Kuarouori caoBa: 3amizo, rpadiToBi HaHOMIACTUHKM, TPpU(MA3HUNA KOMIIO3UT,
TeILIONPOBiAHICTD, €JIEKTPOIIPOBIAHICTE.
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1.INTRODUCTION

Epoxy resins, due to their chemical and electrical resistance, are used
for the manufacture of adhesives, protective coatings, potting, casting
and composites in the electrical industry [1]. Polymers typically have
inherent thermal conductivity much lower than that of carbons, met-
als, or ceramic materials, and their applications are limited by their
low thermal conductivity. However, polymers with high heat-
conducting properties are already known [2]. The thermal conductivity
of polymers has traditionally been enhanced by the addition of ther-
mally conductive fillers, including but not limited to graphite and car-
bon nanotubes [3, 4]. Many applications will benefit from the use of
dielectric polymers with increased thermal conductivity. For example,
when used as heat sinks in electrical or electronic systems, a thermal
conductivity of 1 to 30 W/(m-K) is required [5]. However, obtaining of
composites which have both, conventional polymer machinability and
thermal conductivity above 4 W /(m-K), is a very challenging task [6].
The addition of electrically conductive particles to epoxy resins also
makes it possible to significantly increase the electrical conductivity of
the composite materials (CM) and vary it over a wide range by chang-
ing both, the type of filler and its concentration in the CM.

To improve electrical and thermal conductivity of the polymer ma-
trices the use of conductive metal particles has been investigated [7,
8]. And, at the same time, lightweight and cost-effective process abil-
ity of polymers are stored. Among metals, gold and silver stand out the
most in terms of the electrical and thermal characteristics, but their
price forces to look for other, more affordable options. Thus, copper is
characterized by the highest conductivity of metals at room tempera-
ture, which, in turn, is much cheaper than gold and silver.

The effect of copper nanowires (CuNWs) and copper nanoparticles
(CuNPs) on the thermal conductivity of dimethicone nanocomposites
was established in [9]. The authors conclude that due to the high aspect
ratio of 1D CuNWs, they can construct thermal networks more effec-
tively than CuNPs in the composite, resulting in higher thermal con-
ductivity. Therefore, the shape of the filler particles is important for
thermal conductivity, as well as for many other characteristics of a
nanocomposite. Besides, the extent of thermal conductivity enhance-
ment depends upon various factors, such as types, morphology, and
concentration of nanosized fillers. A smaller size nanoparticle enhanc-
es the thermal conductivity of nanocomposite to a larger extent to
their bigger counterpart [10, 11]. The enhancement in thermal conduc-
tion of nanocomposite upon the shape of nanoparticles might be due to
the fact that the surface to volume ratio would be different for differ-
ent shapes of the same nanoparticles [12]. The influence of crystallini-
ty, phonon scattering, filler/matrix interfaces on thermal conductivi-
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ty is discussed in detail in [13].

The interface area between the matrix and the filler phase in nano-
composites is usually an order of magnitude larger than for conven-
tional composite materials. As a result, a relatively small amount of
nanosized fillers can have a noticeable effect on the properties of the
composite at the macro level.

Series of metal oxide nanoparticles, including TiOz, SiO., iron oxide,
zinc oxide (Zn0), gallium oxide (Gaz0s), nickel oxide (NiO), copper ox-
ide (Cu0), etc., were used to improve thermal conductivity of compo-
sites. They have different morphologies such as spherical, triangular,
star, nanowires, nanotubes, nanorods, etc. Thermal conductivity of
PCM-metal oxide nanocomposites was improved by 147.5%, 62.5%,
55% and 45% by the addition of 0.5% wt. TiO2, ZnO, Fe203; and SiOs,
respectively [14].

Metals in the role of fillers have advantages not only in the study of
thermal and electrical conductivity, but also in dielectric properties
enhancement. Besides, thermal conductivity has become an important
parameter for new technologies, especially in aerospace and aero-
nautics, where the combination of excellent thermal, electrical, me-
chanical and dielectric properties is required. Authors [15] report that
CuNW/PVDF had higher dielectric permittivity and lower dielectric
loss than the MWCNT/PVDF nanocomposites at room temperature. It
is known that magnetic metals (Fe, Co, Ni) and their oxides are rather
good microwave absorbing materials because of their large saturation
magnetization and high Snoek’s limit. They can significantly weaken
the electromagnetic radiation by natural ferromagnetic resonance, ex-
change resonance, as well as eddy current effect in the high frequency
range [16]. Up to now, many magnetic metals with various structures
and morphologies have been prepared as microwave absorbing materi-
als and considerable amount of researches have been devoted to the
study of high frequency properties of magnetic metal or alloy nanopar-
ticles [17—21]. Synergistic effect between dielectric and magnetic con-
stituents of filler (double-loss mechanisms) are needed to satisfy the
strict requirements of excellent microwave-absorption performance in
composites. Combination of nanocarbon materials and different metal
nanoparticles can serve for these purposes [22].

Besides, incorporation of metals into polymer matrix can protect
their nanoparticles against oxidation, dissolution in acids and agglom-
eration, which are one of the main disadvantages of such fillers. Filled
with metals and their oxides composites are an extremely important
class of materials from both a scientific and technological viewpoint.
However, the absolute control over the shape and size distribution of
metal oxide particles in composite remains a challenge.

Carbon-based fillers are promising fillers due to their high electrical
and thermal conductivity, as well as due to their low specific gravity.
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There is a vast amount of publications on two-phase graphene/epoxy
resin composites and their applications [23—28]. Graphite nanoplates in
the thickness range of 10—100 nm has aroused interest due to their good
thermal conductivity of A ~ 1800 W/(m-K) [29] at room temperature and
cost of production corresponding to industrial production [30]. Recent-
ly, much attention has been paid to the development of new composite
materials where multicomponent fillers are used: nanocarbon particles
in combination with various inorganic fillers, such as BaTiO;, TiOg,
MoS; with high dielectric constant and in combination with magnetic
ones—BaFe2019, oxides of Fe, Co, Ni, etc. [31-33]. Such multiphase
composites have already shown themselves to be quite promising for use
as shields and absorbers of microwave radiation [34, 35]. At the same
time, it is also necessary that the introduction of multiphase fillers into
the polymer matrix to obtain improved microwave characteristics of
CMs does not lead to a deterioration in their electrical, thermal, and me-
chanical properties, which are especially important for their practical
applications. The challenge is then to improve the thermal conductivity
significantly and to achieve the properties required for wide type of ap-
plication. This requirement leads us to study and reconsider thermal
conductivity mechanisms in composite materials to understand how to
enhance this property by combination of fillers.

The aim of this work was to study the effect of fillers (graphite na-
noplates GNP, carbonyl iron Fe) with different structural and morpho-
logical characteristics on the concentration and temperature depend-
ences of thermal and electrical conductivity of three-phase composites
GNP/Fe/epoxy resin.

2. EXPERIMENTAL/THEORETICAL DETAILS
2.1. Materials and Methods

Low-viscosity epoxy resin Larit285 (L285) (viscosity of 600—
900 mPa-s, density of 1.18-1.23 g/cm? at 25°C) with hardening agent
H285 (viscosity of 50—100 mPa-s) were used as polymer matrix.
Graphite nanoplatelets (GNPs) and particles of Fe were used as fill-
ers for the preparation of nanocomposites. Graphite nanoplatelets (di-
ameter 0.2—-30 um, thickness 5—65nm, aspect ratio AR=300) were
prepared according to a scheme described in [36]. Fe powder consists of
individual particles with an average lateral size of 3—7 um, while their
thickness is varied from 0.6 to 2 um. Figure 1 presents the scanning
electron microscopy (SEM) images of GNP and Fe particles.
GNP/Fe/L285 CMs with 0-5% wt. (1, 2, 3, 4, 5% wt.) of GNPs and
30% wt. of Fe were fabricated by the method of mixing in solution
with additional sonication. At first, the appropriate amount of epoxy
resin was pre-dissolved with acetone. Further, Fe and GNPs fillers
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were introduced into solution and sonication in BAKU ultrasonic bath
with the frequency of 40 kHz and power of 50 W was applied for 2
hours. After evaporation of acetone, the curing agent H285 was added
in an amount of 40% by weight of the L285. The volume content of
GNPs in final three-phase composites accounting the samples porosity
(~10%) wereof 0.7, 1.2, 1.8, 2.2, 3.4% vol. and the volume content of
Fe was of 5.6% vol.

The electrical conductivity of the samples was investigated by 2-
probe method in the temperature range 77—295 K. The thermal con-
ductivity of the samples was investigated with a dynamical A-
calorimeter in the temperature range of 150 to 423 K.

2.2. Theoretical Background
2.2.1. Combined Model of Mixtures for Thermal Conductivity

To explain the behaviour of the thermal conductivity depending on the
concentration of mixed filler in the polymer composite, a combined
model of mixtures can be used [37]. In the combined model of mixtures,
composites are considered as structures with a set of heat conductive
planes. These planes are formed of chains of filler particles. The chains
are oriented in a certain way in the matrix of the polymer in relation to
the heat flux. According to this model, the thermal conductivity of hy-
brid CMs can be described by the following equation:

(O, + 0.1

; 1

Aem =

(b, /7 + 20 /2

where kf is the effective thermal conductivity of i-th filler particles
forming the chains in composites; A, is the thermal conductivity of
polymer matrix; ¢; is the volume fraction of i-th filler, the parameters
(1 — u) and u determine the part of chains from filler particles, oriented
perpendicular or along the heat flow, respectively.

If all chains of filler (the particles of filler) are oriented along the
heat flux, u =1 and Eq. (1) transforms into the usual mixture model:

Aew = 0, + D 0, (2)
i=1

when all conductive chains are oriented perpendicularly to the heat
flow, u =0, Eq. (1) transforms into inverse mixture rule:

Mo = (b, /2 + 20,/ 1) 3)
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In the case of the isotropic structure, u =0.5.

A, is determined by the thermal conductivity of the filler particles,
by the orientation of highly anisotropic particles of filler in chains
(orientation angle 0) and the contact thermal resistance P« between the
particles of filler, moreover, in our case, the contact can be also
through the polymer and air layer. So, 7»: = f(%,;,6, B,). The character
of the connection of the anisometric filler particles with high aspect
ratio AR (such as GNPs, CNTs) in the chain and their orientation sub-
stantially influence the value of the thermal conductivity of the chain,
since these fillers are characterized by the sufficiently high anisotropy
of the thermal conductivity.

2.2.2. Electrical Properties of Polymer-Filled Composites

The electrical conductivity in the sample plane (ccu @) of composites
filled with dispersed conductive components above the percolation
threshold ¢. (¢. < $p < F), where F is the packing parameter of the filler)
can be described within the model of an effective electrical conductivi-
ty proposed in [38]:

. t
Ocm@n) = Lfef) Sin0°F [ b0, j ! ’ (4)
2V, F -6, (rf(ef) + Rk(ab)ef)

Y Vien
where L is the length of the larger side of the filler particles (diame-
ter D for disk-like particles), V: (1) is the volume of the individual filler
particle, F is the packing parameter of the fillers, ¢ = ¢1 + ¢2 is the vol-
ume content of the fillers, Rk @) ot is the electric contact resistance be-
tween the filler particles in the chains in plane of the sample. The sub-
script ‘ef’ means that values are determined by the volume ratio be-

~ =
EHT = 2000 KV Signal A = SE1 Date :13 Jan 2020
WD =150 mm Photo No. = 7777 Time :11:58:06

a | b

Fig. 1. SEM images of GNP (a) and Fe (b) particles.
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tween fillers of various sorts. As it is seen from Eq. (4) the orientation
of anisometric filler particles in the plane of a composite specimen (an
increase of angle 0 between the long axis of the particle and the vertical
axis of the sample (perpendicular to the plane ab of the sample) leads to
the increase of in-plane electrical conductivity.

As it is seen from Eq. (4) the conductivity follows the power law, as
in the case of the classic percolation model [39]:

CSCM = D(d) - ¢cr )t’ (5)

where the term D is determined by the morphology of filler particles,
their ability to form the conductive chains and the contact resistance
between the conductive filler particles [38].

The value of contact resistance between filler particles in chains de-
pends on the nature of the filler particles’ contact (direct contact or
through the polymer layer) and defines the mechanisms of electrical
transport in CM. In a case of direct contact, the resistance is propor-
tional to the electrical resistivity of the filler p; and the contact spot
radius a [40]:

Ry (girecty = pt/2a for a >> I, (6)
where [ is the mean free path of carriers in the carbon material.
In the case of tunnel contacts resistance is a function of the tempera-

ture-dependent height of the barrier A, barrier width & and cross-
section of tunnelling w[41]:

h*s (47&3 )
el) = exp \2mh, |, (7
B we’\2m, h ’

where e and m are charge and mass of the electron, 4 is Planck’s con-
stant.

3. RESULTS AND DISCUSSION

3.1. Concentration and Temperature Dependences of the Thermal
Conductivity of Graphite Nanoplatelets/Fe/Larit CMs

Figure 2 shows the concentration dependences of the thermal conduc-
tivity of GNP/L285 composite and GNP/Fe/L285 hybrid composite.
As can be seen from Fig. 2, in the presence of only Fe (5.6% vol.), the
thermal conductivity did not increase much in relation to L285 values
(see Fig. 2 and Table 1). The addition of 60% wt. of Fe (which corre-
sponds to 16.7% vol. of Fe) to the epoxy leads to an increase in the
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thermal conductivity of the epoxy to 0.45 W /(m-K), but this increase is
not as significant as one might expect, given that the thermal conduc-
tivity of iron is sufficiently large, namely, 89 W/(m-K) [42]. Such a
volume content of Fe particles in CM is insufficient for the formation
of continuous chains for efficient heat transfer, and the high interfa-
cial thermal resistance at the Fe-polymer boundaries levels out the con-
tribution of Fe particles to the increase in thermal conductivity.

For CM with combined filler, GNP /Fe/L285, the concentration de-
pendences of thermal conductivity were more complex compared to
two-phase GNP/L285 composite: initially, there is almost independent
of the content of GNP (0—-2.2% vol.) low thermal conductivity of CM at
0.33-0.4 W/(m-K), and it is less than the thermal conductivity of
16.7% vol. Fe/L285 CM. Starting from the GNP content of 2.2% vol.,
the thermal conductivity increases and is 0.93 W/(m-K) (increase on
244%) for composites which contain 3.4% vol. of GNP and 5.6% vol.
of Fe. It should be noted that since Fe particles have a plate shape and
their lateral size is comparable to the lateral size of GNP (10 um), at
the formation of CM will be the mutual influence of GNP and Fe on
their spatial distribution in the composite matrix. It can be assumed
that the orientation of the plate particles will be random.

The analysis of concentration dependences of thermal conductivity
using Eq. (1) showed that the experimental data on thermal conductiv-
ity versus GNP content in two-phase and three-phase epoxy-based
composites are satisfactorily described within the combined model of
mixtures taking into account the significant influence of thermal in-
terface resistance on the thermal transport in the composites.

When calculating the thermal conductivity of the composite within

A GNP/L285
® GNP/5.6 vol.% Fe/L285
1.01 Combined model
mixtures for
GNP/L285
0.8 1
~_
M
§ 0.6
< Combined model
0.4 1 mixtures for
GNP/Fe/L285
0.2

0.0 05 10 15 20 25 30 35 40
¢, % vol. GNP
Fig. 2. Concentration dependences of the thermal conductivity of the two-

phase composite GNP /Larit and three-phase composite GNP/Fe/Larit; sym-
bols are experimental data; solid lines are calculation using Eq. (1).
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TABLE 1. Characteristics of CMs specimens: effective thermal conductivity
of fillers A;oxp)> Ayr) and parameter u.

o [0o 0r %] Micums | Rawgs |, | (@ )/2)100,

vol. W/(mK) | W/(m-K) %

0.2 30 - 11

0.5 50 - 35

GNP/L285 1.0 80 - 0.5 92
2.1 80 - 135
3.0 80 - 201

Fe/L285 5.6 3 0.5 27
Fe/L285 16.7 3 0.5 69
0 10 3 65

0.7 10 3 44

1.2 10 3 40

GNP/Fe/L285 0.5
1.8 15 3 182
2.6 50 3 244
3.4 75

the framework of the model, the effective thermal conductivity Ay,
and A, for each of the phases was sought as an adjustable parameter.
The effective thermal conductivity for each phase of the filler is a
function of the number of filler particles heat-conducting chains in the
composite (we do not take into account here that these chains can be
mixed GNP-Fe-GNP, etc.), the type of thermal contact between the
filler particles (direct or through polymer layer).

The parameter u, which characterizes the type of distribution of
filler particles in the matrix of CM, was taken to be 0.5, which corre-
sponds to an isotropic structure with a random distribution of filler
particles in the polymer matrix.

The effective thermal conductivity of the filler A; is considered in
this model as a whole for two fillers. As can be seen from Table 1, the
value of A, for both two-phase and three-phase composites increases
with increasing GNP concentration. For a three-phase GNP/Fe/L285
composite at low GNP concentrations (up to the percolation threshold)
the effective thermal conductivities of the fillers are rather low: for Fe
Mo ~ 3 W/(m-K), and for GNP L; .\, is 10 W/(m-K) for low GNP con-
centrations and increases to 75 W/(m-K) for high GNP concentrations.
The low values of the effective thermal conductivity of the filler parti-
cles in the composite compared to the thermal conductivity of iron
(89 W/(m-K) [42]) and graphene (~ 1800 W/(m-K) [29]) are explained
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by the significant effect on the total thermal conductivity of the ther-
mal resistances of the interfacial boundaries of the polymer—GNP,
polymer—Fe, Fe—GNP and contact resistances between GNP particles
in direct contacts.

Analysing the data, it can be assumed that the addition of Fe parti-
cles to the GNP/L285 composite worsens the thermal conductivity of
the hybrid composite due to phonon-phonon scattering and high ther-
mal resistance since the Fe particles in the L285 polymer matrix are
isolated and randomly distributed. The thermal resistance Ry at the
filler—polymer phase boundary is also high when heat is transferred
through the polymer layer from particle to particle. Fe particles in the
GNP /Fe/L285 composite can also serve as bridges between GNP parti-
cles, but the role of interfacial thermal resistances is still dominant in
the formation of heat transfer in the composite.

Figure 3 shows the temperature dependences of the thermal conduc-
tivity of pure L285 epoxy resin and of GNP/L285, Fe/L285 and
GNP /Fe/L285 composites.

Composites with Fe filler have a small minimum on the temperature
dependence of thermal conductivity (at 250 K and 300 K for concentra-
tions of 16.7% vol. and 5.6% vol., respectively), and the increase in
thermal conductivity is only 27% and 69% for concentrations of Fe of
16.7% vol. and 5.6% vol., respectively. That is, we can conclude that
Fe particles, even with a high concentration, slightly affect the value
of thermal conductivity of the composite and its temperature depend-
ence.

Thus, the presence of Fe particles along with graphite nanoplatelets
leads to a change in the character of the temperature dependences of
thermal conductivity in comparison with two-phase GNP/L285 com-
posites.

When analysing the temperature dependences of the thermal con-
ductivity of CM, it is necessary to take into account a number of pa-
rameters, such as: thermal conductivity of the filler, filler concentra-
tion, contact thermal resistance between particles, thermal conductiv-
ity of the polymer, matrix/filler interfacial thermal resistance, pho-
non-phonon scattering, porosity, spatial distribution of the filler in
CM, and etc.

The thermal conductivity of the solid phase of graphite has a phonon
character and can be described within the framework of the Debye the-
ory by the following relation [43]:

Aonp = écU L 8)

s ef?
where C is heat capacity of graphite, L. is phonon mean free path, vsis
velocity of propagation of elastic vibrations.
With an increase in temperature, the number of phonons increases,
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which leads to an increase in the phonon heat capacity, on the other
hand, phonon-phonon scattering increases significantly (that is, a de-
crease in the mean free path of phonons) and the phonon thermal con-
ductivity decreases (see formula (8)). Thus, the changes of the thermal
conductivity with temperature in both, the filler and the composite as
a whole, is determined by two competing processes: an increase in the
number of phonons (thermal conductivity increases) and an increase in
phonon-phonon scattering (a decrease in thermal conductivity) with
increasing temperature.

As can be seen from Figure 3, for two-phase Fe/L285, GNP/L285
composites and for three-phase GNP/Fe/L285 CM with GNP content
up to 1.8% vol., the thermal conductivity decreases (or changes slight-
ly) when heated to a certain temperature (~ 250 K), after which starts
to increase slowly. This character of the temperature dependences of
the thermal conductivity indicates the predominant influence of pho-
non-phonon scattering on the heat transfer (at T <250 K), while at
T > 250 K it indicates an increase in the number of phonons.

For two-phase GNP/L285 composites with a GNP content above
1.8% vol., already at low temperatures (up to 220-250 K), the increase
in the number of phonons with increasing temperature is unambigu-
ously predominant, and the higher the GNP concentration, the greater
the thermal conductivity and its increase with increasing temperature.
The temperature dependences of the thermal conductivity have a max-
imum at T =220-250 K, and with a further increase in temperature, a
decrease in thermal conductivity is observed. It is associated, as noted
above, with an increase in phonon-phonon scattering.

For three-phase GNP /Fe/L285 composites with a GNP concentra-
tion above 1.8% vol. up to a temperature of 250 K, phonon-phonon
scattering (a decrease in thermal conductivity) is predominant, and
with an increase in temperature above 250 K in these composites, the
effect on thermal conductivity from an increase in the number of pho-

GNP/L285:—0o—pure L285—%—0.5GNP| —-5.6Fe
——1.0GNP ——2.1GNP —e—3.0GNP 10t Epoxy composites —%-16.7Fe
1.0 o : 0—0—" |-=-0.7GNP/Fe
_ /./ e = o -o-1.2GNP/Fe
1 L -4-1.8GNP/Fe
M. 0.8 o M. 0.8 E/j /o/o/"‘u -0- 2.6GNP/Fe
& \——*—v—&,\v_ﬂ & ) o -0- 3.4GNP/Fe
; 0.6 W ; 0.6}
3 0.4+ S 04l om N
0.2 0—0/0/0——0—0_——0—0———0——'0“_°_° :
T T T T T 0.2 - . - - -
225 300 375 450 525 150 200 250 300 350 400 450
T, K T, K
a b

Fig.3. Temperature dependencies of the thermal conductivity of CMs
Fe/L285 (a) and GNP /Fe/L285 (b) with various GNP content.
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nons prevails over an increase in phonon—phonon scattering, which
leads to an increase in thermal conductivity in general.

3.2. Concentration and Temperature Dependences of the Electrical
Conductivity of Graphite Nanoplatelets/Fe/L285 CMs

When using heavy metal Fe particles of micron size with a low aspect
ratio, the percolation threshold is quite high and can be 21% vol. [44].
Obviously, the use of Fe particles in combination with light graphite
nanoplatelets with a high aspect ratio will lead to a significant decrease
in the percolation threshold.

Figure 4 shows the concentration dependences of the electrical con-
ductivity of GNP/L285 and GNP/5.6% vol. Fe/L285 composites. As
we can see from Fig. 4 and Table 2, the curves have a percolation char-
acter.

The critical concentration is ¢.=1.8% vol. for both two-phase and
three-phase composites (formula (7)), i.e., the addition of 5.6% vol. Fe
to the GNP/L285 system does not change the value of the percolation
threshold.

The parameters o:, t were fitted using the method of mean squared
error minimization (Fig. 4, b, Table 2). As we see from Table 2, the pa-
rameter ¢ is lower for the hybrid composite. In the classical percolation
theory (formula (7)) ¢t = 2, and for the GNP/5.6% vol. Fe/L285 compo-
site, this parameter is t=1.9. The critical index ¢ strongly depends on
the aspect ratio of the filler particles, their distribution and the for-
mation of conductive chains for electric transport. It is obvious that
the presence of electrically conductive particles with a low aspect ratio
along with GNP particles will affect the nature of their spatial distri-
bution and the process of forming a conductive network in the compo-
site matrix and, accordingly, the percolation transition parameters.

_9[-a—GNP/L285 _94 | = GNP/Fe/L285
—e—GNP/5.6Fe/L285 —— Linear fit, t=1.9 .

R 6 B 4
<] <]
L]
g s g
10 e 61
—12-+ T T T T T T T T
0 1 2 3 4 -36 -32 -28 24 -20 -16
GNP content, % vol. log(¢-9¢,)
a b

Fig. 4. Experimental and calculated concentration dependences of the conduc-
tivity of GNP/L285 and GNP/Fe/L285 CM (a) and determination of the criti-
cal coefficient ¢ for three-phase CMs (b).
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TABLE 2. Percolation parameters of the two- and three-phase CM.

Composite |9, vol.% |¢er, % vol.| ¢ | o1 [Nsiter chain, cm| Ry (293 K), Q
1.9 6.2.10° 1.7-10°
GNP/L285[18] 2.7 1.8 2.1 3.6  9.910° 7.110°
3.2 3.1-106 2.7.10°
1.8 - -
GNP/Fe/L285 2.6 1.8 1.9 3.2  6.210° 2.2.10°
3.4 5.7-10° 1.810°

Using the model of the effective electrical resistance (formula (8))
and the experimental results, the number of electrically conductive
chains in the composite Niier chain and the average contact electrical re-
sistance between particles in the chain Ry were estimated. The calcula-
tions are shown in Table 2.

Therefore, in the model of the effective electrical resistance (formula
(8)), only chains of GNP particles are considered in calculations, alt-
hough Fe particles in three-phase CM can act as ‘bridges’ between frag-
ments of GNP chains. But, since at a concentration of micron Fe parti-
cles of 5.6% vol., their number is an order of magnitude smaller than
the number of GNP particles, this does not introduce a significant error
in determining the number of electrically conductive chains. As can be
seen from the table, there were no significant differences in the number
of electrically conductive chains and contact electrical resistance be-
tween the filler particles in the chains for two-phase and three-phase
epoxy CMs.

The next stage of our research is the temperature dependence of the
resistivity of GNP/Fe/L285 hybrid composite with different content
of fillers. Figure 5 shows data on DC electrical resistivity of
GNP/Fe/L285 CMs with various GNP contents for the temperature
range of 77-293 K.

As seen from Figure 5, for three-phase CMs with GNP content of
$<2.6% vol. electrical resistivity decreases on few orders of magni-
tude after heating from 77 to 293 K. Such a strong temperature de-
pendence of the electrical resistivity for GNP/Fe/L285 CMs may be
explained by the poor conductive network formed by the electrocon-
ductive GNP and Fe particles. The electrical transport for this case is
realized via the variable range hopping (VRH) mechanism [45].

If the interaction between charge carriers is neglected, the depend-
ence on temperature of DC conductivity follows the formula[45]:

Spc = 6, exp[—(T, / T)'], 9)
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Fig. 5. Temperature dependences of resistivity of three-phase GNP/Fe/L285
CMs with different GNP content.

where the parameter oo can be considered as the limiting value of con-
ductivity at infinite temperature, T is the characteristic temperature
that determines the thermally activated hopping among localized
states at different energies and is considered as measure of disorder
and the exponent vy is related to the dimensionality d of the transport
process via the relation y=1/(1 +d), where d=1, 2, 3. In the conven-
tional VRH model the parameters oo and Tz are functions of the locali-
zation length and density of states.

The applicability of the VRH model is examined by plotting the ex-
perimental results for the GNP /Fe/L285 CMs with GNP content 1.2—
2.6% vol. in the form of Inopc = f(T*) and it was found the good agree-
ment for y=1/3, fitting data are presented in Fig. 6. Thus, it may be
supposed that the conductive filler network corresponds to 2D conduc-
tion process. T; values for these CMs are high, namely, the values are
of (1.2-2.7)-10" K for CMs with GNP content 1.2-1.8% vol. indicating
the low-conductive nature of the system and structural disorder due to
agglomerates and conductive clusters dead ends. For CM with GNP
content 2.6% vol. parameter T increases up to 5.5-10° K, that can be
related to better conductive filler network and more effective electric
transport between conductive filler particles.

3.4% vol. GNP /Fe/L285 composite shows sufficiently lower electri-
cal resistivity and weak dependence of resistivity versus temperature.
In addition, in the temperature range from 77 to 300 K, this composite
is characterized by a minimum of electrical resistance at 140 K, and
then a monotonic increase in electrical resistance is observed. A simi-
lar change in temperature coefficient of resistance (TCR) from nega-
tive to positive with an increase in the GNP content was observed for
previously studied composites with a combined filler, GNP/BaTiOs and
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Fig. 6. The electrical conductivity of composites GNP/Fe/L285 with 1.2, 1.8
and 2.3% vol. of GNP versus temperature.

GNP/TiO; [46].

Such changes in electrical resistivity with the increase of GNP con-
tent are explained by the increased probability of connection among
the filler particles leading to the formation of a branched conductive
network and the transition from the activated electronic transport to
the tunnelling electronic transport. For this case, the electrical resis-
tivity can be described within the model of an effective electrical con-
ductivity (Eq. (4)).

The change in resistivity in this case is determined by the change
with temperature of such basic parameters as electrical resistance of
individual filler particle r:ner, contact resistance between filler parti-
cles Ry and the number of parallel-connected electroconductive chains
Nehain in cm. Depending on which of these three parameters listed above
changes are dominant, one or another type of temperature dependence
of the electrical resistance is observed for the composite: the TCR can
be negative over the entire temperature range (77-300 K), or it could
be changed from negative to positive when the composite is heated.

When 3.4% vol. GNP/Fe/L285 composite is heated, due to the
greater thermal expansion of the epoxy resin than for GNP, the thick-
ness of the polymer interlayers between the filler particles in the chain
increases, and, in some electrically conductive chains, contacts may
open (there is no current through them, Ncnain i cm decreases) and, as a
consequence, an increase in electrical resistance upon heating is ob-
served.

The electrical resistance of individual filler particles also changes
with temperature due to the metallic (Fe) and semi-metallic (GNP) na-
ture of the filler particles. However, electron transport between filler
particles (contact electrical resistance) is the main parameter that de-
termines the magnitude and behaviour of the resistance of these compo-



CONCENTRATION AND TEMPERATURE DEPENDENCES 1271

sites.

4. CONCLUSION

1. The experimental studies of the thermal conductivity of three-phase
epoxy composites filled with graphite nanoplates/iron showed that
their thermal conductivity decreases compared to two-phase epoxy
composites with GNP filler only. This is due to the significant influ-
ence of contact and interfacial thermal resistance on heat transfer pro-
cesses, which increase significantly with an increase in the number of
interfacial boundaries GNP—epoxy resin, Fe—epoxy resin, GNP-Fe.
The experimental concentration dependences of thermal conductivity
are satisfactorily described within the framework of the combined
model of mixtures and it is shown that the effective thermal conduc-
tivity of each phase of the filler (GNP, Fe) decreases significantly due
to the high interfacial thermal resistance, the effect of which decreases
with increasing GNP content in the composite.

2. The temperature dependences of the thermal conductivity of epoxy
composites with GNP and GNP/Fe fillers are determined both by the
thermal conductivity of the filler particles themselves and by the num-
ber of heat-conducting chains formed by them and the values of con-
tact and interfacial thermal resistances in CM. The increase in the con-
tent of GNP leads to the manifestation of the maximum on the temper-
ature dependence of the thermal conductivity of CM, which is the re-
sult of increasing the number of phonons when heated and, on the oth-
er hand, increasing phonon-phonon scattering.

3. It has been shown that the addition of carbonyl iron along with GNP
particles does not change either the percolation transition or the elec-
trical conductivity values in three-phase GNP /Fe/L285 CMs compared
to two-phase GNP/L285 CMs. The analysis carried out within the
framework of the model of the effective electrical resistance showed
that the number of electrically conductive chains and the value of the
contact electrical resistance between the GNP particles differ insignif-
icantly for three-phase and two-phase CMs.

4. It has been established that in three-phase GNP /Fe/L285 CMs with a
GNP concentration of 0.7-2.6% vol., the hopping mechanism of con-
duction is predominant and the temperature coefficient of resistance is
negative. For the 3.4% vol. GNP/Fe/L285 composite, in addition to
the thermally activated conduction mechanism, the tunnel conduction
mechanism is added. This is due to the formation of a larger number of
electrically conductive chains with a small gap between the conductive
particles, which leads to a more complex temperature dependence of
the electrical resistance.
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1272 Yu. S. PERETS, O. S. YAKOVENKO, L. L. VOVCHENKO et al.

istry of Education and Science of Ukraine and NATO SPS project
G5697 (CERTAIN).

REFERENCES

V. Koci and T. Loubal, Acta Envir. Univ. Comenianae, 20: 62 (2012).

X. Xu, d. Chen, J. Zhou, and B. Li, Adv. Mater., 30, Iss. 17: 1705544 (2018).
B. Kumanek and D. Janas, J. Mater. Sci., 54: 7397(2019).

H.S.Kim, H. S. Bae, J. Yu, and S. Y. Kim, Sci. Rep., 6: 26825 (2016).

J. A. King, Polym. Compos., 20: 643 (2004).

Z.Han, Prog. Polym. Sci., 36: 914 (2011).

Y. Mamunya, V. Davydenko, P. Pissis, and E. Lebedev, Europ. Polym.dJ., 38:
1887 (2002).

Ne ok whe

8. X. Huang, P. Jiang, and C. J. Kim, Appl. Phys., 102: 124103 (2007).

9. D. Zhu, W. Yu, H. Du, L. Chen, Y. Li, and H. Xie, J. Nanomater., 2016:
3089716 (2016).

10. K.Y.Leong, M.R. A. Rahman, and B. A. Gurunathan, J. Energy Stor.,21: 18
(2019).

11. Q. Zhang, Z. Luo, Q. Guo, and G. Wu, Energy Conver. Manag., 136: 220 (2017).

12. L.-W. Fan, X. Fang, X. Wang, Y. Zeng, Y.-Q. Xiao, Z.-T. Yu, X. Xu, Y.-C. Hu,
and K.-F. Cen, Appl. Energy, 110: 163 (2013).

13. N. Burger, A. Laachachi, M. Ferriol, M. Lutz, V. Toniazzo, and D. Ruch, Prog.
Polym. Sci., 61: 1 (2016).

14. N. Gupta, A. Kumar, H. Dhasmana, V. Kumar, A. Kumar, P. Shukla, and
V. K. Jain, J. Energy Stor., 32: 101773 (2020).

15. A. R. Rathmell, S. M. Bergin, Y.-L. Hua, Z.-Y. Li, and B. J. Wiley, Adv. Mater.,
22: 3558 (2010).

16. H. Wei, Z. Zhang, G. Hussain, L. Zhou, Q. Lid, and K. Ostrikov, Appl. M ater.
Today, 19: 100596 (2020).

17. S. K. Kaur, S. B. Chawla, and K. Narang, J. Magn. Magn. Mater., 422: 304

(2017).

18. J.Kong, F. Wang, X. Wan, J. Liu, M. Itoh, and K. Machida, Mater. Lett., 78:
69 (2012).

19. C.Zhang, Y. Yao, J. Zhan, J. Wu, and C. Li, J. Phys. D Appl.Phys., 46: 495308
(2013).

20. F.Ma,Y.Qin, and Y.-Z. Li, Appl. Phys. Lett., 96: 202507 (2010).

21. J. Li, J. Huang, Y. Qin, and F. Ma, Mater. Sci. Eng. B, 138: 199 (2007).

22. F. Mederos-Henry, J. Mahin, B. P. Pichon, M. M. Dortu, Y. Garcia,

A. Delcorte, C. Bailly, I. Huynen, and S. Hermans, Nanomaterials, 9: 1196
(2019).

23. J.Liang, Carbon, 47: 922 (2009).

24. R. J. Young, Compos. Sci. Technol., 72: 1459 (2012).

25. H.Yang,J.Mater.Chem.,19: 4632 (2009).

26. Shuai Wang, Perq-Jon Chia, Lay-Lay Chua, Li-Hong Zhao, Rui-Qi Png,
Sankaran Sivaramakrishnan, Mi Zhou, Roland G.-S. Goh, Richard H. Friend,
Andrew T.-S. Wee, Peter K.-H. Ho, Adv. Mater., 20: 3440 (2008).

27.  X.Y.Yuan, EXPRESS Polym. Lett., 6: 847 (2012).

28. M. M. Gudarzi, EXPRESS Polym. Lett., 6: 1017 (2012).


https://doi.org/10.1002/adma.201705544
https://doi.org/10.1007/s10853-019-03368-0
https://doi.org/10.1038/srep26825
https://doi.org/10.1002/pc.10387
https://doi.org/10.1016/j.progpolymsci.2010.11.004
https://doi.org/10.1016/S0014-3057(02)00064-2
https://doi.org/10.1016/S0014-3057(02)00064-2
https://doi.org/10.1063/1.2822336
https://doi.org/10.1155/2016/3089716
https://doi.org/10.1155/2016/3089716
https://doi.org/10.1016/j.est.2018.11.008
https://doi.org/10.1016/j.est.2018.11.008
https://doi.org/10.1016/j.enconman.2017.01.023
https://doi.org/10.1016/j.apenergy.2013.04.043
https://doi.org/10.1016/j.progpolymsci.2016.05.001
https://doi.org/10.1016/j.progpolymsci.2016.05.001
https://doi.org/10.1016/j.progpolymsci.2016.05.001
https://doi.org/10.1002/adma.201000775
https://doi.org/10.1002/adma.201000775
https://doi.org/10.1016/j.apmt.2020.100596
https://doi.org/10.1016/j.apmt.2020.100596
https://doi.org/10.1016/j.jmmm.2016.08.095
https://doi.org/10.1016/j.jmmm.2016.08.095
https://doi.org/10.1016/j.matlet.2012.03.026
https://doi.org/10.1016/j.matlet.2012.03.026
https://doi.org/10.1088/0022-3727/46/49/495308
https://doi.org/10.1088/0022-3727/46/49/495308
https://doi.org/10.1063/1.3432441
https://doi.org/10.1016/j.mseb.2006.12.001
https://doi.org/10.3390/nano9091196
https://doi.org/10.3390/nano9091196
https://doi.org/10.1016/j.carbon.2008.12.038
https://doi.org/10.1016/j.compscitech.2012.05.005
https://doi.org/10.1039/b901421g
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Wang%2C+Shuai
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Chia%2C+Perq-Jon
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Chua%2C+Lay-Lay
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Zhao%2C+Li-Hong
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Png%2C+Rui-Qi
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Sivaramakrishnan%2C+Sankaran
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Zhou%2C+Mi
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Goh%2C+Roland+G-S
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Friend%2C+Richard+H
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Wee%2C+Andrew+T-S
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Ho%2C+Peter+K-H
https://doi.org/10.1002/adma.200800279
https://doi.org/10.3144/expresspolymlett.2012.90
https://doi.org/10.3144/expresspolymlett.2012.107

29.

30.
31.
32.
33.

34.

35.

36.

37.

38.

39.

40.
41.
42.
43.
44.
45.
46.

CONCENTRATION AND TEMPERATURE DEPENDENCES 1273

H. Malekpour, P. Ramnani, S. Srinivasan, G. Balasubramanian, D. L. Nika,
A. Mulchandani, R. K. Lake, and A. A. Balandin, Nanoscale, 8: 14608 (2016).
M. Segal, Nature Nanotech., 4: 612 (2009).

L.Yu, Y. Zhu, and Y. Fu, RSC Adv., 7: 36473 (2017).

N. Li, G. Huang, H. Xiao, Q. Feng, and S. Fu, Carbon, 144: 216 (2019).

S. Sankaran, K. Deshmukh, M. Basheer Ahamed, and S. K. Khadheer Pasha,
Compos. A: Applied Sci. Manuf., 114: 49 (2018).

F. Ren, D. P. Song, Z. Li, L. C. Jia, Y. Zhao, D. Y. Yan, and P. G. Ren, J. Mater.
Chem.C,6:1476 (2018).

H. Fang, H. Guo, Y. Hu, Y. Ren, P.-C. Hsu, and S.-L. Bai, Compos. Sci. Tech-
nol., 188: 107975 (2020).

O. Lazarenko, L. Vovchenko, L. Matzui, and Ju. Perets, Mol. Cryst. Liq. Crys.,
536: 72(2011).

L. Y. Matzui, L. L. Vovchenko, Y. S. Perets, and O. A. Lazarenko, Materwiss.
Werksttech., 44: 254 (2013).

L. Vovchenko, L. Matzui, V. Oliynyk, V. Launetz, V. Zagorodnii,

and O. Lazarenko, Electrical and Shielding Properties of Nanocarbon-Epoxy
Composites (Ed. V. Mitchell) (New York: Nova Science Publishers: 2016), p. 29.
D. Stauffer, Introduction to Percolation Theory (London: Taylor Francis:
1992).

A. Mikrajuddin, Materials Sci.in Semicond. Processing, 2: 321 (1999).

N. Hu, Carbon, 48: 680 (2010).

P. Saha, Geosci. Front., 1: 1755 (2020).

D. Bigg, Polym. Compos., 7: 125 (1986).

Y. P. Mamunya, Polym. Eng. Sci., 47: 34 (2007).

G. C. Psarras, Compos. A: Appl. Sci. Manuf., 37: 1545 (2006).

L. L. Vovchenko, T. A. Len, L. Yu. Matzui, O. V. Turkov, and Yu. S. Perets,
J.Nano-Electron. Phys., 11: 03007 (2019).


https://doi.org/10.1039/C6NR03470E
https://doi.org/10.1038/nnano.2009.279
https://doi.org/10.1039/C7RA05744J
https://doi.org/10.1016/j.carbon.2018.12.036
https://doi.org/10.1016/j.compositesa.2018.08.006
https://doi.org/10.1039/C7TC05213H
https://doi.org/10.1039/C7TC05213H
https://doi.org/10.1016/j.compscitech.2019.107975
https://doi.org/10.1016/j.compscitech.2019.107975
https://doi.org/10.1080/15421406.2011.538346
https://doi.org/10.1080/15421406.2011.538346
https://doi.org/10.1002/mawe.201300117
https://doi.org/10.1002/mawe.201300117
https://doi.org/10.1016/S1369-8001(99)00036-0
https://doi.org/10.1016/j.carbon.2009.10.012
https://doi.org/10.1002/pc.750070302
https://doi.org/10.1002/pen.20658
https://doi.org/10.1016/j.compositesa.2005.11.004
https://doi.org/10.21272/jnep.11(3).03007




Metallophysics and Advanced Technologies © 2022 G. V. Kurdyumov Institute for Metal Physics,

Memanogi3. HOBIMHI MexXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2022, vol. 44, No. 10, pp. 1275-1292 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407 /mfint.44.10.1275 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACS numbers: 07.10.-h, 68.35.Fx, 68.35.Rh, 68.55.Ln, 81.40.-z

Thermal and Ion Treatment Effect on Nanoscale Thin Films
Scratch Resistance

V. Yanchuk®, I. Kruhlov®, V. Zakiev"™, A. Lozova“, B. Trembach*",
A. Orlov’, and S. Voloshko®

*National Technical University of Ukraine
‘Igor Sikorsky Kyiv Polytechnic Institute’,
37 Peremohy Ave.,
UA-03056 Kyiv, Ukraine
“National Aviation University,
1 Lyubomyr Huzar Ave.,
UA-03058 Kyiv, Ukraine
“*Private Joint Stock Company ‘Novokramatorsky Mashinostroitelny Zavod’,
5 Oleksa Tikhoy Str.,
UA-84305 Kramatorsk, Ukraine

In this study, a microtribological characteristics of Ni(25 nm)/Cu(25 nm)/
Cr(25 nm) three-layer thin films fabricated using DC magnetron sputtering
are explored using progressive scratch test. Four various types of thin films
are examined and compared: as-deposited film, film after low-energy Ar* ion
irradiation, film annealed at 450°C for 15 minutes in vacuum, and film after
ion irradiation followed by vacuum annealing. Scratch tests are supplement-
ed by structural (XRD) and chemical (AES) experimental studies. As figured
out, the sample after ion irradiation followed by annealing demonstrated the
best microtribological and wear resistance characteristics among all studied
films. The highest scratch resistance, smooth scratch shape, the lowest value
of peak tangential force as well as the absence of side cracks and film delami-
nation are revealed for the sample after irradiation followed by annealing.
The likely reasons of this behaviour are discussed.
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V¥V mamiit poboTi 3a JOIIOMOT0I0 METOIM CKJIEPOMETPii Zociim:KeHo MiKpoTpubdo-
JIOTiYHi XapaKTePUCTUKY TPUIITAPOBUX HAHOPO3MipHUX KoMnosurliit Ni(25 am)/
Cu(25 uam)/Cr(25 um), omepKaHUX METOA0I0 MarHETPOHHOTO ocam:KeHHdA. [oc-
JiIKeHO YOTHPH PisHiI TUIIM HAHOPO3MIpHUX KOMIIO3UIIili: Hiciid ocamKeHHS,
micass ompoMiHEeHHA HU3bKOEHEPTeTHUYHUMY HoHamMu Ar', micid Bigmasny y Ba-
KyyMi 3a Temmeparypu 450°C BupomoB:k 15 XBHJIMH i micasa HOHHOTO OIPOMi-
HeHHS 3 HACTYIIHMM BaKyyMHUM Bimmajgom. Pe3yabTaTé MiKpOTPHOOJIOTiUHUX
BUNPOOYBaHb MOMOBHEHO maHuMU CTPYKTypHuUXx (PCPA) ta xemiunumx (OEC)
Iocaim:KeHb. BecTaHOBIEHO, IO HAWKpAIi MiKpOTPHOOJIOTiUHI Ta 3HOCOCTiNKi
XapaKTEepPUCTUKU cepel YCiX MOCTiIKyBaHUX 3Pa3KiB BUABJIEHO [JIA BUIAAKY
MOHHOTO OIIPOMiHEHHA 3 HACTYITHUM Binmasiom. [Jia iporo 3paska 3aikcoBaHo
HaAWBUIITY 3HOCOCTiNKiCTD, UiTKY (DOPMY IIOAPANNHYN, HAMEHIIe 3SHAUYEHHS MaK-
CUMAaJIbHOI TAHTeHI[iliHOI CHJIM, a TaKOK BiJCYyTHiCTh OiYHMX TPIIUH i posIma-
pyBauHA mIiBKu. OGroBOPIOIOTHCS HMOBipHI IPUUYMHY TAKOTO eeKTy.

Karouosi croBa: Tepmiute Ta iioHHEe 00pOOJIEHHSA, TOHKOILIiBKOBI KOMITO3HUIIi],
3HOCOCTIiiKiCcTh, MiKpOTpUOOIOTiUHA CTiHKiCTh, CKIEPOMETpis.

(Received July 28, 2022; in final version, August 11, 2022)

1. INTRODUCTION

Thin films are widely used as functional, reinforcing, reflective, con-
ductive, and dielectric materials in the manufacture of printed circuit
boards, integrated circuit elements in microelectronics, light filters,
optoelectronic elements, in novel lithographic processes, as well as for
the development of new generation contacts for solar cells based on sil-
icon, graphene, perovskite and their combination.

In particular, the modern microelectronics industry is developing
based on nanoscale devices. Of the most important components of such
systems, there are heterogeneous materials based on complex na-
noscale multilayer structures[1].

It is acknowledged that the reliability of electronic devices signifi-
cantly depends on the strength of interatomic interaction at the inter-
facial boundaries. A measure of this interaction is the adhesive
strength, which plays an important role in multilayer thin-film sys-
tems, in particular, at the film/film and film/substrate interfaces [2].
Adhesion is a key factor determining the durability of thin-film devic-
es, for example, in microelectronic integrated circuits, affecting the
probability of film delamination. In solar energy, the efficiency of pho-
toconversion in CIGS modules also largely depends on the adhesion of
the metal back contact, provided that its high conductivity is main-
tained [3]. In this regard, the measurement of the adhesion force has
become one of the most important tasks in the development of various
technological processes of microelectronics and photovoltaics [4—6].

An effective way to increase adhesion in the case of thin-film coat-
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ings is the intentional formation of transition layers by the diffusion
of one metal into another, the formation of intermetallics at their in-
terfaces, the interaction of metal with oxygen from the substrate [7].

Thin layers of various metals with high oxygen affinity are usually
applied to the substrate to enhance the adhesive strength [8]. However,
it should be considered that the adhesion depends not only on the oxy-
gen affinity of the metal, but also on other factors such as residual ox-
ygen pressure in the deposition chamber, film structure etc. The mech-
anism of intermediate layer formation in this case is mediated by the
oxygen diffusion from various sources (spray chamber, metal film, ox-
ides) to the metal/oxide interface [7]. Thus, a contradiction arises: on
the one hand, the physicochemical interaction of metal films with each
other and the substrate is desirable, and on the other hand, such inter-
action disrupts the thermal stability of metal contacts and their con-
ductivity due to oxygen diffusion during oxide decomposition on
thermal exposure. As a result, the functionality of such products can
be severely affected not only by various mechanical problems, such as
delamination and buckling, but also by changes in phase and chemical
composition. This problem is even more complicated in the case of mul-
tilayer nanoscale coatings.

Ion bombardment is considered to be one of the effective tools for ad-
hesion enhancement. One of the first works in this direction [9] showed
that the argon bombardment with a dose of 10'-10'®ions/cm? and an
energy of 80—120keV of aluminium films with a thickness of 400—
500 A allows to increase the peeling strength between the film and glass
substrate by about two orders of magnitude. According to the authors,
this effect causes the formation of an intermediate structure at the
glass-aluminium interface, which increases the strength of adhesion.
Advantages of ion implantation under high-energy irradiation have
been widely reported in the literature [10]. However, the range of low
beam energies (< 3 keV) is of high interest for modern nanotechnologies
to restrict the radiation damage of the structure. That is due to the fact
that the implantation of inert gas ions and the degradation of the opti-
cal properties of nanosize coatings occur at energies up to 5 keV[11].

Low-energy ion irradiation of substrates has proven itself well in
terms of increasing adhesion [12], including the creation of thin-film
photoconverters for solar technology [3]. Today, the methods of ion
assistance in the deposition of thin films on different substrates have
become especially widespread. It has been reported that the presence of
the ionic component directly during sputtering leads to the formation
of compressive stresses [13], reduction in grain size and suppression of
the columnar structure [14]. On the other hand, excessive stresses can
lead to the adhesion degradation and, as a consequence, to the film
cracking and peeling. The possible various effects of ion bombardment
on the adhesion of different metals related to the degree of affinity of
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the irradiated metal to oxygen should be taken into account. Ion bom-
bardment at low energies can cause both oxidation of the metal and re-
duction of already formed oxides [15].

This can provide additional opportunities to improve the properties
of the conductive layer after the deposition of the layered structures
[16] and before the subsequent technological operations associated
with thermal exposure.

Thus, the study of the effect of low-energy ion radiation on the ad-
hesion of thin metal films, the choice of energy and duration of pro-
cessing, substrate temperature and other parameters, is an important
technological problem.

As for experimental techniques for quantifying the adhesion of thin
films, quite a lot of them have appeared in recent decades. The most
effective methods include the following: four-point bending (4PB),
bending test, microcantilever tests, spontaneous bulging, nanoinden-
tation, and scratching [17-19].

It has been earlier reported the results of the pin-on-disk microtribo-
logical test using the Rockwell indenter which allowed to estimate the
wear resistance and adhesion strength of the nanoscale
Cr(25 nm)/Cu(25 nm)/Ni(25 nm) system [20].

However, one of the most informative analytical methods for the
characterization of adhesive properties remains the scratch test [21—
23]. It was one of the first techniques to be widely used to assess the
strength of materials [24], although for some time local indentation
almost completely replaced scratch testing in engineering practice.
However, in recent years, scratch testing has returned not only to sci-
entific laboratories, but also has become an effective method of quality
control in the high-tech industry [23].

During scratch test, indenter is pressed into the material surface
under the action of normally applied load with simultaneous sample
movement fixed on a motorized stage [25]. Depth, width, and shape of
generated scratch on the sample surface depend on the material scratch
resistance and its resistance to destruction. Moreover, modern scratch
testers are equipped with sensitive displacement sensors, allowing to
register lateral or normal indenter displacement during the test
providing new opportunities for evaluation materials behaviour under
load, fracture resistance and mechanical properties. Depending on the
combination of different factors, it is possible to study various mecha-
nisms of scratch formation (plastic deformation, cutting, dispersing,
brittle chipping, as well as their combinations) [26].

Scratch tests can be divided into static and progressive depending on
load application law. During static tests, a scratch is generated on the
sample surface by application of constant indenter load. This type of
test is generally used to evaluate the tribological properties of differ-
ent materials or to calculate hardness by scratching. Quantitative val-
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ues of hardness are determined either by the width of the scratch
(scratch hardness) or by the magnitude of the tangential force required
to form a scratch (plugging hardness) [27]. This approach has been
widely applied for studying the materials with a porous [28], multi-
phase or composite structure [29, 30].

The progressive mode assumes that during scratching the normal
load on the indenter gradually increases from zero to the predeter-
mined value over time. This test mode is widely used in studies of the
adhesive properties of various coatings [10, 31, 32] and submicron-
thick films obtained by magnetron deposition [33]. The mechanism of
coating destruction depends on the instrument features and settings
(loading speed, scratching speed, indenter type and shape), properties
of the substrate (hardness and elasticity modulus) and the coating it-
self (thickness, hardness, elasticity modulus, residual stresses, surface
roughness etc.). [34]. During progressive scratching, local defects are
formed in the studied coatings, so one of the most important character-
istics is the critical load L. that initiates coating failure [35]. Moment
of coating failure is determined from friction force analysis or micro-
scopic examination of formed scratch.

The objective of present study is to evaluate the scratch resistance
and adhesive strength of nanoscale Ni/Cu/Cr system after ion and/or
heat treatment using the progressive scratch test.

2. METHODS AND OBJECTS

Ni(25 nm)/Cu(25 nm)/Cr(25 nm) thin films were fabricated by magne-
tron deposition onto single crystal Si (001) substrates at room temper-
ature from high-purity targets of Ni (99.995 at.%), Cu (99.99 at.%),
Cr (99.95 at.%). Before deposition, the substrate was subjected to
standard ultrasonic cleaning. Additional oxidation of the silicon single
crystal surface was not used, but the already formed layer of natural
SiO; oxide of several nanometres thickness was not removed. Addi-
tional oxidation could help to improve the mechanical characteristics
of the structure due to the formation of an intermediate layer of Cr.O,
oxide [36].

Low-energy Ar" ion bombardment of films surfaces was carried out
using an OMI-0010 accelerator with an energy of 800 eV with a dura-
tion of 20 minutes and a fluence of 5-10'ion/cm?, which was pre-
calibrated using the standard Faraday cup. Because low beam energies
were applied, no noticeable heating of the samples was observed when
irradiated, heating was controlled by a K-type thermocouple mounted
on the film surface.

Heat treatment of the samples was performed in a vacuum of 1073 Pa
at a temperature of 450°C for 15 minutes at a heating rate of 2°C/s.
The combined mode provided ion treatment with an energy of 800 eV
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lasting 20 minutes and fluence of 5-10!'°ion/cm? followed by heat
treatment in a vacuum of 1073 Pa at 450°C for 15 minutes at a heating
rate of 2°C/s.

To study the scratch resistance and adhesion strength of Ni/Cu/Cr
thin films with substrate, a series of scratch tests were performed us-
ing the multifunctional indentation tester ‘Micron-gamma’ [37]. The
indentation tester is equipped with a built-in optical microscope, which
allow precisely select surface area for investigation and get images of
formed scratches immediately after test. This allows to characterize
the mechanisms of surface destruction, as the tested specimen with the
formed defects remains static on the instrument motorized stage and
does not require any movement for further analysis.

Thin films in the initial state, as well as after ion, thermal and com-
bined effects were studied by the progressive scratch testing. Scratch-
ing was performed with a Berkovich diamond indenter, with a gradual
increase of indenter load from 0 to 100 mN and its subsequent gradual
decrease from 100 to O mN, while the loading and unloading rates were
10 mN/s. Proposed loading law allows to determine not only the mo-
ment of coating failure, but also the load at which the indenter will re-
turn back on the coating surface during unloading, providing addi-
tional information about coating resistance to fracture. The use of a
sharp indenter localizes the maximum stresses closer to the surface
and minimizes the substrate deformation [38].

Surface scratching was realized by the automated movement of the
motorized sample stage of the instrument in two-dimensional plane. The
length of each scratch was 600 um. With the help of a precision system
of indenter displacements measurements, the values of the tangential
(friction) force were registered. Analysis of the tribograms (dependence
of the friction force along scratch distance) allowed us to estimate the
moment of film failure and to determine the interfaces between differ-
ent layers of layered stacks. It should be noted that the ability to register
the tangential or friction force during the scratch measurement allows
to study the surface properties of thin-film and nanoscale materials, as
well as practical adhesion between film and substrate [39].

Structural properties and phase composition of thin films after dep-
osition and post-annealing were studied by x-ray diffraction (XRD),
using synchrotron radiation and grazing-incidence wide-angle x-ray
scattering (GIWAXS) technique at BL44B2 RIKEN SPring-8 Materi-
als Science Beamline. The Debye—Scherrer camera of 286.5 mm radius
was equipped with an image plate 400x200 mm detector. The grazing
angle between the beam and the sample surface was 0.5°, while the x-
ray wavelength was adjusted to 0.8 A. Vertical and horizontal beam
sizes were 0.01 mm and 3.0 mm, respectively. Averaged crystallites
size (or coherence length) of film layers was evaluated using Scherrer’s
formula by determining the full width at half maximum (FWHM) of
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the diffraction lines.

Chemical composition of as-received and post-annealed film samples
was studied by Auger electron spectroscopy (AES) measurements at
Jamp-9500F (Jeol) device. AES chemical depth profiling was carried
out by etching the surface of the films with 1 keV Ar*ions at a 45° inci-
dence angle to the sample surface. Spectra were obtained at the prima-
ry electron beam energy of 10 keV and a current of 30 nA with a 0.6%
resolution.

3. EXPERIMENTAL RESULTS

Scratch test showed a different nature of the Ni/Cu/Cr film failure for
samples in the initial state, after ion treatment, after annealing and a
combination of ion and heat treatment, despite the similar chip for-
mation mechanisms.

The analysis of the registered tribograms and surface images
showed a significant influence of different processing types on film
layers adhesion force. Tribogram for the film in the initial state shows
a gradual destruction of each layer, accompanied by a change in the
angle of tangential force. Critical loads (L.) at which the destruction of
each layer occurs for the initial state and different treatment modes
are shown in Table 1.

Scratch test results for as-deposited specimen are shown in Fig. 1, a.
The lower part of the figure represents a tribogram, that characterizes
the resistance of the material to the indenter movement along the scan-
ning path during scratching at a constant speed with increasing indent-
er load from 0 to 100 mN and its decreasing from 100 mN to 0. Top of
the figure shows optical microscopy image of the corresponding scratch
on the sample surface. The initial stage of scratching is characterized by
a gradual increase in friction force during loading, as well as the absence
of microcracks and wear products. When the load reaches 19 mN, the
angle of the tribogram changes, which indicates the destruction of the
surface layer (Ni). As the load increases, the wear products and cracks
appear along the scratching path. The destruction of the intermediate
layer (Cu) occurs at load of 62 mN, and the Cr layer destruction takes
place at load of 96 mN, which is accompanied by changes in the angle of
tangential force. It should also be noted that the load at which the in-
denter returns to the surface of each layer during unloading is slightly
lower than the load required for the destruction of the film layers, and it
is 87 mN, 54 mN and 8 mN for each layer respectively. This trend (frac-
ture load is always higher than the load at which the indenter returns on
the surface of each layer during unloading) is observed in all samples
and can characterize the resistance of coatings to scratch fracture. Lee
and Liu reported [40] that nanoindentation causes atomic reorganiza-
tion and leads to the formation of areas of high-stress plastic defor-
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TABLE 1. Critical loads for the initial state and different treatment modes.

Specimen Loading Unloading
ThiCkneSS, Lc Nis Lc Cus Lc Crs Lc Crs Lc Cuy Lc Niy
nm mN mN mN mN mN mN
As-deposited 75 nm 19 62 96 87 54 8
Annealed 75 nm 14 60 94 70 50 6
Ionirradiated 66.8 nm - 74 90 60 54 -
Irradiated and 66.8 nm _ 76 _ _ 79 _
annealed

mation and even to the selective segregation of elements around the in-
denter imprint. It is likely that during continuous scratching, stresses
in material affect the value of the critical load at which the indenter re-
turn on each layer surface compared to the fracture load.

The scratch test results for the sample after ion irradiation with an
energy of 800 eV for 20 minutes (Fig. 1, b) has showed that despite sim-
ilar stages of deformation and destruction to those observed for the
original sample, there are some differences. The lateral microcracks
appear in the load region of 60 mN that corresponds to the transition to
the last layer of the stack. It should also be noted that after the com-
plete destruction of all layers, there is a fragile destruction of the coat-
ing and its delamination along the edges of the scratch, even during
further unloading to 70 mN, accompanied by nonmonotonic and une-
ven changes of the tangential force. It can be assumed that there is a
significant excess of fracture stress over the critical fracture tough-
ness in this region, resulting in the formation of chips and cracks [41].
At the same time, further unloading of the indenter at the range of 50—
0 mN is characterized by the complete absence of cracks and chips and
a smooth shape of the scratch similar to the initial stage of scratching.

Figure 1, ¢ shows the results of scratch test of annealed sample,
which demonstrates a completely different nature of deformation and
fracture compared to the as-deposited film. It is not possible to identi-
fy the areas of the film delimitation for this sample. During scratching
there is a monotonic increase of tangential force to a critical fracture
load, that corresponds to the destruction of the entire coating. The
critical load of 74 mN corresponds to fracture of first two coating lay-
ers. During the unloading of the indenter the process of the coating
fracture is completed at load value of 54 mN. It should also be noted
that at a load of 90 mN, fragile destruction of the all film layers is ob-
served along the scratching path. It is accompanied by a higher level of
tangential force for the annealed sample as the stress state of the sys-
tem increases. Large amount of wear products around the scratch and
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delamination of the film are seen, which means relatively low re-
sistance to fracture and low adhesion. It is likely that the heat treat-
ment causes diffusion blurring of the interfaces between the metal lay-
ers and impairs the tribological and adhesive properties of the film
compared to the initial state.

Figure 1, d shows the results of scratch test for the sample after com-
bined treatment. It should be noted that applied load does not cause fail-
ure of all the film layers and its delamination from substrate. Fracture
of first two film layers is observed at load 76 mN during loading and fin-
ished at 72 mN during unloading phase. The difference between these
values is the smallest among all studied samples. Experimental result
shows the highest scratch resistance of the irradiated and annealed film
compared to its condition after the heat treatment only. Moreover, un-
like previous cases, the scratch has a clear shape with a minimal width,
there are no signs of brittle destruction and delamination of the film, as
well as small amount of wear products. In this case, the lowest peak val-
ue of the tangential force is registered, which is more likely due to the
deformation of the film, rather than its separation from the substrate.

as-deposited irradiated
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Fig. 1. Tribograms of the as-deposited (a), ion irradiated (b), annealed (c) and
irradiated and annealed thin-film samples (d).
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It is worth noting that along the entire length of the scratch, no lateral
cracks and no coating destruction were detected. In addition, the scratch
itself is smooth and without fractures and wear products. All the above
indicate that complex processing is useful to enhance the microtribolog-
ical and adhesive properties of the film.

A rough estimation of the adhesion strength ratio after treatment to
initial sample is performed using the method described elsewhere [21],
taking into account the value of critical load, scratch track radius and
coating thickness. It shows that after annealing the adhesion increases
in 1.5 times compared to the initial state, after ionic treatment in 1.4
times, while after complex treatment in 5.8 times.

4. DISCUSSION

To understand the reasons of the established difference in tribological
properties, an analysis of the structural phase transitions of all sam-
ples has been done using the XRD technique. Figure 2 shows synchro-
tron XRD scans of the thin-film samples after deposition and after dif-
ferent types of processing. The change of average crystallite size (Fig.
2, b) and lattice parameters (Fig. 2, ¢) as a function of treatment condi-
tions are also presented.

For the initial state, a set of diffraction peaks characteristic to the
f.c.c. Ni, f.c.c. Cu, and b.c.c. Cr phases is observed. The lattice parame-
ters of the Ni, Cu and Cr phases, calculated based on the XRD data, are
presented in Fig. 2, b. In the initial state, the lattice constants of these
phases are 0.351 nm, 0.359 nm, and 0.289 nm, respectively. Further ion
treatment does not change the initial phase composition, the appearance
of new peaks from oxides or other compounds is not observed, and the
lattice parameters of all phases remain unchanged. The decrease in the
integral intensity of the Ni peak is associated with its sputtering during
ion irradiation stage, and in the case of annealing also with the diffusion
of Cu to the outer surface. The shift of the angular position of the Cu
(111) peak towards the position of the Ni (111) peak after annealing in-
dicates the formation of a Cu-based solid solution. However, the de-
crease in the Cu lattice parameter is insignificant and indicates that the
Ni concentration in this solid solution does not exceed 5% . The angular
position of the Ni peak remains almost unchanged, so there is no notice-
able change in the parameter of its crystal lattice. After annealing with
additional ion pre-treatment, no significant changes were recorded
compared to the case of annealing only.

The Ni crystallite size is almost twice that of Cu in the initial state,
which is one of the factors that explains the accelerated diffusion of Ni
into Cu in contrast to the bulk material. After ion treatment, the crys-
tallite size of Ni decreases to ~6.7 nm, and after annealing at 450°C it
increases to ~ 11 nm compared to the initial state (~ 9.5 nm). After the
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combined treatment, the most significant decrease in Ni crystallite
size down to 5 nm is observed. Decrease in the grain size, respectively,
reduces the surface roughness and increases the adhesive strength,
which is in a good agreement to the experimental data [6] and the base
model [42].

The AES layer-by-layer elemental composition of as-received sample
is shown in Fig. 3, a. Clear interfaces between the layers indicate that
no diffusion intermixing is taking place after DC magnetron sputter-
ing. Accordingly, the tribograms clearly indicates separation between
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individual layers and the moment when the indenter reaches the sub-
strate with a characteristic burst of tangential force.

Heat treatment in vacuum promotes the activation of diffusion pro-
cesses. Mutual diffusion of Ni and Cu is observed on the Auger profiles
(Fig. 3, ¢). Cu atoms diffuse towards the film outer surface, their con-
centration in the Ni subsurface area reaches 15-18 at.%. The in-
creased oxygen content up to 30 at.% in this layer indicates the possi-
ble Cu oxidation. The presence of surface contaminants or oxide layers
can significantly affect the adhesive strength [43].

Ni atoms also diffuse into the Cu layer in the amount of about 10
at.% , while at the interface with Cr its presence reaches 20 at.% . After
annealing, the sputtering time of the Cr layer increases markedly dur-
ing the analysis, which might be associated with the formation of dis-
persed carbide phases near the substrate, although their presence has
not been recorded by XRD. The amount of carbon in the Cr increases to
approximately 10 at.% throughout the layer, while for the as-deposited
sample it does not exceed 2—3 at.% . However, the amount of C increas-
es at least in 3 times compared to the initial state, according to the es-
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Fig. 3. Auger layer-by-layer elemental distribution of the as-deposited (a), ion
irradiated (b), annealed (c¢) and irradiated and annealed thin-film samples (d).
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timation of the integrated area occupied by C in the Cr layer. It should
be noted that Cr is a carbide-forming element (enthalpies of formation
of carbides CrzsCs, Cr:Cs, CrsC; are -290.0+x27.6 kd/mol,
-149.2+ 8.5 kJ/mol, —81.1 + 2.9 kJ/mol, respectively) [44]. Addition-
ally, reduction processes at the internal interfaces that could take place
during vacuum annealing, could also adversely affect the adhesion
strength of the film to the substrate. The region, corresponding to the
Ni and Cu intermixing, is also seen at the tribograms, as well as the Cr
layer and Cr/Si interface are also distinguished. The transition layer of
different tribological properties is clearly seen between Cu and Cr. It
contains Ni atoms and according to the binary phase diagram, eutectic
mixture of Ni with Cr is possible. Existence of such Ni—Cr eutectic
phase compound can be also indirectly judged by the change in the in-
clination angle of tangential force on the corresponding tribogram.

The diffusion coefficients of Ni and Cu were estimated based on the
AES concentration profiles using the centre-gradient approach pro-
posed by Hall and Morabito [45]. The method is based on the assumption
that the lattice diffusion is the dominating mechanism at the interfaces
between metal layers, while the grain boundary contribution can be ne-
glected. The degree of initial diffusion, i.e., before annealing, has also
been taken into account. In present case, the concentration profiles of
the components (given in logarithmic coordinates) after annealing (Fig.
3, ¢) and for the initial state (Fig. 3, a) were compared. The estimated
lattice diffusivities of Niin Cu and Cu in Ni after vacuum annealing at
450°C for 15 minutes are summarized in Table 2. The literature data on
the Ni and Cu diffusion coefficients in thin-film systems is given as
well as for a reference. According to the results obtained, both diffu-
sion coefficients are in the range 10'™-=107'8 cm?/s, but Cu in Ni diffu-
sivity coefficient is higher than the Ni in Cu one. In order of magni-
tude, our data are in good agreement with the data reported by Lian et
al. [46], where the Hall-Morabito method was also applied. Moreover,
the authors proved that this method has good accuracy for the case of
thin films and the influence of sputtering artefacts can be neglected.

The Auger depth profiling characterizes the average distribution in
chemical composition through the film thickness, i.e., provides integrat-
ed information on grain boundary and bulk diffusion mechanisms. XRD
data characterize bulk diffusion, when phase transformations take place
with the gradual formation of a homogeneous solid solution. Thus, the
observed intermixing between Ni and Cu, which is not accompanied by
significant changes in the parameters of the crystal lattice according to
XRD data, indicates a predominantly grain boundary diffusion mecha-
nism. This mechanism does not enhance the interatomic interaction be-
tween the film layers and does not improve adhesion.

In addition, the reduction of interfacial oxide layers, which may
form during magnetron sputtering, could take place during vacuum
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TABLE 2. Lattice diffusion coefficients of Ni in Cu and Cu in Ni.

‘ Diffusion couple | D, cm?/s | Treatment Reference
Ni(25 nm)/Cu(25 nm) 5.8.10°17 450°C Present study
CIEH”‘ Ni(25 nm)/Cu(25nm)  5.3-10-17 Pre'lzg%‘?é‘tmn’ Present study
Ni(100 nm)/Cu(100 nm) 3.8:10717 400°C [46]
Ni(25 nm)/Cu(25 nm) 9.2.10°18 450°C Present study
Néllln Ni(25 nm)/Cu(25nm)  2.1-10°17 Pre'lzg%‘llé‘“on’ Present study
Ni(100 nm)/Cu(100 nm)  6.1.108 400°C [46]

annealing [47]. The reduction of such oxides or suboxides adversely
affects adhesion. And the formation of chromium silicide, which en-
hances an adhesion, at this temperature does not occur [40]. As a re-
sult, the tribological and adhesive properties of the film after anneal-
ing compared to the initial state deteriorate, which is manifested in a
decreased critical load. Thus, the simultaneous influence of such fac-
tors as enlargement of crystallite size, increase of surface roughness,
saturation of the Cr layer with carbon, reduction of oxides at the inter-
faces adversely affects the adhesive strength of thin films.

After ion irradiation at the energy of 800 eV for 20 minutes (Fig. 3,
b), the Ni layer is sputtered with a corresponding decrease in its thick-
ness from 25 to 16 nm. However, irradiation does not induce a diffu-
sion interaction of components and there are no changes in the phase
composition. Ion treatment with the mode used helps to reduce the
amount of O and C remained in the film after deposition stage, as well
as to increase the concentration of Cu from 90% to almost 100% . The
development of reduction processes at the internal interfaces is associ-
ated with the long-range effects induced by low-energy ions, which has
been discussed in detail elsewhere [15]. Optimal ion treatment mode
(energy of 800 eV and fluence of 5.6-10'¢ ion/cm?) caused a simultane-
ous passivation of all film layers with decreased presence of oxygen
and carbon impurities. Since reduction processes yield first of all at
the Cr/Si interface, it brings light on the change in destruction behav-
iour in this area. Reducing the size of the crystallite size of the Ni layer
to ~8 nm compared to the initial state (~ 13 nm) should increase the
resistance to failure, but the thickness of the Ni layer decreases to
16 nm, which likely compensate the effect. Ion irradiation increases
the Ar content due to the ion implantation, which is a well-known ef-
fect [48]. However, ion irradiation also leads to a significant increase
in the number of point structural defects, which is likely to be the
cause of the experimentally observed degradation of adhesion and wear



THERMAL AND ION TREATMENT EFFECT 1289

resistance of the irradiated sample. It should be emphasized that there
is rather contradictory information on the effect of ion irradiation on
surface strength properties in the literature. Positive and negative ef-
fects of irradiation on strength characteristics have been reported,
usually associated with ion-induced residual stress modification, sur-
face atom packing factor, and surface lattice density regulated by the
concentration of implanted ions [49, 50].

However, the combination of ion and thermal treatments improves
the microtribological characteristics of Ni(25nm)/Cu(25nm)/
Cr(25 nm) three-layer stack, which is in a good agreement to the previ-
ously observed effect reported for Cr(25nm)/Cu(25nm))/Ni(25nm)
films [20]. The improvement of mechanical properties is observed com-
pared both to the annealed sample and as-deposited film. Ion treatment
before annealing does not affect noticeably the elemental distribution of
the main components compared with thermal annealing (Fig. 3, d).

Grain-boundary diffusion of Cu atoms intensifies, their number in-
creases both directly on the outer surface (up to 25 at.%) and in the
near-surface region of the Ni layer. The diffusion of Ni atoms into the
Cu layer is slightly accelerated in the region near their interface,
which strengthens the interatomic bond between Ni and Cu, but in the
Cu layer, on the contrary, it slows down. The amount of Ni also de-
creases at the Cu/Cr interface, which is positive for the adhesion as the
amount of the Ni + Cr eutectic mixture decreases. The reduction in the
amount of carbon in the Cr layer compared to heat treatment (about 1.3
times) is another factor that positively affects adhesion strength.

The estimation of the diffusion coefficients using the Hall-Morabito
method was carried out for film after combined treatment (Fig. 3, d)
compared to the ion irradiated sample (Fig. 3, b), which was taken as
the initial state. The estimated lattice diffusivities of Ni in Cu and Cu
in Ni (after ion irradiated with an energy of 800 eV and with a duration
of 20 minutes) and irradiated and annealed at 450°C for 15 minutes are
also summarized in Table 2. According to these data, there is no signifi-
cant increase in the diffusion coefficient of Cu when using ion pre-
treatment, while for Ni the diffusivity increases by about 2.3 times. It
is worth emphasizing once again that these estimations concern the
Ni/Cu interface only and are not applicable to more remote regions of
low concentrations, which characterize grain boundary diffusion.

One should consider also other factors that can affect the adhesion
for the case of complex treatment. As has been shown recently [20], the
increased surface presence of Ar has been detected after the thin film
low-energy ion irradiation and thermal treatment. It has been suggest-
ed that in this case the implanted Ar atoms may be more strongly bound
to metal lattice atoms, as thin films have a less perfect crystal structure
than the corresponding bulk metals. Therefore, the relatively low tem-
perature of heat treatment is not enough for complete desorption of im-
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planted particles from the near-surface layers, not least due to the
growth of the oxide layer on the surface. In this case, the implanted Ar
atoms can interfere the movement of dislocations during heat treat-
ment (i.e., to act as Cottrell atmospheres [51]), and thus contribute to
the strengthening of the material, which explains the improvement of
microtribological characteristics of films after combined exposure. A.
Lazauskas et al. [6] even suggest that a chemical reaction between Cr
and Ar can occur during heating. Embedded Ar atoms can change their
traditional inert state and engage into a stronger chemical interaction
with the surrounding metal atoms. The ability of heavy noble gases to
participate in various chemical transformations does not contradict to
the current knowledge on the nature of chemical bonds [49].

Thus, during ion irradiation, there is a competition between the pro-
cesses of structural defects formation and Ar ions implantation, which
oppositely affect the adhesive strength. During the combined treat-
ment, thermal annealing of structural defects occurs, while particular
number of the implanted Ar atoms remains in the film. It is also charac-
teristic for such treatment mode that the Ni crystallite size and the
roughness are minimal, with reduced presence of carbon impurity atoms
in the adhesive bottom layer. The synergistic effect of these factors im-
proves the adhesive strength of the system, whereas neither heat nor ion
treatments separately allow to achieve such a positive effect.

5. CONCLUSIONS

It has been demonstrated in present study that the progressive scratch
test is an effective technique for characterization of the scratch re-
sistance and adhesion properties of thin metal films. An expedience of
applying the preliminary low-energy ion irradiation of the Ni(25 nm)/
Cu(25 nm)/Cr(25 nm) thin films prior to thermal treatment has been
revealed by means of the enhanced scratch resistance and adhesive
strength.

The positive effect of complex ion-heat treatment on the microtribo-
logical characteristics is likely associated with the synergistic effect of
several factors: reduced number of impurities (especially carbon pres-
ence at the Cr/Si interface); decreased crystalline size and surface
roughness; Ar atoms implantation at the pre-irradiation stage, which
in further become an obstacle to the movement and annealing of dislo-
cations under annealing. However, ion treatment itself does not pro-
vide such a clear positive effect, as there is a more fragile nature of the
material destruction under conditions of high loads accompanied by
the formation of lateral microcracks.
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68019) from the U.S. Civilian Research & Development Foundation
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The current level of development of technology requires an increase in the
speed of machines and mechanisms, a corresponding improvement in the du-
rability of wear resistance of industrial mechanisms, an increase due to this
service life of machine parts. An economic and technical alternative to ex-
panding the production of spare parts for existing mechanical objects is the
reuse of worn-out parts restored during the repair of units A set of issues re-
lated to the strength of coatings made with the use of plasma spraying in
terms of studying the quality of the coating using both well-known tech-
niques and using new developments of technical means of research is consid-
ered. Methods of ensuring the strength (adhesion) of coatings and methods of
their control with the development of new versions of powder materials that
provide the required quality of the protective layer are analysed. Particular
attention is paid to the strength of the coating under thermal loads and over-
loads typical for the operation of gas turbine engines and installations. The
stress state of the coating is described based on the developed mathematical
modelling. Some directions of further development of the method of plasma
spraying are presented, while impulse effects on the technological process of
spraying are noted.
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CyuacHUl piBeHb PO3BUTKY TEeXHiIKM BuMAarae 30iJbIIeHHS KiJIbKOCTH IIIBH-
KicCHMX MaIlMH i MexaHidMiB, BiIIOBiZHOTO IiABUINEHHA JOBTOBiUHOCTH 3HO-
COCTiKOCTHU IPOMUCJIOBUX MeXaHi3MiB, 301/IbIIIeHHSA TEPMiHY CIy:KOU meTasiB
OUX MAaIluH. EKOHOMIUHO-TeXHIYHOI0 aJbTEPHATHUBOIO POIIIHNPEHHIO BUPOO-
HUIITBA 3allYACTHUH AJ5 HAaABHUX MEXaHIiuHUX 00’€KTiB € IIOBTOPHE BUKOPMUC-
TaHHSA 3HOIIEHUX JIeTaJIiB, BiITHOBJIEHUX IIiJ Yac peMOHTYy arperaris. Poariis-
HYTO BUBUEHHS AKOCTi MOKPUTTSA AK 34 BiIOMUMU MeTOOUKAMU, TaK i 3 BUKO-
pHUCTaHHAM HOBUX PO3POOOK TeXHIUHMX 3acobiB mocaimskenHs. IIpoanamniso-
BaHO MeTOoau 3abesneueHHs MinHocTHu (aAresii) IOKPUTTIB Ta METOAU X KOHT-
POJIIO 3 pO3POOKOI0 HOBUX BapiAHTIB MMOPOIITKOBUX MaTePifAIiB, 1110 3abe3meuy-
IOTh HeoOXimHy AKicTh 3axucHoro mapy. OcobamBa yBara nIpUIiJIsSIETbCA Mill-
HOCTi IMIOKPUTTSA IIPU TEIJIOBUX HABAHTAYKEHHAX 1 IepeBaHTAKEHHAX, XapaK-
TepHUX AJA poOOTH ra3oTypOiHHUX ABUTYHIB i ycTaHOBOK. Ha ocHOBI po3po6-
JIEHOT'O MaTeMaTUYHOTO MOeJI0BAHHSA OMMCAHO HATIPYKEHUMN CTaH MMOKPUTT.
HageneHo geaKi HAaIPAMKY IOJAJIBIIIOr0 PO3BUTKY METOAM IIJIa3MOBOT'O HAIIO-
POIIIeHHA, a TAKOXK Bil3HAUYEHO iMITyJIbCHI BIIJIMBY Ha TEXHOJOTIUHUU IIPOIEC
HaAIIOPOIIIeHHA.

Kuarouori cjaoBa: TypOiHHI ABUTYyHM I yCTAHOBKHU, ILIA3MOBE HAIIOPOIIEHHI,
MiIlHiCTh IOKPUTTIB, MiKPOCTPYKTYPA.

(Received March 1,2022; in final version, July 15, 2022)

1.INTRODUCTION

The widespread use of gas turbine engines and installations, in partic-
ular in shipbuilding and the operation of ships and ships, predeter-
mines the need to restore and strengthen one of the most worn-out
units—Dblades. This need arises, inter alia, from the conditions of their
operation, under which they are exposed to high dynamic loads and
temperatures. Plasma spraying, which is widely used in mechanical
engineering for coating and which can be implemented both in a con-
trolled atmosphere and in a normal environment using a different
composition of sprayed materials, modes of different constructions of
installations, etc. [3—5]. It can be noted that one of the main tasks that
are solved when choosing a spraying algorithm is obtaining a durable
sprayed layer or several layers, which make it possible to obtain coat-
ings for various functional purposes of sufficiently good quality, while
developing high productivity and can work effectively in the above
practically extreme conditions.

Here is already sufficient experience in the use of plasma spraying
technologies in various industries. However, there are problems that
ultimately reduce the service properties of products with such coat-
ings, including adhesion strength [6]. Some of these problems need to
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be solved to select the optimal method of coating equipment and the
material used for use in restoration processes (during repair work, and
in some cases routine maintenance with selective use of plasma spray-
ing) and parts hardening.

Based on this, it can be concluded that further research is necessary
to achieve the goal set—to improve the quality of products manufac-
tured using plasma spraying coatings.

The purpose of this work is to further study the properties of coat-
ings obtained by plasma spraying with the subsequent selection of con-
ditions, materials for operating modes, new technical developments
for effective solutions that provide strength (adhesion) and other
characteristics that determine it when creating a coating for units and
parts of gas turbine equipment.

2. EXPERIMENTAL

The criteria for assessing the surface condition of units and parts of
gas turbine engines and installations subject to wear are a set of pa-
rameters: relative wear resistance, magnitude of permanent plastic
deformation, degree of wear or corrosion, hardness and nanohard-
ness—a structurally sensitive characteristic that allows obtaining in-
formation on the state of a thin surface layer.

Consideration of the problem of ensuring the strength of coatings
made with a plasma flow should be carried out in several directions,
the aspects of which can be rather conditionally divided into the fol-
lowing main groups:

—the strength of the coatings when tested for separation;

— study of thermal stability of coatings as one of the components of
the strength of the sprayed layer;

— study of the stress—strain state of plasma coatings in terms of its
effect on strength.

When performing a complex of studies, one should rely on two as-
pects: technical (new design of the installation) and technological (new
compositions of materials and modes of coatings for their different
thicknesses).

Such a comparative pull-off test of the coating for a number of sam-
ples was carried out by pulling the pins on a specially designed installa-
tion, which is schematically shown in Fig. 1. Let us consider the devel-
oped design of the installation, which is quite simple and effective for
comparative tests.

On the metal plate 18 there are four racks 17, on which the upper
plate is fixed 16. On the plate there are two cylindrical guides 11 along
which the carriage 12 moves ‘up and down’ are connected by a terminal
10 with a plunger 9 of an electric motor 8. Terminals 7 the electric mo-
tor is fixed with a torque ring 3 The diametrically located end of this
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ring is screwed into the transverse bar 1, mounted on two posts 2. The
bar 6 serves as a guide for the cylindrical part of the terminal 7. Brack-
et 4 is screwed into the upper bar 1, on which the watch sample indica-
tor 5 is installed to determine the deformation of the ring 3.

The front panel with switching devices (shown in Fig. 1), as well as
the side covers 19 are fastened to the racks 17 with screws. Electrical
parts of the installation are mounted between the upper 16 and the
lower plate 18, the power supply elements 22, 23, mounted on the
bushing 20 and fastening with the screw 21 to the plate 18. Flange nut
15is fixed on the top plate with screws 16.
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Fig. 1. Plant for determining the strength of the coating (schematic represen-
tation).



FEATURES OF STUDYING COATING STRENGTH 1297

The test sample is installed between the screw 14 and the movable
carriage 12. Depending on the type of the test sample, the carriage 12
moves up or down. The electrical diagram of the installation is powered
from an alternating current network (220 V) and is a complete control
system for a valve electric motor with computerized regulation of the
frequency of rotation of the shaft of the electric motor and gearless
transmission of movement to the carriage.

The unit controls and status signalling are located on the power and
control unit. The control system and the converter of the electric mo-
tor of the installation have the ability to program the frequency of ro-
tation of the shaft of the electric motor, therefore, the movement of
the carriage with a fairly wide range of frequencies (up to 60 Hz) and
duty cycle and amplitude. In this case, the following types of move-
ment are possible: smooth, impulse movement. Such possibilities of
carriage movement make it possible to simulate real loads acting on the
coating and thereby, for the first time in the technique of such studies,
bring the conditions for measuring strength characteristics closer to
the real operating conditions of installations when performing coat-
ings.

It can be noted that the permanent magnet motor used in the instal-
lation ensures the positioning accuracy of the carriage, which is im-
portant in determining the accuracy of obtaining results at any stage
of movement [7].

Before carrying out research on the installation, it is necessary to
calibrate it, i.e., determine the number of indicator divisions for vari-
ous values of the load when stretching or squeezing the torque ring.
The calibration of the torque ring with the parts attached to it was car-
ried out on a laboratory-type hydraulic press. The readings of the pres-
sure gauge of the hydraulic press were listed in the forces generated by
the press. Since the traction capacity of the engine of the installation
has certain characteristics, the dynamometric ring, which is made of
50Kh2FZA steel, was calculated accordingly.

The deviation of the indicator arrow by one division (sensitivity)
corresponded to 0.6...0.7 kg. When unloading the press, the final de-
formations of the torque ring were practically not observed.

To determine the strength of the coating material by pulling the pin,
special samples are prepared, a schematic representation of which is
shown in Fig. 2.

Sample (a) has a sprayed layer 1 on the end surface of the sleeve 2,
into which the pin 3 is inserted. The pin is fixed in the bushing by the
screw 5, so that the ends of the bushing and the pin are in the same
plane. The threaded pin C is attached to the table 6, the movable car-
riage 4, moving upwards, separates the sleeve 2 from the pin 3. The
principal difference between the sample (b) is that the pin does not
have a cylindrical part after the tapered one. The latter is the centre
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.8,
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|

Fig. 2. Samples for material adhesion strength coating.

surface of the pin 3 relative to the sleeve 2.

The sprayed sample is installed or fixed (depending on the type of
sample) on the table of the device 14. The second end is fixed in a mov-
able carriage 12. Adjustment with a screw 14 makes it possible to in-
stall samples of different lengths. The control system turns on. On the
front panel of the power supply and control unit, a command to move
the carriage is selected.

Restrictions on the movement of the carriage down-up are carried
out by contactless limit switches or, in more advanced versions, by
counting the pulses of an incremental encoder of a permanent magnet
motor. The test samples are installed in the installation and the move-
ment of the carriage according to a given algorithm is carried out by
the separation of the coating from the base.

TABLE 1. Results of studies of coating strength.

Breaking load, Bond strength,

. Coating . kN MPa
No. | Coating ma- thickness, Coat1ng2
terial area, mm Normal |Impulsive
mm Common| Pulse - .
driving | driving
1 BrOF10-7 1.4 48.3 1.5 1.2 31.0 24.8
2 BrA10 1.1 48.3 1.8 1.4 37.3 28.9
3 BrOF8.5-3 1.2 48.3 1.0 0.8 20.7 16.6
4 BrOF10-1 1.2 48.3 1.6 1.3 33.1 26.9
5 PG-10K-01 0.8 48.3 2.5 2.2 51.8 45.5
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In Table 1, for example, some results of studies of the peel strength
of bronze coatings with various alloying and various methods of tensile
effects are given, as well as for comparison of the coating. The separa-
tion mode was used with the establishment of an appropriate program
for the electric motor control system with a frequency of about 25 Hz
and an action step of 0.1 mm.

It should be noted that in Table 1 the breaking load is shown as the
limit value of the tensile force at the moment of the separation of the
sprayed layer from the substrate. The result was averaged over three
dimensions and can be used as a criterion that takes into account both
static and partially dynamic aspects of strength.

Note that the tensile force was measured in two ways: using a spring
dynamometer and using strain gauges with electronic signal pro-
cessing.

3. RESULTS AND DISCUSSION

The tendencies of a decrease in the adhesion of the sprayed layer to the
base under pulsed action are also traced for other types of coatings and
are often so significant that they must be taken into account when
choosing materials for plasma spraying, since pulsed and pulsating
loads are characteristic of the operation of the working bodies of gas
turbine engines and installations.

It is important that with an increase in the adhesion strength of the
sprayed layer, the relative values of the destructive force under im-
pulse action decrease.

We believe that the value of the breaking load can be used as a crite-
rion for the limiting state of the deposited layer, which takes into ac-
count both static and dynamic aspects of strength.

This type of study of the strength of a coating obtained by plasma
spraying is shown in sufficient detail in our work [8]. The following
results concerning strength problems should be noted and clarified
here, while emphasizing that the strength of the coating was deter-
mined by shear tests.

The results of tests for thermal cyclic stability of sealing coatings in
laboratory conditions showed that delamination occurs along the lin-
ing-coating interface, which posed the problem of optimizing the lay-
er-by-layer composition of seals sprayed in air and in vacuum.

To select a promising layer-by-layer composition, an assessment of
thermal cyclic stability was used. The thermal cyclic stability was
evaluated under severe conditions (thermal shock). For this purpose,
the sealing coatings were applied in air and in vacuum on plates made
of a heat-resistant alloy ChS-70 with dimensions of 40 x 40 x 3 mm. The
ends of the plates were ground to reveal the ‘substrate—coating’
boundary and placed in a special container (5 pcs) At a distance of 20
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mm. The coated plates were heated in an SMOL-1,6.2.5.1/9-114 elec-
tric muffle furnace to 900°C, and cooled in running water at a temper-
ature of 20°C. All coatings sprayed with plasma were heat treated in
vacuum at a temperature of 1070°C for two hours. Layer-by-layer
composition, spraying conditions, adhesion strength and the number
of thermal cycles before the destruction of coatings are shown in table
2. For this type of research, the most rational is to determine the
strength during shear tests. Plasma spraying of sealing coatings was
carried out on an UPU-3D unit at the following modes: current I, A—
250...300; voltage U, V—80...108; flow rate argon flow rate @ (Ar),
I/min—20...30. A series of experiments showed that a sealing coating
based on PG-10K-01 with solid lubricant additives has maximum
thermal cyclic stability and shear strength indicators when applying a
sublayer with PG-10K-01 0.1 mm thick in vacuum, regardless of the
composition and spraying conditions.

Corrosion and thermal cycling tests were carried out on natural
samples-inserts of the best research sealing coatings according to Table
3 on the gas-dynamic stand [9]. For this, the inserts were additionally
machined on an electric discharge machine in order to deepen the work-
ing surface for applying a plasma sealing coating. We prepared two in-
serts with cells and three without them. The deepening of the working
surface was 1.8...2.0 mm. The residual depth of the cells is about 1
mm. The inserts were degreased and sandblasted before sputtering.
The residual depth of the cells is about 1 mm.

After spraying, the inserts were heat treated in vacuum at 1050°C
for 1.5 h. The general view of the inserts made of sprayed sealing coat-
ings is shown in Fig. 3. Tests were carried out on inserts with coatings,
the composition of which is given in the Table 2. Inserts with sealing
coatings were welded to the cassette (Fig. 4). For comparison, an insert
(with a hole) with a focal seal was installed. Heating was carried out
with a high-temperature gas flow of combustion products, simulating

Fig. 3. Inserts 004, 005 with sealing coatings after plasma spraying.
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TABLE 2. Bond strength and thermal cycling test results sealing covers.
Coating Thick- | Spraying Shear The num- | The nature
composition ness, mm |conditions bond ber of of the de-
strength, | thermal struction
MPa cycles be-
fore de-
struction
PG-10K-01 0.1 Air 310 142 Complete
PG-10K 01 + 20% 1.9 Air 310 142 exfoliation
C(Ni)

PG-10K-01 0.1 Vacuum 350 151 Partial exfo-
PG-10K-01 + 1.9 Vacuum 350 151 liation
+20% C(Ni)

PG-10K-01 + 2.0 Air 110 42 Complete
+20% C(Ni) exfoliation
PG-10K-01 + 2.0 Vacuum 150 83 Partial exfo-
+20% C(Ni) liation

PG-10K-01 0.1 Air 310 37 Complete
PG-10K-01 + 1.9 Air 310 37 exfoliation

+20% BN(Ni)

PG-10K-01PG- 0.1 Vacuum 345 113 Partial exfo-

10K-01 +20% 1.9 345 113 liation
BN(Ni)

PG-10K-01 0.1 Vacuum 350 102 Partial exfo-
PG-10K-01 + 1.9 Air 350 102 liation

+20% BN(N1)

PG-10K-01 0.1 Air 305 15 Partial
PG-10K-01 + 0.4 Air 305 15 exfoliation

+20% ZrOy(Ni)
PG-10K-01 + 1.8 Air 305 15
+20% BN(Ni)

PG-10K-01 0.1 Vacuum 350 145 Partial exfo-
PG-10K-01 + 0.4 Air 350 145 liation

+20% ZrOz(Ni)
PG-10K-01 + 1.8 Air 350 145

+20% BN(Ni)

the operation of a gas turbine unit. In this case, the sprayed surfaces
were located at an angle of approximately 45° to the direction of the
flow. An increase in the temperature of the inserts from 80°C to
1050°C occurred in 30°C, holding at 30°C. Cooling to 80°C was carried
out by blowing cold air for 2 min. After 1000 cycles, the parts were in-

spected.

The coating of insert No. 004 collapsed over an area of about 40%.
This is due to the low bond strength resulting in swelling and loosen-
ing. An insert with a round through hole in the upper part (see Fig. 3)
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Fig. 4. General view of the cassette with inserts: a—side view, b—top view.

with UM-16P filler, used in production, contains small (100...300 um)
pores over the entire surface, which may be caused by melting or burn-
out or blowing out of one from components. After inspection, the cas-
sette with inserts was heated to a temperature of 1000°C. Then, during
isothermal holding, about 3 em?® of salt, close to the composition of sea
water, was supplied to the fuel in 1 min. In this way, the work of parts
was simulated as close as possible to real conditions. After 38 hours of
testing, a control inspection of the inserts showed the robust resistance
of all research coatings to salt corrosion, which successfully showed
resistance to thermal cycling. The colour change of the coatings should
be noted. Perhaps this is due to the appearance of salt compounds with
fuel components on the fly at high temperatures.

After the control examination, the tests for ‘burning’ were re-
sumed, then, after the end of 200 hours of operating time, the tests
were continued in the thermal cycling mode in the above mode. The to-
tal number of cycles increased to 2000.

As a result of tests, it was established that two versions of the devel-
oped seals PG-10K-01 + 20% C (Ni) and PG 10K-01 + 20% BN (Ni) with
corrosion-erosion and thermal resistance are superior to the serial fo-
cal (honeycomb) seals with serial filler UM-16P.

In order to assess the resistance to thermal cycles of plasma coat-
ings, studies were carried out on a specially designed installation (Fig.
5).

Heating was carried out by electric current up to 1000°C in 30 sec-
onds, exposure—30 seconds, cooling to ambient temperature in 60 sec-
onds.

When the sample temperature reaches 1000°C, which is controlled
by a chromel-alumel thermocouple and an SH4501 millivoltmeter, a
cut-off device and a counter are triggered. Time relay ‘Interval’ turns
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TABLE 3. Composition of coating sprayed onto inserts.

Insert |The composition of the working Notes
number layer is about 2 mm

Smooth surface melted by an elec-
001" PG-10K-01 + 10% C(Ni) tron beam(rows)
Sputtering with delamination in
several places

Foci with two times less than in the
0011 PG-10K-01 + 20% C(Ni) original compaction
Coverage without significant re-
marks

Smooth surface melted by an elec-
002° PG-10K-01 + 20% BN(Ni) tron beam(rows)
Spraying without comments

Vacuum spraying

004 C(Ni)+10% Si Destruction of coatings
Smooth surface melted by an elec-
tron beam(rows)
005 PG-10K-01 + 20% BN(Ni) Sputtering with delamination in

several places

on the compressor, which cools the sample with compressed air; after
the compressor is turned off, the power supply starter is activated and
the cycle repeats.

The content of graphite (C) boron nitride (BN) in the inserts after
the tests described above was determined by the method of quantita-
tive x-ray phase analysis on a DRON-3 device in the diffractogram re-
cording mode. As a result, it was found that after testing, traces of BN
were found in the seals at a depth of 0.2...1.0 mm. Traces C were found
at a depth of 0.8...1.0 mm. This is due to the burnout of the solid lubri-
cant during testing, which is facilitated by porosity, which reaches
10% . Investigation of the distribution of C, Ni and Cr (sample 0011)
carried out on an electrode probe microanalyzer Superproba 733 from
Jol (Japan) (Fig. 6) showed that near the boundary between the sub-
layer and the working layer, the coating contains a certain concentra-
tion of C (Ni), which affects the strength cover.

Investigation of the microstructure of the sealing coatings was car-
ried out on a metallographic microscope on non-etched samples. Figure
7 shows the microstructure of sealing coatings after corrosion and
thermal cycling tests.

On microsections, light areas (~30%) have a comparatively low
microhardness with a slight scatter of values. Gray areas (~40% ) have
a high, with significant scatter, microhardness. They contain borides
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Fig. 5. Block diagram of the installation for determining the resistance coat-
ings to heat changes per sample.

and other strengthening phases. There are about 30% of dark areas
that can be identified as pores.

The study of the composition and structure of porous formations in
sealing coatings is of no small importance, since they provide wear re-
sistance during operation.

When carrying out metallographic studies, an assumption arose
about the concentration of solid lubricants in the ‘porous formations’
of sealing coatings. The formation of pores in sealing coatings occurs
both during their production and during operation as the solid lubri-
cant (C or BN) burns out.

For a more detailed study of the structure of the seal formations,
studies were carried out on a scanning electron microscope REM-100u
as a result of studies by the RES method in the pores of PG-10K-01 +

Fig. 6. Distribution of carbon, chromium and nickel in coating PG-10K-01 +
+20% C (Ni).
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Fig. 7. Microstructure of the coating PG-10K-01 + 20% C (Ni) (simple 0011)
after tests.

+20% C (Ni). Individual particles with a size of 30...50 microns were
found. Judging by the morphology of these particles and in compari-
son, with the data of studies of the morphology of the powders, it can
be concluded that they are C and Ni particles.

After thermal cycling, the microhardness of the coating increased
significantly, especially in the coating with PG-10K-01 + 20% BN
(Ni), while the industrial coating UM-16P after thermal cycling has
significant porosity. In the process of microanalysis, a network of
small cracks is observed at the boundary of this coating applied to in-
serts with cells and the substrate.

The XPS study of porous formations in large pores of sealing coat-
ings made it possible to detect solid lubricant particles C, C (Ni), BN
(Ni) in them. A microanalysis of the PG-10K-01 + 20% C (Ni) seal, de-
posited in a dynamic vacuum on the UPNKA installation, followed by
heat treatment in vacuum at 1050°C for 1.5 hours was carried out. It
contains two structural components—Ilight and dark (15...20% ). The
microhardness of the light component is 6581 MPa (average value), the
range of values is from 4120 to 9270 MPa.

For comparison, a coating made of PG-10K-01, sprayed and heat-
treated in vacuum, was examined. In the latter, the presence of small
dark areas is less than 2% . In PG-10K-01 + C (N) dark areas of large
and small sizes are recorded. Microhardness of PG-10K-01 is 8630
MPa (average value). The range of values is from 7660 to 9270 MPa. A
wider range of microhardness spread in the first case is explained by
the presence of solid lubricant. The presence of a large number of dark
areas, even in comparison with samples 0011, 005 after thermal cy-
cling, is explained by the fact that the solid component of the lubricant
practically does not burn out during spraying and heat treatment in
vacuum. This is confirmed by the fact that in the coating with PG-10K-
01 + C (Ni) after spraying and heat treatment in vacuum, quantitative
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x-ray phase analysis on a DRON-3 device revealed 4.8% graphite.

The performed complex with metallographic comparative studies of
the effect of thermal effects on the strength characteristics of coatings
indicates the advisability of choosing the composition of new coatings.

The resulting stresses can lead to a deterioration in the performance
characteristics of the product: strength, wear resistance, heat re-
sistance and lead to the formation of cracks, therefore, the study of the
stress state during heating—cooling of samples with sprayed coatings
and the establishment of quantitative dependences of the stress level
on the coating thickness and material properties is theoretical and
practical.

In [10], this topic is considered quite broadly, and in this material,
we will focus on some individual and specific refinements and results
for application in technological practice. Moreover, these studies com-
plement the results already obtained and described above. We empha-
size once again that the criterion of thermal stability of a layer sprayed
by plasma is the condition of the coating after testing, in particular,
the absence of cracks and delamination from the substrate.

In this case, as a rule, the influence of individual parameters, such
as the ratio of coating thicknesses and substrate, their stiffness (elas-
tic modulus), coefficient of linear thermal expansion (CTE), the pres-
ence of initial stresses, etc. [11]. The studies were carried out by the
method of computer modelling based on the finite element method (FE)
using the ANSYS software package. We studied samples of the flat
plate type, which were used in tests for thermal resistance with a coat-
ing applied to the surface with an analysis of fields and stress plots
with an increase in temperature by AT 100 deg and with the character-
istics of two compared options presented in Table 4.

The resistance of the coating to destruction is greatly influenced by
thermal stresses arising as a result of the difference in the coefficients
of linear thermal expansion (CTE) of the substrate and the sprayed lay-
er, temperature changes both during the manufacturing process (coat-
ing and heat treatment) and the work of the part. Analysis of the fields
of longitudinal, transverse and tangential stresses showed that their
nature is practically the same in both versions of the studied nodes and
for all thickness ratios.

TABLE 4. Dimensions and physical and mechanical properties accepted in
modelling.

Layer Thickness a;, mm Elastic modulus E;, MPa | CTE a;, 1/deg
Variant 1 Variant 2
Substrate 1.0 and 2.0 mm 2:10° 2:10° 1210

Coating From0.1t01.0 mm 0.5-10° 3-10° 5.10°¢
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In most of the study of the node, the longitudinal stresses remain
constant and only near the end, at a distance equal to the thickness,
begin to decrease noticeably. This corresponds to the general principles
of mechanics and suggests that for most of the length of the sample in
its middle part, the cross sections remain flat, curving only near the
ends. This is confirmed by the fields of transverse and tangential
stresses. For most of their length, they are close to zero, and appear
and grow only near the ends, reaching a maximum on the lateral sur-
face. In this case, the maximum shear stresses are concentrated at the
coating-substrate interface.

Analysis of fields and diagrams shows that the maximum (in abso-
lute value) values of longitudinal stresses are opposite in sign. When
heated, the maximum longitudinal compressive stresses arise in the
substrate material, and the maximum tensile stresses in the sprayed
layer at the interface. In this case, the lateral stresses are concentrated
on the end surfaces. Shear stresses are concentrated at the interface
between the layers.

The level of all stresses both in the substrate material and in the
sprayed layer depends significantly on the rigidity (elastic modulus) of
the sprayed layer material. Thus, the maximum longitudinal stresses
in the substrate increase from —25 MPa to —70 MPa. In the sprayed lay-
er, the maximum of these stresses at the interface also increases from
29 t0 100 MPa.

To assess the adequacy, the results of computer simulation of stress-
es in the coated specimens were compared with the analytical solution
according to the method described in [12], which is based on the hy-
pothesis of flat sections.

Comparison of the results of analytical calculations and computer
simulation showed that the level of longitudinal stresses at any point
at the same stiffness of the materials of the substrate and the sprayed
layer depend only on the ratio of the layer thicknesses (a:1/az), remain-
ing unchanged with a proportional change in thicknesses. The results
of calculations and modelling of longitudinal stresses completely coin-
cided (Fig. 8). The same results for other types of stress.

The most probable area of crack initiation in the sprayed layer upon
heating is the interface. In this case, the best from the point of view of
reducing the tensile longitudinal stresses in the sprayed coating and
increasing its heat resistance is the ratio of the thicknesses ai/as more
than 0.5.

Computer modelling, in full coincidence with the results of the ana-
lytical calculation of longitudinal stresses, at the same time allows, in
contrast to the latter, to determine the transverse and tangential
stresses in the sections of curved sections.

It is in these areas, as shown by the simulation results, that favoura-
ble conditions are created for the formation of cracks in the brittle ma-
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Fig. 8. Dependence of longitudinal stresses on the ratio of layer thicknesses
ai/azin the coating upon heating 100°C.

terial of the sprayed layer, since tensile transverse stresses at the stage
of decreasing temperature are commensurate with the longitudinal
ones in the middle part of the sample at the heating stage.

In addition, large shear stresses at the interface in these areas create
the danger of delamination of the sprayed layer.

However, when wear-resistant alloys are used for spraying that pro-
vide sufficient wear resistance of restored parts, there is a problem of
technological strength covered with multilayer spraying, its thickness
variation, as well as deformation of parts caused by the effect of a
plasma jet. Therefore, new problems arise that require finding solu-
tions.

To solve existing problems with plasma spraying, it is necessary:

—improvement of the technology of plasma spraying of coatings
while expanding the range of sprayed parts;

— an increase in the range of used powder materials with in order to
expand the operational properties of the plasma coating;

—increasing the reliability and service life of electric arc plasma
torches, powder dispensers, chambers for spraying and abrasive pro-
cessing;

— increasing the reliability and efficiency of water and gas supply
systems for plasma installations;

— the creation of new methods, reasonable modes and technological
processes is required, ensuring the receipt of parts with the required
performance;

— optimization of the modes of the plasma spraying process;

— development, research and implementation of a technology for ap-
plying a wear-resistant plasma coating for a specific unit, part of a gas
turbine engine or installation;
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— development of a layout diagram of a plasma spraying unit that
implements the developed technology for applying a wear-resistant
coating.

One of the universal ways to improve the quality of the sprayed layer
is the use of pulse technologies for the operation of equipment systems
for coating. It should be noted the development of equipment for plas-
ma spraying based on electrical solutions using processes of dynamiza-
tion of processes, for example, modulation of electrical parameters, in
particular, the use of additional current pulses together with the main
power supply of the plasmatron [13], which makes it possible to regu-
late the electrical characteristics of the plasmatron, and thereby quite
effectively influence the quality of the sprayed coating and increase
the energy utilization factor. The adhesion to the substrate is in-
creased and the porosity is reduced. The resulting effect is explained
by the action of shock waves on molten powder particles in a modulated
plasma jet. Using the results of the use of modulated systems in con-
trolling the operation of the plasmatron, we have developed in an ex-
perimental form a system that allows organizing the control of the
plasmatron operation in a pulsed arc supply mode, containing a con-
trolled mains voltage converter to the arc supply voltage of the invert-
er type with a computerized control and regulation system. This devel-
opment allows the formation of plasma arc current pulses of various
frequencies with different values of the duty cycle. Tests of this tech-
nical solution make it possible to determine that the pulsed arc power
supply can influence the coating formation processes.

In addition to the above, we have carried out a cycle of studies that
allows to organize a pulsed supply of the sprayed powder in a con-
trolled mode [14]. This allows the development of the feeder described
in the work.

The prospect of these new developments is the creation of an auto-
mated installation for plasma spraying, in which a new way of func-
tioning of the spraying process is organized due to the organization of
feedback between the arc current and the powder feeding device. This
will allow, in addition to the above-mentioned problems of increasing
strength, to effectively solve such urgent problems today: variability
of coating thickness, the presence of porosity (discontinuity) of the
coating, low efficiency of the plasma process.

4. CONCLUSIONS

1. The problem of obtaining durable and high-quality coatings ob-
tained by means of plasma spraying is multicomponent, as well as the
ways to solve it. It has been determined that the main components of
the strength of coatings, in particular for units and parts of gas tur-
bine engines and installations, are tensile strength and shear strength,
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thermal cyclic resistance to thermal shock with a large number of
thermal cycles, and stress-strain state.

2. From a technological and economic point of view, the process of
plasma spraying in a controlled atmosphere can be replaced by plasma
spraying in air. In this case, it is advisable to use specially developed,
studied and applied in the technological process versions of sprayed
coatings PG-10K-01 + 20% C (Ni) and PG-10K-01 + 20% BN (Ni) hav-
ing high strength with corrosion-erosion and thermal and sustainabil-
ity.

3. Selected, specially developed and successfully used in the work
means and methods for determining the characteristics of plasma
spraying provide a sufficient information level for making technical
and technological decisions, providing an increase in the quality char-
acteristics of the coating.

4. The further direction of improving the process of obtaining coatings
based on plasma spraying, in addition to the already known methods of
influencing the characteristics, including the strength (adhesion),
should be based on pulse control algorithms for systems of equipment
for plasma spraying: controlled pulse changes in energy characteris-
tics and powder injection and wire.
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Application of AlB2,—Al Electric Spark Coatings to Protect
Titanium Alloys During Wear Under Fretting Corrosion
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The article deals with the study of the possibility of using AlB;12—50 wt.% Al
aluminium-matrix composite material electric spark (ES) coatings to protect
titanium alloys during wear under fretting. Fundamental possibility of such
coatings obtaining is estimated by theoretical calculation of Palatnik’s crite-
rion (1.22). Thermal conductivity coefficient and heat capacity of the compo-
site were calculated or determined from an experiment. The coatings were
deposited on ALIER-52 setup. Fretting corrosion tests were carried out on
MFK-1 setup according to ‘the coating—counterbody’ system (counterbody—
hardened Steel 45). Phase composition of the coating was studied with
DRON-3M diffractometer and elemental x-ray spectrum analysis of the fric-
tion track surface was carried out using a JEOL JAMP9500F (SEM) microan-
alyzer equipped with an energy-dispersive x-ray microanalysis. The follow-
ing phases namely TiB;, Ti aluminides, Ti, TiO, TiO2 and AlB;, were revealed
by x-ray analysis in the coating. The absence of the AlB;; phase is notewor-
thy. It can be explained by thermal-oxidative destruction of aluminium do-
decaboride under severe conditions of ES alloying (ESA). Regardless of the
deposition mode, the wear of the sample with ES-coating is shown to be sig-
nificantly less than that of the uncoated one. A conclusion is made about the
prospect of using this electrode material for ESA of titanium alloys operating
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under fretting corrosion.
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CTaTTiO IPUCBAYEHO JOCJiAKEHHI0O MOKJINBOCTI 3aCTOCYBAHHA €JIEKTPOICKPO-
Bux (EI) OKpPUTTIB 3 aII0MOMATPUYHOIO KOMIIO3UIIAHOr0 MaTepisany AlBis—
50% mac. Al quid saxucTy TUTAHOBUX CTOIIIB Bijf 3HOIIIYBaHHA B yMOBax (pe-
THUHT'-KOPO03ii. OiHeHo TeoOpeTUUYHY MOKJINBICTDH OZlep:KaHHS TAKUX HOKPUTTIB
3a JIOIIOMOTOI0 TEOPETHYHOr0o POo3paxyHKY Kputepito Ilamaruika (1,22). Koe-
GilfieHT TEMIOTPOBIAHOCTHY Ta TEIJIOEMHICTh KOMIO3UTY OyJiN PO3paxoBaHi um
BU3HAUEHI eKcrepuMeHTaabHO. [IoKpuTTA HaHeceHi Ha ycraHoBIii ALIER-52.
BumnpobyBanusa Ha GppeTHHT-KOpPO3ito mpoBoauan Ha yeranoBii MPK-1 3a cuc-
TEeMOIO «IIOKPUTTA—KOHTPTLIO» (KOHTPTiIoO—3araproBana crajb 45). @azoBuit
CKJIaJ IIOKPUTTS BUBUEHO 3a gomoMoroio nudpaxkromerpa [JPOH-3M, a ereme-
HTHY PEHTT'eHOCIEKTPaJIbHY aHaJ[idy HOBepPXHi HOPisKKU TepTs IIPOBEJEHO Ha
mikpoanasizaTopi JEOL JAMP9500F (CEM), obiammHaHOMY CHUCTEMOIO eHep-
ToAUCIePCiiHOl peHTTreHiBChbKOI MikpoaHanisu. PPA B MOKPUTTI BUABJIEHO
TiBg, amominmigu Ti, Ti, TiO, TiO: Ta AlB;o. 3BepTae Ha cebe yBary BificyTHiCTE
¢asu AlBi2, 1110 € HACTIAKOM TePMOOKHCHIOBAJIBHOI IECTPYKIIiI fomekadbopumy
amoMiHio B sopcTkux ymoBax El-nmerysamnsa (EIJI). Ilokasamo, m1o, Hesaje-
*KHO BiJl pe;KMMy HaHeCeHHs, 3HOC 3paska 3 EI-MOKpUTTAM 3HAYHO MEHIIIHH,
Hi)X 3paska 0e3 IOKPUTTs. 3p00JIeHO BICHOBOK IIPO IIEPCIIEKTUBHICTE 3aCTOCY-
BaHHA JaHOTO eJeKTPoaHoro marepiany aiasa EIJI TuramoBux cToimis, 1110 mIpa-
IIOI0TH B yMOBaX (DPEeTUHI'-KOPO3ii.

KarouoBi cimosa: AlB;;—Al, El-moxpurTs, (ppeTHHI-KOpPO3isd, 3HOIIYBaHHSI,
TUTAHOBI CTOIH.

(Received July 28,2022 )

1.INTRODUCTION

Among the wide range of constructional materials, the titanium alloys
occupy a special place. Their low specific weight, high specific
strength, and corrosion resistance are the most important advantages
of these alloys. Due to this combination of properties, titanium alloys
are widely used in aircraft industry, rocket science, shipbuilding, and
many other branches of technology [1-3]. For example, in the PS-90A
aircraft engine for the Ilyushin I1-96, Ilyushin I1-76, and Tupolev Tu-
204 planes, 40.4% of the parts are made of various titanium alloys,
and in the designs of aircrafts of the AN family (ANTONOYV company)
the mass of such parts is 8—9% of the mass of the airframe [4, 5]. The
range of operating temperatures for the titanium alloys to use is in the
range from very low cryogenic temperatures to 600°C, which exceeds
the range of similar temperatures for light alloys based on Al and Mg
[1]. At the same time, titanium alloys are characterized by low hard-
ness, wear resistance, and scoring resistance, which causes problems
when working in friction conditions.
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The analysis of causes of wear and technological methods of hardening
surface treatment of friction parts shows that in many cases the problem
of increasing their wear resistance is solved by modifying the working
surfaces by electrospark alloying (ESA) [6—11]. This method, character-
ized by technological simplicity and low power consumption, allows to
form on metal substrate surface-strengthened layers with high wear re-
sistance and the strength of adhesion of the deposited coating with the
base. A large number of parts of modern aviation objects subjected to
ESA-surface hardening are made of titanium alloys, working in condi-
tions of fretting corrosion wear. At the same time the use of ESA-surface
hardening technology does not provide sufficiently effective protection
of the functional surfaces of these parts for a long service life.

The WC—Co cemented carbides, refractory compounds of transition
metals, such as carbides, nitrides, aluminides, silicides, and borides
are used as materials for surface ESA hardening [7, 8]. ESA-coatings
deposited by WC—-Co cemented carbides are distinguished by high
hardness and wear resistance; however, they form a relatively thin
layer due to the fast-falling in time (during the alloying process) mass
transfer of the alloying electrode material to the machine part. The
disadvantage of titanium-containing refractory compounds most re-
lated to titanium is the tendency to form loose surface oxide films dur-
ing common atmospheric oxidation and tribooxidation. Titanium ox-
ide has a volume 1.6 times greater than that of the base metal. Accord-
ing to the Pilling—Bedworth ratio [12], such films are loose, low-
strength and cannot perform protective functions in the process of
frictional destruction.

Among the materials to deposit protective coatings by the ESA
method, aluminium dodecaboride AlB;: is of interest. Its synthesis
from Al and BN, developed at the Frantsevich Institute for Materials
Science Problems of N.A.S. of Ukraine is more rational and economi-
cally efficient than direct one from Al and B [13]. AlB;: has a low den-
sity (~ 2.52 g/cm?®) and the particularity of its crystalline structure
(icosahedral boric frame) determines its high hardness (22—-24 GPa)
and infusibility (2070°C)[14].

However, the low crack resistance of aluminium dodecaboride sig-
nificantly limits the scope of its application [14]; therefore, it is advis-
able to use AlB;; in combination with plastic metal bonds. It is promis-
ing to use aluminium, which is characterized by high plasticity, low
density (2.7 g/cm?), and low melting point (660°C). Earlier Al was
found to wet AlB;: well, with the formation of contact angles (6 = 20
deg) and the secondary phases in the interaction zone at the AlI-AlB;;
interface are absent [14]. In addition, aluminium having a resistivity
of 2.7 uQ-cm, acts as a kind of additive increasing the conductivity of
the AlB;2—Al composite (a resistivity of AlB;2—10° Q-cm), which is of
great importance in ESA.
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So, the aim of the work is to investigate the possibility of using the
aluminium dodecaboride AlB;2—Al composite material to obtain pro-
tective ESA-coatings on a titanium alloy operating under fretting cor-
rosion.

2. EXPERIMENTAL DETAILS

The AlB;: samples were prepared from the powder synthesized at the
IPMS of N.A.S. of Ukraine according to the procedure described in
[15, 16]. At first a porous AlB;; ceramic frame was obtained. Then it
was impregnated with an Al melt in vacuum (1.33:107* Pa) at a temper-
ature of ~1100°C. This made it possible to obtain the aluminium-
matrix composite of AlB12—50 wt.% Al in the form of a bar of 50x50x5
mm in size, from which the electrodes for ESA were cut by the electro-
erosion method.

The structure of the material consists of three phases: a metal ma-
trix, AlBy; grains (the size of which varies in the range of 1-4 um) uni-
formly distributed in the matrix, and Al:Os particles (the cross-section
microstructure of the electrode material AlB12—50 wt.% Al, obtained
with a JEOL JAMP9500F microanalyzer and the result of its micro x-
ray spectral analysis at local points are given in [17]).

0OT4 titanium alloy (GOST 19807-91) was chosen as the sample ma-
terial for ESA. This is the alloy of average strength, well welded by ar-
gon-arc, contact and electron-beam welding, and also has good thermal
stability and is intended for the manufacture of parts operating at
temperatures up to 350°C for 2000 hours and up to 300°C—30000
hours [18, 19]. For example, in the already mentioned PS-90A aircraft
engine, rings of working I-III stages of the high-pressure compressor,
flanges of the thrust reverser, shells, cups, shields, etc. are made from
OT4 alloy [4].

ESA of the samples of the aforecited alloy was carried out on an
ALIER-52 setup (SCINTI, Chisinau, Republic of Moldova) at the modes
indicated in Table 1.

The density of the electrode material was determined by the method
of hydrostatic weighing (GOST 25281-82). Heat capacity was meas-
ured by the calorimetric method (GOST 23250-78). Thermal conductiv-
ity coefficient was obtained according to the method described in [20].

Fretting corrosion tests were carried out on an MFK-1 setup (GOST
23.211-80) in the ‘coating—counterbody’ system, under dry friction in
air, in the following mode: oscillation amplitude—87.5 um, frequen-
cy—25 Hz, pressure—19.8 MPa, number of fretting cycles N =5-105.
Hardened Steel 45 (HRC 48—-52) was used as a counterbody.

The wear resistance of the tribocouple material was evaluated by the
gravimetric method by the difference in the mass of the sample before
and after testing on an analytical laboratory balance with an accuracy
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TABLE 1. Technological parameters of ALIER-52 setup.

Mode Pulse duration, Pulse current amplitude value, [Pulse energy E, J
us (£ 20%) A (£20%)
2 40 125 0.09
4 170 200 0.61
6 700 200 2.52

of 10* g. The volume wear was determined taking into account the
density of the coating material.

X-ray analysis of the coating surface was carried out on a DRON-3M
diffractometer in CuK,-filtered radiation. The microstructure of the
friction track surface was studied using a JEOL JAMP9500F (SEM)
microanalyzer equipped with the system of energy-dispersive x-ray
microanalysis.

3. RESULTS AND DISCUSSION

To evaluate theoretically the interaction between the electrode and the
substrate and, to some extent, predict the composition of the coating is
possible using the Palatnik criterion [21, 22], which connects only the
physical constants of electrode materials as follows:

capa}\‘a(Tu — TO )2
ccpc}\‘c(Tc - 710)2 ’

12

Lo
T,

where 1, and 1. are the characteristic times of erosion (formation of
melting centres in the discharge zone) of the anode and the cathode,
respectively; c., c.—heat capacity, J/(kg-K); p., p.—density, kg/m?; A,
r.—coefficient of thermal conductivity, W/(m-K); T., T.—melting
point, K; T is the ambient temperature.

This ratio does not take into account a large number of factors af-
fecting ESA process, but, it can be used for a quantitative evaluation
of 3 types of interactions between anode and cathode made of various
materials, namely:

—at 1./1. << 1 acoating is formed on a cathode surface;

—at 1,/1. ~ 1 it is possible to form a coating in the form of an anode-
cathode alloy;

— at 1,/1. >> 1 the substrate is eroded; the formation of a coating is
unlikely (but the transfer of material from the cathode to the anode is
possible [21]).

The data required for calculations according to the Palatnik criteri-
on in our conditions are given in Table 2.
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TABLE 2. Physical characteristics of the electrode materials and the value of
the Palatnik criterion.

Characteristic, Anode (AlB;2—50 | Cathode (OT4) [The value of the Palatnik
wt.% Al) [23, 24] criterion t./t.
A, W/(m-K) 72.58 10
C,, J/(kg-K) 918.88 ~457 1.99
Tw, K 933* 1941
p, kg/m?3 2616 4550

*T,, of the most low-melting phase (Al) was used for the calculation.

It follows from the calculation that a mixed layer (from the materi-
als of the substrate and the deposited electrode) of the ESA-coating
with high adhesion to the substrate can be obtained with the AlB:2—50
wt.% Al material.

X-ray analysis showed the following phases namely TiB:, Ti alu-
minides, Ti, TiO, TiOz and AlB;, were revealed by x-ray analysis in the
coating (Fig. 1). Attention is drawn to two aspects.

Firstly, the absence of the AlB;: phase. ESA process occurring at
plasma temperatures (2-10* K) in air is known to be accompanied by
thermo-oxidative destruction of an anode and a cathode materials [25].
Such severe conditions aid in destructing of aluminium dodecaboride
to constituent elements at T=2300 K [26].

Secondly, the appearance of the Al;Ti; phase, which is non-
equilibrium and is absent in the Al-Ti phase diagram [27]. The for-
mation of non-equilibrium intermetallic phases Al;Ti, Al;Tis, TissAl
was noted by [28] in the contact zone of Ti and Al during their explo-

[ ESA-coating, 1 1 —TiB, 4— ALTi, 7 — AlB,
200 b mode 4 5 2 — ALTI 5— Ti(hex)) 8§ — TiO,
3 — AlTi, 6 — Ti(eub.) 9 — TiO
2
5 3
2 200 ‘ //
o
= z 2 2
5 - 1 4 A g
5 47, 3 8
100 - Y8 4 < 5 8 _6
s Lot \2 L LGN RAW
oL ey S Ml pograny ‘\-,r""‘ldudu' v l‘r“{ LN Mgt
Loy Y iepeg e g e g g g e g g g § e g g Jres g e s g g
20 30 40 50 60 70 80

20, degree

Fig. 1. Diffraction pattern of ES-coating of AlB12—50 wt.% Al on OT4 titani-
um alloy (mode 4).
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1 — ES-coating on OT,, mode 2
30+ 2 — ES-coating on OT,, mode 4
r 83 — ES-coating on OT,, mode 6
25 4 — uncoated OT,
ME [
5 20
Y "~ 5
=]
— 151
B
o L
10+
5L
0

Fig. 2. Dependence of volume wear AV on the mode of coating deposition.

sion welding. This fact is explained from the standpoint of anomalous-
ly fast directional mass transfer under stress conditions creating the
curvature of the crystal lattice. In our case, the appearance of the
Al;Tis phase can be explained by the characteristic features of the ESA
process, namely: the spark discharge consists of a sum of short (108—
107° s) current pulses that lead to microexplosions of cathode spots.
During such microexplosions, the pressure reaches 10 GPa at a plasma
temperature of 2-10* K [25]. This can lead to the appearance of process-
es initiating the redistribution of atoms, which, in turn, can accelerate
the appearance of any new phases.

The results of wear tests during fretting corrosion (Fig. 2) indicate
that, regardless of the deposition mode, ESA-coatings from the elec-
trode material of the composition AlB12—50 wt.% Al, formed on the
OT4 titanium alloy, have significantly less volume wear, than uncoat-
ed OT4 alloy. The coatings deposited in modes 4 and 6 are the most
wear-resistant. The decrease in their wear, in relation to the OT4 alloy,
is approximately the same and amounts to 72 and 73.5% , respectively.

In Figure 3, a, b is shown the microstructure of the friction track of
ES-coated (mode 4) sample and the results of its elemental analysis are
presented in Table 3.

The data in the Table 3 indicate that oxide phases of titanium, possi-
bly TisO and (or) TisO, are present in the friction track (spectra 5, 6, 7,
light areas). In addition, judging by the content of elements in spectra
1-4 (dark areas), there are predominantly oxides of titanium and iron.
Such structures are obviously formed from compressed powdery prod-
ucts of wear of the coating material and the counterbody. Their for-
mation on a harder and stronger sublayer of the coating material cre-
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Fig. 3. Microstructure of the friction track: a—general view; b—enlarged
fragment with elemental analysis data.

TABLE 3. Elemental analysis of the surface of the friction track in the AlBi2—
50 wt.% Al ESA-coating (Fig. 3, b).

Spectrum Element, wt.% Total
B | ¢c | o | at | m | Fe
1 0.28 1.43 42.25 0.88 38.93 16.21 100.00
2 0.42 1.70 39.70 0.91 41.23 16.04 100.00
3 0.81 2.71 40.14 0.89 41.20 14.24 100.00
4 1.21 2.56 38.98 0.90 40.34 16.00 100.00
5 - 0.80 7.18 1.57 89.20 1.25 100.00
6 - 0.71 3.77 1.80 92.70 1.01 100.00
7 0.21 1.10 4.55 1.83 91.53 0.78 100.00

ates a positive gradient of mechanical properties in the friction contact
zone, which is one of the conditions for ensuring increased antifric-
tionality and wear resistance of materials in friction pairs [29].

This reduces frictional loading of surface layers in real contact areas
and together with the presence in the coating of such high-strength
structural components as titanium diboride and titanium aluminides
(Fig. 1), may be factors determining the increased wear resistance of
the coating in study.

4. CONCLUSIONS

1. Composite material AlB:2—50 wt.% Al can be used to obtain protec-
tive ESA-coatings on a titanium alloy operating when wearing under
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fretting corrosion. Theoretical estimation of the interaction between
the anode and the cathode materials by the Palatnik criterion showed
that in the process of ESA it is possible to obtain a mixed layer from the
components of the substrate material and the electrode material with
high adhesive strength.

2. Regardless of the deposition mode, ESA-coatings exhibit signifi-
cantly less wear than uncoated OT4 titanium alloy. The increased wear
resistance of the coatings in study under conditions of fretting-
corrosion wear is explained by the formation of protective structures
of wear products (which are mainly oxides of titanium and iron) on the
surface of the friction track, and the presence of high-strength struc-
tural components such as titanium diboride and titanium aluminides
in the coating.
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B craTTi mpencTaBieHo pe3ysbTaTH JOKAJbHOI PEHTI€HOCHEeKTPAJbHOI aHaJi-
3U IIOKPUTTIB, III0 OZlep:KaHi MeTom00 eJleKTpoickpoBoro Jgerysauus (ELJI) mpu
eumeprii pospany Wp=0,13, 0,52 i 0,9 [I:x aHomamu 3 HiKJIO i Heip:xaBitimoi
kKpuii 12X18H10T na moepxHi Katoau i3 xpuii 12X18H10T. IIpu ELJI ene-
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KTpoxmoro-iHcTpymernToM i3 kpuii 12X18H10T 3i 36insmenasam Wp ak B xapa-
KTEepHUX TOUKAaX, TaK i 31 Bciel gocaimxkeHol mMoBepxXHi MOKPUTTA, KiIbKiCHUH
eJIEMEeHTHUU CKJIaJ CyTTEBO He 3MiHIOEThCA. AHaIiza PO3MOIiy eJIEeMeHTiB o
rInOuHiI chopMOBaHOTO IIapy IMOKAa3aJa, Io IIPY BUKOPUCTAHHI B AKOCTI eJe-
KTponu-imcTpymenty Kpuii 12X18H10T, 3i 36iabieraam Wp B moBepxXHEBO-
My mIapi BizOyBaeThcA He3HAUHE 3MEHIIIeHHA BMicTy XpoMmy i 36iabienna Hi-
ka0 ta Turany. IIpu samini kpumni 12X18H10T Ha HiKeab 3i 30iJbIIEHHAM
Wp kinericts Hixkao Ha nmoBepxHiI HOKpPUTTA 3MeHHIyeThed 3 95,38 mo
89,04% . ITo mipi mornmbJieHHS 3 MOBEePXHI MOKPUTTA KinbkicTs Hikiio moc-
TYIIOBO 3MEHIIYEThCs, Bimmosimmo mpu Wp=0,13, 0,52 i 0,9 [I:)x 3 96,29,
90,29 i 89,04% mna mosepxui g0 9,0, 10,30 i 9,9% ma rambuni: 120, 165 i
240 mgm. ITpu nmpomy KimbkicTh Xpomy, Turtamy Ta Pepymy IOCTYIOBO 306i-
JIBIIIYETHCH.

KarouoBi ciroBa: ejleKTpPOiCKpOBe Jier'yBaHHSA, HiKeJlb, KPUIA, PEHTI€HOCIEeKT-
pajibHa aHaJjisa, KpOK CKaHyBaHHsA, Tonorpadis, cruekrep.

In article we present the results of studies of the local x-ray spectral analysis
of coatings formed by the electrospark alloying (ESA) method at the dis-
charge energy Wp=0.13, 0.52 and 0.9 J by anodes from nickel and stainless
steel X10CrNiTil18-10 on the cathode surface from X10CrNiTil8-10 steel.
During ESA by stainless steel X10CrNiTi18-10 anode with an increase Wp in
characteristic points and from the entire investigated surface of the coating,
the quantitative elemental composition is not changed. The analysis of ele-
ments distribution over the depth of the formed layer is showed that when
using the electrode tool from steel X10CrNiTi18-10 with an increase in Wp,
there are a slight decrease in chromium and an increase in nickel and titani-
um in the surface layer. When steel X10CrNiTil18-10 is replaced by nickel
with an increase in Wp, the concentration of nickel on the coating surface
decreases from 95.38 to 89.04% . As the recession deepens from the coating
surface, the concentration of nickel gradually decreases, respectively, at
Wp=0.13, 0.52 and 0.9 J from 96.29, 90.29 and 89.04% on the surface to
9.0, 10.30 and 9.9% at depth: 120, 165 and 240 um. At the same time, the
concentration of chromium, titanium and iron gradually increases.

Key words: electrospark alloying, nickel, steel, x-ray spectral analysis, scan
step, topography, spectrum.

(Ompumano 28 mpaensa 2022 p.; ocmamoun. apisnm — 11 aunna 2022 p.)

1. BCTY1II

B uacTtuni 1 craTTi mpeacTaBiieHi pe3yJIbTaTH HOCJiAKEHHA HOBOTO CIIO-
co0y BimTHOBJIEHHS MeTOIO0I0 eJeKTpoickpoBoro jgeryBanua (EIJI) mera-
gJiB i3 kpumi 12X18H10T, axi mpaijoioTh B yMOBax pamidIiiiHOTO
ONIPOMIiHIOBAHHA i AKMI MOsKe OyTH 3aCTOCOBAHUM [JIS PEMOHTY JeTajiB
MAaIlTMH aTOMHUX eJIeKTpocTaHItii [1].

Croci6 BKJIIOUAaE HaHECEHHS IMOKPUTTA Ha 3HOINEHY ITIOBEPXHIO JeTa-
a0 meromoio EIJI emeKTpomormo-iHCTpyMeHTOM 3 MaTepiany (KpHiid



BJIACTUBOCTIIIOBEPXOHB HETAJIIB I3 KPUIII 12X18H10T 1325

12X18H10T abo mikenb), kUil He MiCTUTh cHeNiAILHUX H00aBOoK Ko-
0aJIBLTy Ta iHINTMX eJIeMEeHTiB, AKi YTBOPIOIOTH AOBIO JKMBYUYi i30TONHM B
AKTHUBHOMY POO0YOMY CepPeIOBUIITi.

BukopucranHsa HOBOTO CIIOCO0Y BiHOBJIEHHS AeTaJIiB 3MiliICHIOIOTH Y
nBa eranu. I[lepen mepIiuM eTamoM Ha 3HOIIEHY KPUIEBY ITIOBEPXHIO Me-
Tomoro EIJI maHocATh, MmIap MIOKPUTTS TpadgiTOBUM eJIEeKTPOI0I0-
iHcTpymeHTOM 3 eHeprieio pospany Wp=0,02 [k i mTpogyKTHUBHICTIO
0,3 cm?/xB. IIpu ELJI exekTpozmoro-incTpyMmenToMm i3 kpumi 12X18H10T
MMepIIni i Apyruil eTanu OPOBOAATH, BigmoBiguo mpu Wp=0,20 [I:x 3
npoxgykTusHicTio 1,6 cm?/xB. i Wp=0,55]I)x 3 NOpPOAYKTUBHICTIO
2,5 cm?/xB. B pesyabrari, ToBiuHa mokputta AH =0,19 MM, CyIiab-
micte S=100% i mepcrkicts Rz=57mkm. IIpu EIJI enxexTpomoro-
iHCTPYMEHTOM 3 HiKJIO IepInii i Apyruil eTanu IpoBOJATh, BiIIOBiTHO
npu Wp = 0,55 I 3 npogykTusHicTio 2,5 cm?/x8 i Wp = 0,90 3% 3 mpo-
nykTuBHicTIO 3,4 cM?/xB. B pesyabraTi omepaxyors AH =0,20 MM,
S=100% i Rz=38 MKM.

36inbienua edeprii pospany npu ELJI cynpoBom:KyeThCSa TOHUKEH-
HAM MeXKi TEKYJYOCTH Ta MesKi MimfHoCcTH i 30iIbIIIeHHAM BiJHOCHOT'O IIO-
IOOB)KEHHA 1 BimHocHOro 3By:KeHHsA 3paska. IIlpm EIJI 3paska 3
Wp=0,90 [I;x, mOpiBHAHO 3 HEJIETOBAHUM 3PasKoM, MeKa TEeKYUYOCTHU Ta
MerKa MIITHOCTH 3MEHINTYEeThCA IpU JeryBaHHI Kpumeo 12X18H10T,
Bigmosigmuo Ha 11,7 i 8,3%, a BigjHOCHE IOJOBXKEHHSA i BiJHOCHE 3BY-
JKeHHd 30iabpInyeThes, Biqnosiguo Ha 151 14,7% . IIpu EIJI "Hikiaem me-
JKa TEeKYYOCTH Ta MeyKa MIiITHOCTH 3MEHIIYEThCA, BigmoBigmo ma 13,3 i

20.00kY 500

Puc. 1. Tomorpadisa OinAHKKM HOBepXHiI MOKPUTTA, cPOPMOBAHOIO i3 KPHUILL
12X18H10T mpu ereprii pospsazny 0,52 I i npogykTusHocT: 2,5 cM2/XB.

Fig. 1. Topography of the coating surface formed from steel X10CrNiTi18-10
at a discharge energy of 0.52 J and a productivity of 2.5 cm?/min.
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8,6% , a BiZHOCHE NIOJOBXKEHHSA 1 BiJHOCHE 3BYKEHHS 30iJBINYETHCS,
BinzmosimuoHa 14,7116,7%.

B vacTuni 2 craTTi mpeacTaBieHi pe3yabTaTH HOCIiIKeHb CTPYKTYP-
HOT'O CTaHy HOKPUTTIB, 110 ogep:kaHi meTomoio EIJI mpu eneprii pos3pany
Wp=0,13, 0,52 i 0,9 [I»x amomamm 3 HIKJIO0 i Heip:KaBifimoi Kpwuiri
12X18H10T uma moBepxui karonu i3 xpuiri 12X18H10T [2]. Anoau, aAK
HiKesab, Tak i Kpuig 12X18H10T, mage:xaTs 40 MaTepisIiB AKUMHI JO-
IiJIbHO BimHOBIIOBATH HOBepPxXHi meranaiB iz Kpumi 12X18H10T, axi
OPaoiTh B YMOBax pPamisdliiiHOro ompoMiHIOBaHHA. MeTtajsorpadiuna
aHaJiza, c()OpMOBAaHUX MHOKPHUTTIB IOoKasaja, II0 iIX MIKPOCTPYKTypa
CKJIaaeTheA 3 3-X 30H: 1) «Oinmmit map» — 1ap, 110 He MiAZa€ThCSa Tpa-
BJIEHHIO 3BUUAHUMU PeakTUBaMU, 2) IepexigHa 3oHa abo gudysiiina
30HA, 3) ocHOBHUU MeTaj. IIpy BUKOpPUCTAHHI B AKOCTiI eJIEKTPOIN-
incrpymenTa Hikgio i kpuii 12X18H10T 3i 36inbpnienuam eHeprii pos-
PALYy TOBIMMHA 3MII[THEHOTIO IIapy, MiKpOTBEepPIiCTh, CYIiJIBHICTE 1 TOB-
mipHa «0iJoro» IIapy, a TAaKOK BeJUUMHA IIEePCTKOCTH IIOBEpPXHi 30i-
JBIIYIOThCA. 3aMiHa aHOoAM 3 HiKJIf0 Ha Kpuilio 12X18H10T npuBoguTs
Io 301JIBITIEHHS IIIePCTKOCTY IIOBEPXHi i 3MeHITIeHH TOBITUHU 3MiITHe-
HOTO I1apy.

Bimomo, 1mio (¢ismro-mMexaHiIUHI BJIACTHBOCTI MAaTepidjiB Bu3Hada-

320 = 93
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Puc. 2. CrieKTpHu 3 IOBEPXHI B XapaKTepPHUX TOUKAX: IVIaAKa IOBEPXH (a), I1e-
pcTKa moBepxHs (6), mopa (8) i 3i Bciel moBepxHi (2).

Fig. 2. Spectrums from the surface at characteristic points: smooth surface
(a), rough surface (6), pore (8) and from entire surface (2).
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IOTBhCA IX MiKPOCTPYKTYPOIO, KA 3aJE€KUTh BiJl eJIEKTPOHHOI OyIOBH,
XeMiYHOTO CKJaay i TeXHOJOoTil iX ogep:kaHHA. [1Jid BUBUEHHA 3MiH Mi-
KPOCTPYKTYPH i CKJIany moBepxHi 3paskiB iz kpuii 12X18H10T 3 Bixg-
HOBJIOBAJIbHUMY MOKpUTTAMHY i3 Kpuri 12X18H10T i mikaro npoBoau-
JW TOHAJIBIMi AOCJiKeHHA Ha CKaHYBaJbHOMY €JIEKTPOHHOMY MiKpo-
CKOIi, 00J1afHaHOMY CHCTEMOIO JJOKAJILHOI PEHTTeHOCIIeKTPaJbHOI aHa-
Ji81.

MeToam cCKaHYBaJIBHOI €JIEKTPOHHOI MiKPOCKOMII 11 aHamisdym Mare-
pidaaiB 3HAWNLIN IMTMPOKE 3aCTOCYBAHHSA y BUPilIIeHHI KOHKPETHUX HAY-
KOBHUX i TEXHOJIOTIUYHMX 3aBIaHb BHACJIIJOK 1X BHUCOKOI iH(hopMaTHUBHOC-
TH Ta JOCTOBiPpHOCTHU OJleP:KaHUX Pe3yJIbTAaTiB JOCTiaKeHHg [3].

OT:xe, MeTOIO I[i€l POOOTU € eKcIepHUMeHTaJ bHe TOCTiMKEeHHS MEeTO-
JIaMu eJIEKTPOHHOI MiKpPOCKOMii MiKPOCTPYKTYPU BiJHOBJIIOBAJIBHUX
mokpuTTiB Ha Kpuili 12X18H10T enexrpomamu i3 xkpumi 12X18H10T i
HiKJIIO, a TAKOK IX AKicHOI i KiJIbKiCcHOI eJJeMeHTHOI aHaJIi3H.

TABJUIIA 1. EnemeuTnuii ckaag nokputta i3 kpuii 12X18H10T i wikaio B
XapaKTepHUX TOUKax i 31 Bciel mocaimxyBaHol moBepxHi: 1 — raajgka moBepx-
Hd, 2 — IIIepCTKAa MOBEePXHs, 3 — mopa.

TABLE 1. Elemental composition of the coating from steel X10CrNiTi18-10
and Nickel in characteristic points and from the entire studied surface: 1—
smooth surface, 2—rough surface, 3—pore.

Hocaimxysana Enxementu, %

TOYKA Ta TiJIAH- ] ' .
ka (X) moBepxHi S Cu Si Mn Cr Ni Ti Fe

Kpunsa 12X18H10T, Wp =0,13 I, npogykTusHicTs 1,6 cm?/xB.

1 0,01 0,25 0,23 0,59 17,10 9,11 0,67 72,04

2 0,01 0,27 0,21 0,57 17,15 9,15 0,63 72,01

3 0,02 0,26 0,24 0,59 16,41 9,21 0,88 72,39

b2 0,01 0,31 0,25 0,61 17,21 9,33 0,79 71,49
Kpunsa 12X18H10T, Wp =0,52 I, npoAyKTUBHICTE 2,5 cM?/XB.

1 0,02 0,20 0,24 0,60 16,20 9,30 0,71 72,70

2 0,01 0,21 0,22 0,68 17,21 8,89 0,69 72,19

3 0,02 0,23 0,18 0,62 15,23 9,19 0,83 73,70

z 0,01 0,87 0,21 0,60 16,87 9,07 0,89 71,48
Kpunsa 12X18H10T, Wp =0,90 I, nponyKTuBHicTb 3,4 cM2/XB.

1 0,02 0,20 0,24 0,60 16,51 10,31 1,12 71,00

2 0,01 0,21 0,22 0,58 16,72 9,83 0,93 71,50
3 0,02 0,23 0,18 0,62 15,31 9,95 0,81 72,88
z 0,01 0,87 0,21 0,60 16,83 9,98 0,89 70,61
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ITPO/IOBKXEHHA TABJIAIII 1.
CONTINUATION OF TABLE 1.

Hikens, Wp =0,13 II»x, npogykrusHicts 1,6 cm?/xB.

1 0,02 0,25 0,29 0,56 0,41 96,58 0,13 1,76
2 0,01 0,31 0,22 0,61 0,17 96,30 0,16 2,22
3 0,01 0,27 0,23 0,59 0,92 95,87 0,21 1,90
b3 0,01 0,23 0,26 0,57 0,74 96,69 0,10 1,40
Hikens, Wp = 0,52 II»x, IpogyKTUBHICTE 2,5 cM?/XB.
1 0,02 0,22 0,28 0,55 0,71 90,58 0,17 7,47
2 0,02 0,37 0,25 0,63 0,27 91,39 0,06 7,01
3 0,01 0,27 0,29 0,61 0,90 90,77 0,11 7,04
z 0,01 0,33 0,27 0,59 0,54 90,59 0,12 7,55
Hikens, Wp = 0,90 II:x, npogykTusHicTs 3,4 cM?/XB.
1 0,01 0,24 0,24 0,53 1,11 90,22 0,38 7,27
2 0,01 0,30 0,27 0,60 1,27 91,31 0,15 6,09
3 0,02 0,25 0,23 0,59 1,92 88,07 0,37 8,55
b2 0,01 0,29 0,25 0,59 1,35 89,14 0,25 8,12

2. METOJIHMKA JOCJLIKEHD

3pasku 3 Heip:KaBiliHOI KpuIli aycteriTHOro Kiaacy mapku 12X18H10T,
poamipom 10x10x8 MM i 3 TBepAicTIO IicJIA OCTATOUHOT'O TEPMOOOPOO-
geaasa 140-170HB, 1mmidpyBasm g0  IIIEPCTKOCTH  IIOBEPXHI
Ra=0,50 MmxM. Horsa HaHEeCeHHs OKPUTTiB eJIeKTPOgaMMU-
imcTpymeHTamMu 3 Heipskasitinoil Kpumi 12X18H10T i mikaio BuKopuc-
ToByBaJau ycTaHOBKY EILJI Mmogenio « EmiTpoH-52A», 1110 3a0e3meuye eHe-
prito pospany Wp B mismasoui 0,05-6,80 [I:x. Ilpu nmbomy aas mocJi-
I:KeHb 3aCTOCOBYBaJIU eHeprito po3pany Wp=0,13, 0,52 ta 0,90 [I:x.

s samobiraHHsa CXOILJIEHHSA JIeTYIOUoi eJIeKTPOAM i HmimKJIaguHKN
npu EIJI xpumi 12X18H10T enexkTpomaMu-iHCTpyMeHTaMU 3 Heip:ka-
Bittgol kpumi 12X18H10T i mixkjaio Bci 3pasKu momepegHbo 00po0JIIOBa-
A Tpad)iToOBUM eJeKTPOJOI0-iHCTPYMEHTOM IIPpM €Heprii pospany
Wp=0,02 [I;x i npogykTusaoctu 0,3 cm?/XB.

3 MeTOoI0 BU3HAUEHHS €JIEMEHTHOTO CKJIAy TOKPUTTS B XapaKTepHUX
TOUYKax ITPOBOAUBCA AKiCHA Ta KiJbKiCcHA JIOKaJIbHA aHaJIi3a.

fAxicHa amaiiza i KimbkicHUI cKaam moKpuTTiB i3 Kpuni 12X18H10T
i mikaio Ha 3paskax i3 Kpuri 12X18H10T nposoguBcs HA eIeKTPOHHO-
my mikpockoni PEMMA-102 supo6auiirBa BAT «SELMI», ocuamiexnoro
PEHTTeHIBCLKUM CHEeKTpoMeTpoM Ha 6asi KpeMHil-riTifioBOro HamiBII-
poBimzHMKOBOro merektopa. Mikpodororpadii miisHOK moBepxHi 3pas-
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KiB omep:kaHi B pexuMi (popMyBaHHS 300pasKeHHsS TOKOM BTOPHMHHUX
€JICKTPOHIB P NPHUCKOPIOBAHINA HANPyY3i Ha €JIEKTPOHHIN HMYIIIi MiK-
pockomy 20 kB i crpywmi soray (myuka) 200 mA. Ilpu boMy Ha TOBEPXHi
MMOKPUTTA BUOUpanu 3 TOUKHU (TJIagKa MOBEPXHA, INTEPCTKA MOBEPXHA i
mopa) i B KOKHIiM TOUIli BUBHAUABCA €JIeMEHTHUH CKJIal HaHeCeHOTO II0-
KPUTTS.

Kpim 1mmporo, posmozis ejgeMeHTiB Mo TJINOMHI B ITOBEepXHEBOMY ITapi
BU3HAYAJIU HA €JIEKTPOHHOMY MiKPOCKOII 3 KaMepol HM3BKOI0 BaKy-
yMy i cucTemoro eHeproaucnepciitnoi mikpoanasnisu PEM-106. Mikpo-
CKOIl TpHU3HAUEeHUH A JOCHifKeHHA penabedy IOBEPXHI pi3HUX
00’eKTiB y TBepiii pasi i BU3HaUeHHA eJIeMEeHTHOTO CKJIamy 00’ €KTiB
MEeTO/IOI0 PEHTT'eHiBChKOI MiKpoaHaJis’ 110 eHepridxX KBaHTiB XxapaKTe-
PUCTUYHOrO BUIIPOMiHEHHS B JBOX PEKMMAaX: BUCOKOTO BaAaKyyMy i HHU-
3bKOro Bakyymy. HocimimxeHnusa 06’eKTiB y BTOPDUHHUX eJIeKTPOHAX 3a-
b6esmeuye Tomorpa@iuyHME KOHTPACT, ¥ BiIOUTHX eJIeKTPOHAX — eJjeMe-
HTHUH KOHTpacT. BcraHoBienu#i Ha npmiaazni pgerexktop XR-
100FASTSDD ¢ipmu Amptek (CIITA) mae smMory mpoBOOUTH AKiCHY i
KiJIBbKicHY eJIeMeHTHY aHaJIi3y JOoCIia:KyBaHoi o0aacTi 06’eKTa.
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Puc. 3. MikpocTpyKTypH IiIaHOK 3paskis iz Kpuii 12X18H10T 3 mokpurramu
iz xpuni 12X18H10T (a, 6, 8) Ta HikJIIO (2, 0, €), HaHeceuumu MmeTonoio ELJI.

Fig. 3. Microstructures of steel samples sections from X10CrNiTi18-10 with
coatings from steel X10CrNiTi18-10 (a, 6, 8) and nickel (2, 9, e), applied by
ESA method.
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3. PESYJBTATHU JOCJIIIsKEHD

Ha pucynky 1 moxkasamo Tomorpadiio JiISHKY IOBEPXHi MOKPUTTS 3 He-
ipsxaBiitnoi xpumi 12X18H10T, Ha akiit obpani Tpu xapakTepHUX Ii-
aguku (1 — raagka mMoBepXHs, 2 — IIepPCTKA MOBEePXHA, 3 — IIopa).
CeKTpu MOBEepPXHIi B XapaKTepHUX TOUKAaX i 3i Bciel gocmim:xenol mose-
pxHi mokasaHi Ha puc. 2.

B 3Begewniii Tabauili 1 mpeacTaBieHo eJeMeHTHUI CKJIAL IIOKPUTTIB i3
kpurni 12X18H10T i mikiaio, chopmoBaHUX mIpu pisHUX pexumax EIJI B
XapaKTepHUX TOUKAX i 31 Bciel mocaimxeHol moBepxHi.

Amagiza tabauni 1 moxasajia, 1o 3i 30iJbIIeHHAM eHeprii po3pany
npu EIJI ejnexkTpomorm-iHCTPyMeHTOM 3 HeipkaBiiHOI  Kpwuii
12X18H10T, ak B xapaKTepHUX TOUYKAaX, Tak i 3i Bciel mocaimxyBamoi
IOBEPXHi, KiIbKICHMN eJIeMEeHTHUN CKJIAJ CYTTEBO He 3MiHIOEThHCA. IH-
i pesyabratu npu ELJI spaskiB iz xpumi 12X18H10T umikmaem. Ilpu
36isbrenHi eHeprii pos3pany 3 0,13 mo 0,90 [k, kinbKicTs Hikiio 3me-

TABJHUIIA 2. PesyabTaTy JOKaJIbHOI €HEPTOAUCTIEPCIHHOI aHaAIi3Y TOKPUTTIB
Ha Kpuii 12X18H10T i3 Kkpuiii raxoi camoi MapKu i HiKJII0.

TABLE 2. Results of local energy dispersion analysis of coatings on steel
12X18H10T cover with a cover of the same brand and nickel.

Z, o | mes 27 < | m: 27
%CCerTlFe%CCerTlFe%

IToxpurTsa iz Kpurni 12X18H10T, xpok ckanyBanud 10 MKM

C |[Cr| Ni |Ti| Fe

3pasoK a 3pasoK 0 3pasoK 8

0,1317,6 9,8 0,671,871000,1317,5 10,9 0,970,571000,1316,7 11,2 1,570,47100
0,1317,5 9,3 0,972,171000,1317,4 10,5 0,971,071000,1316,4 10,7 1,471,37100
0,1217,7 9,1 0,872,281000,1417,5 10,3 0,871,261000,1417,1 10,6 1,171,06100
0,1517,0 9,3 0,573,051000,1516,9 10,5 0,571,951000,1517,3 11,3 0,970,35100
0,1517,4 9,9 0,771,851000,1617,1 10,9 0,771,141000,1616,4 11,5 0,771,24100
0,1417,5 9,7 0,971,761000,1717,2 10,7 0,971,031000,1716,2 10,9 0,971,83100
0,1716,8 9,9 0,872,331000,1716,7 10,9 0,871,431000,1516,3 11,3 1,071,25100
0,1717,2 9,8 0,872,031000,1717,0 10,8 0,871,231000,1416,2 11,4 1,171,16100
0,1217,9 9,0 0,972,081000,1217,1 10,0 0,971,881000,1616,1 10,9 1,271,64100
0,1717,3 10,3 0,971,331000,1516,3 11,3 1,370,95100

0,1716,7 10,5 0,971,731000,1615,8 10,9 1,172,04100

0,1617,3 11,0 1,270,34100

0,1717,3 10,7 1,270,63100

0,1717,5 10,9 0,970,53100
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ITPO/IOBKXEHHA TABJIAIII 2.
CONTINUATION OF TABLE 2.

TIokpuTTs 3 HiKeEJI0, KPOK CKaHyBaHHSA 15 MKM
3pasokK 2 3pasokK 0 3pasokK e

0,13 1,2 95,280,2 3,19 1000,13 1,3 90,280,1 8,19 1000,13 1,7 83,140,314,73100
0,13 1,4 95,060,2 3,21 1000,13 1,9 90,070,2 7,90 1000,13 1,9 81,200,416,37100
0,14 1,7 94,190,3 3,67 1000,14 2,5 91,310,3 5,75 1000,14 2,5 80,010,217,15100
0,13 2,1 93,260,4 4,11 1000,15 3,7 89,560,5 6,09 1000,15 3,1 80,160,316,29100
0,15 2,5 92,120,3 4,93 1000,16 5,1 82,520,411,821000,16 3,0 76,120,520,22100
0,18 3,1 83,350,712,671000,17 4,9 80,780,513,651000,17 4,7 74,430,620,10100
0,1716,221,800,851,031000,17 6,7 71,070,621,461000,15 5,1 70,170,623,98100
0,1317,9 9,0 0,972,071000,178,751,800,638,731000,14 6,9 61,810,730,45100
0,1210,937,140,751,141000,16 7,9 57,170,634,17100

0,1717,0 20,8 1,160,931000,1711,751,090,836,24100

0,1217,1 10,3 1,071,481000,1715,740,810,942,42100
0,1817,133,330,848,59100

0,1717,419,141,062,29100

0,1316,114,170,958,70100

0,1218,011,031,259,65100

0,1217,8 9,91 1,171,07100

HITyeTbes 3 95,38 mo 89,04% . KinbKicTh Jeryounx ejeMeHTiB XpoMmy i
Turany He3sHa4YHO 3MEHINIYEThCA, BigmoBigao 3 1,74 mo 1,351 3 0,50 mo
0,35%, a kinmbkictsb Pepymy mpu nbomy 30imbiryerbeda 3 2,40 mo
8,12%.

Ha pucynry 3 mpezacTaBjeHi AiMAHKNM MiKPOCTPYKTYpPH, Ha SKUX
MIPOBOAMJIACS eHeprojguclepciiina MiKpoaHajisa ITOBEPXHEBOTO IIapy
spaskiB i3 Kpuii 12X18H10T 3 moxkpurramu i3 kpuni 12X18H10T (a,
0, 8) Ta HikJIO (2, 0, €), HaneceuuMu mMeronoio EIJI. Kpok ckaHyBaHHS
CTaHOBUB IJIsI 3pas3KiB Ha puc. 3, a, 6, 68 — 10 MKM, a i 3pa3KiB Ha
puc. 3, 2, 0 Ta e — 15 MmKM. Posnomis xeMiuHUX eJIeMeHTiB, 1110 BXOIATD
IO CKJIAAY IIOKPUTTIB 3pasKiB mmpeacTasiaenuii y Tadi. 2.

Amnajiza Tabauii 2 mokasaJia, 10 IPU BUKOPUCTAHHI B IKOCTi €JIeKT-
poau-incrpymenty i3 kpuii 12X18H10T 3i 36inbiieHHAM eHeprii pos-
pany 3 0,13 mo 0,90 [I:x B moBepXxHEBOMY IIapi Bi0yBaeThCcA He3HAUHE
3MeHIIeHHA Xpomy i 30inbiienuda Hikio i Turany.

IIpu BuKOpHMCTaHHI B SKOCTi €JeKTPOAM-iHCTPYMEHTY HiKJI0 Ioro
KiJIbKicTh MmO Mipi morambOJeHHs IIOCTYIOBO 3MeHIIyeThcsa 3 96,29,
90,29 i 89,04% Ha mosepxHi 10 9,0, 10,301 9,9%, BigmosigHo Ha M-
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oumi 120, 165 i 240 MmKM i eHeprii pospsazny, Bigmosizuo 0,13, 0,52 i
0,90 I:x. Ilpu mmboMy KiMbKicTh XpPOMY IIOCTYIOBO 30iJIBINTYETHCA, Bif-
mosiguo 3 0,74, 0,541 1,35% ma mosepxHi 10 17,9%, 17,11 17,8% na
BimoBigHMX rimbmHax i emepriax pospany. Kinpkicts Tutany Taxkox
IIOCTYIOBO 30iybIryeThes, Bigmosiguo 3 0,1, 0,12, 0,25% Ha noBepxHi
mo 0,9, 1,0i 1,1% wma BigmoBigumx rimbmHax i eHepriax pospany. B
CBOIO Uepry KijabKicTs PepyMy Ha BiAHOBigZHMX riambuHAX i eHepriax
pospaxny 36insmyerses 3 1,4, 7,6518,12% mo 72,07, 71,481 71,07% .

4. BUCHOBRKH

1.IIpu EIJI w#eip:xaBiiinoi xpumi 12X18H10T exexTpomoro-
iHCTpyMeHTOM i3 KpuIli Takoi caMmoil MapKu 3i 36iIbIIIeHHAM eHeprii po-
3pAny, K B XapaKTepHUX TOUKAaX, Tak i 3i Bciel gocaimkenol moBepxHi
HOKPUTTS, KiTbKiCHUH eJIeMeHTHUM CKJIa] CYTTEBO HE 3MiHIOETHCS.

2. ITpm EIJI 3paskis iz xpuii 12X18H10T mikaem 3i 36ibIlIeHHAM eHe-
prii pospazny 3 0,13 go 0,90 [I»x, KinmbkicTs Hikiio, K B XapakTepHUX
TOUKAaX IMOBEePXHi MOKPUTTS, TaK i 3i Bciel gocaimskeHoi moBepxHi, 3me-
HInyeTbeda 3 95,38 mo 89,04% . B Toii Ke yac KiJIbKicTb JIeI'yBAJIbHUX
eaneMmeHTiB Xpomy i Turany HesHauHO 3MEHIITYEThCS, BigmoBigmo 3 1,74
10 1,35130,50 mo 0,35% , a KinbkicTe @epymy 30iabmryeThes 3 2,40 mo
8,12%.

3. AHaJjiza pos3mominy eleMeHTiB Mo IIubuHi c)OPMOBAHOTO IIIAPY IIO-
Kasaja, IO IIPYU BUKOPHCTAHHI B SIKOCTi €JEeKTPOAU-iHCTPYMEHTy i3
Kpuri 12X18H10T i 36inbmiennam exeprii pospany 3 0,13 xo 0,90 I:x
B ITIOBEPXHEBOMY IIapi Big0yBaeThCA He3HAUHE 3MEHIITeHHA XPoMy i 30i-
apmieHHsa Hikao i Turamy.

4. IIpu BUKOPUCTAHHI B AKOCTI €JIEKTPOAU-IHCTPYMEHTY HiKJIIO i eHepril
pospsany: 0,13, 0,521 0,90 [I:x iioro KifbKicThb 1Mo Mipi MOTIMOJIEHHA 1O-
CTYIIOBO 3MEHIIIYETHC, BigmoBigHo 3 96,29, 90,29 i 89,04% ma mosepx-
Hi 10 9,0, 10,30 i 9,9% ma rambuwui: 120, 165 i 240 mxMm. IIpu nromy
KimbkicTh XpoMy IOCTYIIOBO 36ijbIIyeThCA, Bigmosiguo 3 0,74, 0,54 i
1,35% na mosepxHi 10 17,9, 17,11 17,8% ua BignmoBizumx raubunax i
eHepriax pospany. KinbkicTs Turamy TaKoXK IOCTYIOBO 30iIbITYETHCS,
Bigmosizuo 3 0,1, 0,12, 0,25% ma nmosepxHi 10 0,9, 1,01 1,1% Ha Bix-
MOBiIHUX TIMOMHAX i eHepriax po3pany. B cBoro uepry kijabkicTs Pe-
PyMy Ha BiAmOBiZHMX TIMOMHAX 1 €eHepriax pos3pAmLy 30iJbIIyeThCA 3
1,4,7,56518,12% 10 72,07, 71,481 71,07%.
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Y TBOpPEHHA BIOPAAKOBAHUX CTPYKTYP 3 BAKAHCiH Y IBOBUMIipHiN
NMPAMOKYTHIH IIJIACTUHI

|O. E. 3achqu|, B. 1. Bacumuyk, O. C. I'anieHK0

ITnecmumym memanogisuxu im. I'. B. Kypdiomosea HAH Ykpainu,
oyave. Axademirxa Bepradcvrozo, 36,
03142 Ruis, Ykpaina

BuBueHO yMOBVM BMHMKHEHHS BIOPAZKOBAHOT'O PO3IOALIY KOHIIEHTpAaIlil Ba-
KaHCii y JBOBUMIipHINA IPAMOKYTHil maactuui. IIpoanarizoBamno BimmoBimme
PiBHAHHA AJA cTallioHApHOTO BUIAAKy. PyHKIiA S(x, y) onmcye B3aeMOJil0
MiK BakaHciaMu; y poboTi 3HalgeHO ABHUM Bupas ausa S(x, y). Ilokasano, mio
3a CTaJIOI IT0 IOBEPXHi IIJIAaCTUHY TEMIIepaTypu caMoopraHisaiisa (BMHUKHeHHSA
BIIOPAJKOBAHOTO PO3MOIiIy) MOKe Bi0OyBaTuUCA JUIlle y Ay:Ke MaJIili mJIacTu-
Hi. 3a HagBHOCTH (PYHKI[IOHAJLHOI 3a/I€XKHOCTH TEeMIIepaTypPU BiJ KOOpAMHAT
IJIACTUHU MOXKJIMBE YTBOPEHHS CKJIAAHOI 3a/IeKHOCTH I'YCTHUHHN BaKaHCIl Bif
KOOPAMHAT MAKPOCKOIIiYHOI MJIaCTUHHA.

KarouoBi caoBa: camoopranisaiis, Bakamucii, BIIOPAAKOBaHI PO3B’SA3KM, Me-
’KOB1 YyMOBH, BJIaCHi 3HaUeHHS, BJIAacHI QPyHKIIii.

The conditions of vacancies’-concentration ordered-distribution formation
inside the two-dimensional rectangular plate are considered. Corresponding
equation for the stationary case is analysed. The interaction between vacan-
cies is described by the function S(x, y); in the work, evident expression for
S(x, y) is found. As shown, for the constant temperature on a surface plate,
self-organization (ordered-distribution formation) can take place only inside
the very little plate. It is possible the onset of complicated dependence of va-
cancies’ density on the co-ordinates within the big plate, if there is a func-
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tional dependence of temperature on the plate co-ordinates.

Key words: self-organization, vacancies, ordered solutions, boundary condi-
tions, eigenvalues, eigenfunctions.

(Ompumano 8 mpasns 2022 p.; ocmamounuil sapianm — 19 aunns 2022 p.)

1. BCTYII

IIurtanuamMu caMoopraHisaiii safiManmncsa y 6araTbox poborax, HaIpH-
kJyan [1-3], ane He 3aBKIU BIAETHCA BiATBOPUTH Iieil mpollec y eKcie-
puMeHTi. ¥V HaIiii momepeaHii poboTi OyJI0 BUCJIOBJIEHO IPUITYIeHHA,
III0 caMoopTraHisalia ife Jjuilie 3a JeAKUX AUCKPETHUX 3HAUYEHb Ilapa-
MeTpiB. Byau omep:kaHi piBHAHHSA, BIIOPSAAKOBAHI Po3B’A3KU AKUX ic-
HYIOTH JINIIIE 34 TAKUX 3HaueHb mapamerpiB. IToxgioui 3amaui Bimomi y
MaTeMaTUYHiN (isuIli Ak 3agaui Ha BiacHi 3HaueHH4 [4]. Ix moskHA pos-
TAAIaTH O OyAb-sIKOro JiHifiHOTO omepaTtopa M, HAIPUKJIAI: a) MaT-
puiii, 6) nudepeHIiiiHOTO OIIEpPaTOPa, B) iHTEI'PAIBLHOrO oIlepaTopa i T.a.
Mu 6ygemo posrasagaTi Bunanok (6). OcHoBHe PiBHAHHSA Ma€ BUTJIA

Mv = B, (A)

Ie v — HeBimoMa (PYHKIIA mapaMeTpiB CUCTEMU, AKY MU PO3TJIAIAEMO,
B — umeso0, AKe HeOOXiAHO BUBHAUNTY. S3HAUEHHA 3, A1 AKUX iCHYIOTh
HeTPUBiANLHI po3B’a3KU v piBHAHHSA (A) 3BYTHCA BIACHUMHU UHCJIAMH
(B.u.) piBHguHA (A), a camMi HeTPUBiAIBbHI PO3B’I3KU U — BJacCHUMU (Y-
HKIigamu (B.¢.). 3BicHO, Iy pos3B’a3amuA HaIIol 3a7adui (Ha BJacHI 3Ha-
YeHHs y BUIIAIKy 0), Tpeba BKasaTu obJiacTi Bapidmii sMiHHIX 1 Me»KoBi
YMOBH, a caMa 3aJada Ma€ 0yTu OqJHOPiTHOIO.

BigmiTiMo HacTyIIHI BJIACTUBOCTI 3a/1a4 Ha BJIACHI 3HAYEHHS.

1. Biacui ¢pyuKIii BusHaueHi TiJIbKM 3 TOUHICTIO 0 JOBLJILHOTO IIOC-
TiHOTO MHOYKHIKA.

2. fIko B mopiBHIOE BiIaCHOMY 3HAUEHHIO, TO BiIIIOBigHA HEOTHOPDI -
Ha 3aJa4a He Ma€ Po3B’sA3KY.

3. Ivi (r)v;(r)dr = 0 3a HeBUKOHAHHSA yMOBH i = j (W — 0061aCTb Bapi-
w
Aii sSMiHHKUX).

HoBinbHY QYHKIIIIO U MOKHA 3aIMcaTU SIK JiHIHHY KoMOiHaIlito Bja-
CHUX (PYHKITIH.

Y mamriii poboTi 3amaui Ha BJIACHI 3HAUEHHS PO3TIASAIOTHCA JaJi:
a) (46) 3 mexxoBumu ymoBamu (49) (0 <r <1); 6) y u. 2.1 3agaua (58) B
obsacTi Bapialii (84) 3 me:xoBuMu ymoBamu (85).

Koau ma 3pasok nie cuiabHe MexaHiuHe HaBaHTaYKeHHS, IapaMeTpu
CHUCTEMHU BeCh Yac 3MIiHIOIOTHCA, IMMOKM HE CTAIOTh BJIACHUMU UYKCJIAMU
PiBHAHB, IIO I[I0 CHICTEMY ONHCYIOTh. Toxmi, HaIpPUKJIaL, KOHIIeHTpaIil



YTBOPEHHS BIIOPSITKOBAHNX CTPYKTYP 3 BAKAHCIV ¥V IIJIACTUHI 1337

BaKaHCi MOYMHAIOTHh PO3MOALIATHCS BIOPAIKOBAHO B 3aJIEXKHOCTI Bif
KoopamHaT 3pasky. SIKIo 3a uac, MOKU TaKe CTAHOBUIIE TPOJOBKYETh-
CsI, BCTUTAIOTh YTBOPUTHUCS TiApOAMHAMIUHI KaHAJIW, MOKHA BBasKaTH,
10 BigOyJaacs caMmoopramisaiis.

B mamux momepenHix podoTax, IPUCBAYEHUX MUTAHHIM CAMOOPTaHi-
3aIrii BaKaHCciy 3a mIacTUYHOI gedopmaillii marepisaiB, 6yao moxasaHo,
IIT0 IPOoIlec caMoopramisailii Moske BimOyBaTHCs JIMIIe 3a JeIKUX PiKco-
BaHMX 3HAUEHL IIapaMeTpiB cucTeMu. Ajle B IUX JOCIiIKeHHAX He Opa-
BCA IO yBarum TOH (paxT, 10 ILTacTHUYHA AedopMallisa 3aBKAU CYIPOBO-
IKYETHCS 3MiHOIO TEMIIEPATYPH B JIJOKAJIbHUX JiIAHKAX AOCJiIKyBaHO-
ro 3pasKa, IIM0 CTBOPIOE I'PDAMIiEHT TeMIIepaTyp B ychomMy 00’emi. Bpaxy-
BaHHS IILOTO IIPOIECY B PO3PaxXyHKaX BiApisdHAE HaHy CTATTIO BiJx moie-
PemHixX moCIIigKeHb.

2. PESYJIBTATH POSPAXYHRKIB

PoarasuaeMo JBOBUMIipHY IPAMOKYTHIO ILTACTUHY MOBMKUHOMO 2L i 1mm-
punowo 2L,. Arasnoriuno [5], 3anuiemMo piBHAHHA AJA PO3MOALITY T'yC-
TUHY BaKaHCii n(r) B il maacTUHI I/ cTAI[iOHAPHOTO BUMIAAKY

(K —n(r) / 1) / D, +div(gradn(r) + n(r)gradS) = 0. 1)
TyT Bci 03HaUeHHA TaKi, IK y poboTi [5], 3a BUHATKOM
S=(1/ kBT)j E(r —r,)n(r,)dr,, (2)
Q

ne E(r —r;) — 3BefeHa eHepria napHoi B3aeMozii Bakanciii. Mu npumy-
CKa€EMo, 110 E mae Burisan

E(R)=d/R*-a/R'+b/R®. (3)

TyT R — Biggaab MiK JBOMA B3aEMOIIMHMIMY BaKaHCiAMM’:

1/2

R=(x-x)+W-u)) , (4)

a=A / (kBT)’ b=B / (kBT)’ d=D / (kBT)’ (5)

A, Bi D — nosutusHi koHctanTu. Illykaemo po3B’sa30K n(r) y BUTJIAIL
pany:

n=n,+hf(r)+ Oo(h?), (6)

|h| << 1. (7N

IIpunyckaemo koedirtienT au@ysii D, 1O0CTaTHHO MaJIOI0 BEJIUUNHOIO,
raxk 1110 3 (1)
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n, ~ Kt (8)

IIlykaemo, 3a AKX yMOB [ Oy/e BIOPALKOBAHOIO OCIIMIiBHOI (PYHK-
miero. g mboro mpupiBuaemo KoeditienTu aupu h. Ogep:rumo:

Af+S.f.+S,f,+S.f,+(S,,+S,+8S,.,-1/@D,)f +AS, =0, 9)

S, =0S/ox, f,=0f /oy (10)
iT.m.
S, = jE(r —1,)f(r,)dr,. (11)
Q

IIpunyckaemo, mono=1, L,=L,

Ly
S, = | Idy,, (12)

-L,

L 14
I=[dx /((x-x)+a}), (13)
-L

al =y -y). (14)

Mu He MmoxxeMo 3HaTU I, ane moxxkemo 3HaiTu dI /dx =1 :
dl /dx =1, ~-4pLx / (I’ +x* + a’)"". (15)
AmnaJjoriuno,

2 2 2 2\ p+2
pry = 16p(p + I)LLyxy / (L + Ly +Xx +y )p =

= Cxy(1+ O((x* + y*) / (I’ + L}))) = Cxy, (16)

ne C>0,8, =0dS,/0oxdy.

Iarerpyemo
S,. =18,.,dy ~Cxy® / 2+ F(x), (17)
S, =18,.dx ~Cx’y® /4 + [ F(x)dx +C,. (18)
AmnaJjoriuno,

S, ~Cx’y* / 4+ [ F,(y)dy + C,, (19)
| F(x)dx = | E,(y)dy + C,. (20)

Taxum unHOM,
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F(x) = F,(y) =0, (21)
S, =Cx’y* /4+C,. (22)
3(2), (3)a (4)
Co~4 | dx, [ dy, /((x-%) +y-y)) = (23)
x+E y+&

YmoBa C, = o0 NPaKTHUYHO He BUKOHYETHCH, OCKIJIBKM BaKaHCii He Mo-
JKYTh HAOJIMMKATHUCS OHA A0 ONHOI Ha Bimmasas MeHIe AKoToch p; Co —
IIe TIPOCTO AKECh AysKe BeJIUKe UUCJIO.

S =dS,; —aS, +bS,. (24)
Axmro remneparypa T He 3a1eXuUTh Bif x i y (quB. (5)), Mu MmaeMo
S = Ax*y® + A,, (25)
A, > 1 (26)
Busnauumo

Sy = [ dx, [ dyfx,p) /(2= %) +y-y,)) ~Cf(x,y).  (27)

x+§ y+§&

Hani ckopucraemocs (24). 3uexTyemo inmumn wieHamu y (11) i 3 (9),
HexTylouu uyieHoM 1/ (tD,), ogep:KuMO piBHAHHA

AAf +24((xyf, + 2°yf, )+ (0 + x*)f ) = 0. (28)
Ty
A =A+1 (29)
(mmomo Ao, A muB. (25), (26)). 3a MAKPOCKOIIYHNX PO3MipiB ILJIaCTUHYI
A >>A, (30)
i miakoi camooprauisailii 6yTu He MoKe.
Posrasuemo, 1m0 BigdyBaTuMeThed 3a gyske manux L i L,. Ik BugHO 3
(16), ocHOBHMIT BHECOK Yy cymYy (24) BHOCUTB cKIagoBa B Ss. I1o Hiil i Bec-
TUMEMO PO3pPaxyHOK. BBememo HOBi 3MiHHI

u=x/L, v=y/L,. (31)

Tonmi
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-1<u<1, -1<v<1. (32)
OsHauuMO
L/ =q. (33)
IIpunyckaemo
L,=L. (34)

Toxai 3 (28) omep:KUMO PiBHAHHS

(f.. +¢7'1,,) + D((quv’f, + uvf,) + (u® + qu*)f) = 0, (39)
f,=0f /ouir.z., (36)
D=1/(AL)>0. 387)

Takum unHOM, 3a Maaux L, D He € maauMm. BugHo, 1110 camoopraHisaIisa
3a MOCTIiHHOI TeMIOepaTypH MOKe Big0yBaTuCs JUIlle Y MaJNuX IJIACTH-
HaX.

Bsenmemo Temnep moIsIpHiI KOOPAWHATH!

u = rcosod, v = rsing. (38)

IlizcraBasemo y (35), mpumycKaouu, 1110

q=L /L’ =1, (39)
£, +r'f +r?f, + D(f, + r’f) = 0, (40)
f. = r’(cosdsin®¢f, + sincos®df,). (41)

Mu 6aunmo, 1o B okonax ¢ =0,n/2, n,3n /2, f;, > 0 i Hero MokHa
sHexTyBaThu. OIep:KMO PiBHAHHA

r’f. +rf + Ty + Drf = 0. (42)
Ilykaemo fy Burasagi
f = R(r)o(¢). (43)
Poszginmumo (42) Ha (43). Opep:rxumMO

(’R,+rR)/R+Dr*=-¢, /¢ =C, (44)
@4 +Co =0, @ =cos(C"?}), C=n? (45)
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ne n — 1ize uncio ta 0. Toxi 3 (44) maemo
r’R,+rR. +(Dr* -n*)R =0. (46)

ITe piBHAHHA MoKHa 3HaiiTu y [6] (c. 401, 1. 2.162). Moro poss’a3ok
Mae BUTJIAM:

R(r) = Z, ,(0, 5D"*r?). 47)
Iloseniury Z (2) onucanoy[7](21.8-4-21.8-31). fx Bixnomo,
Z,(2)=a,J (2)+b N (2) (48)

(zus. [7], 21.8-8), me J (2) — Beccenesa pynruisa, N (z) — Heitmano-
Ba QYHKIIiA, a1, b1 — Jeaki koucrauTu. Illykaemo ixX 3 MEXKOBUX YMOB

R, =0. (49)
Toxi 3 (47), (48)
b, = -a,J, ,(0,5D"?) / N, ,(0,5D"?). (50)

Ockinpku KoxxHA HelfimanoBa GyHuKIia N, mae ocobsusicTs mpu r — 0
(mus. [7], puc. 21.8-1), HeBUKOHAHHA YMOBU

b1=0 (51)

o3Hauae, 10 B oKoJi  — 0 icHye BeJMKe CKyIUYeHHS BaKaHCiii, TOOTO
rpimmuHa. [[aa 06’eKTy, B AKOMY TPillUHYU HeMAae, Ma€ BUKOHYBATHUCS
yMmoBa (auB. (50)):

J, 5(0,5D"2) = 0, (52)

TOOTO caMoOpraHisalisa Moke BigOyBaTMCA JHUINIE 3a AeIKUX THUCKPeT-
HuX 3HaueHb D (guB. 21.8-11-21.8-13 [7] a6o puc. 7.1 [4]). I[TapameTep
D o’ azamuii i3 po3mipom 3paska L (muB. (37)). Tomy camoopranisarisa
MOJKe BigOyBaTHCs JIMIIE 3a JeAKNX IMCKPEeTHUX MaJnuX PO3MipiB miac-
THUHN.

2.1. CamoopraHi3aIifisi B yMOBax 3aJIe;KHOCTH TEMIIEPATYPH y 3pa3Ky Bif
uTav

Hexait

1/T = Ciexp((Eu® +y0*) / 2). (53)
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Toxi 3 (5), (24) i (25), HEXTYyIOUN MEHIITNMY YWIeHAMU (MU IPUITYCKAEMO,
170 HaII 06’ €KT BiKe € MAKPOCKOIIYHNM ), MaEMO

S, =(&u+...)S, (54)
S, =(e+&u’+..)8, (55)
S, =(yv+...)S, (56)
S, =(v+y"v* +..)8. (57)

IligcraBnarouu (54)—(57) v (9), omep:xmMO
fou + f + EUf, + 701, + (G +7) + (€W +v*0*)f = 0. (58)
ITykaemo f(u, v) y Buraangi
f(u,v) = F(u)G(v). (59)
Hexait
E+y=uy+V, = d, (60)

Ie uo, Vo He 3ajiexardb Bix u i v. Posgiaumo (58) ma f(u, v) (zus. (59));
OIlePIKIIMO

(F,, +EuF)/F +u, + &u® = —(G,, + yvG,)/G — v, —y*v* = C = const.(61)

Hexaii

C>0. (62)

Toxi maemo
F,, +&uF, +((u, - C)+ &%*) F =0, (63a)
G,, + 710G, +((v, + C) +7*V*)G =0, (630)
F = C,g(wexp (- rw)du), (64)
r(u)==%&u/2, (65)
O(w) = (2u, —2C —€) / 2+ 3E%u° / 4. (66)

3 (63a) Mmu MaeMoO piBHAHHSA
8, +ou)g =0. (67)

106 posB’aA30K 6YB BCIOAM OCIIMJIiBHUM, 3 ypaxyBaHHAM (62) mae
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BHUKOHYBAaTHUCA YMOBA
0<C=<u,-&/2,u,2¢/2. (68)
Amnajoriuno, 3 (636) maemo
G = CzH(v)exp(—f(yv / 2)du). (69)
Haa H(v) maeMo piBHAHHA
H, +¢,(v)H =0, (70)
o, @) =@, +C -7y /2)+38y°V" / 4. (71)

1106 posB’aA30K OYB BCIOAM OCIIMJIiBHUM, 3 ypaxyBaHHAM (62) mae
BUKOHYBATHCA YMOBa

v 27/ 2. (72)
Taxwm qrrOM, 3 (68), (72), (60)1 (58)

E+7)/2<u,+v, =E+7, (73)
E/2<uy <&E+v/2;5 v, =E+7—u,, (74)

TOOTO Uo, & BiATOBiTHO, 1 Vo MOKYTH 3MiHIOBATHCA 3a HOCTiMHUX & Ta ¥, i
nna (58) maemo minui makeT Po3B’A3KIB, 3 AKMX MOMKHA IMOOyIyBaTH
IPaKTHUYHO OyIb-AKY (hopMYy.

Posp’saemo (67) metromoro BKB [4]. Hexait

C=0. (75)
3 (66)

o) = 38%(u® +a,”) / 4, (76)

a’ = (du, — 28) / 3E2. (77

3[8](c. 89, 1.2.41.8) maemo

V3¢

y() = [(dw))*du = T(u(zﬂ +a,”)"? +

2 2\1/2
u+Uu +a
o 1| @ @ +a)")

|). (78)

a,

Toxi po3B’sa30k (63a) mae BUTIIAL
F(u) = Ciexp(-£u® / 4)siny / £%(® + a,*)"*. (79)

Amnasnoriuno, 3HaiigeMo po3B’a30k (630). BusHaunmo
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b2 = (4v, - 2y) / 3¢°. (80)
Toxi 3 (71)
0, (v) =3y°(v* +b,%) / 4, (81)

@+ @ + 52"

v, (v) = [(,(v)"*dv = %(U(U2 +5,°)"* + b,’In ), (82)

| :
Takum ymHOM,

G(v) = exp(—yv* / 4)sin(y, (v)) / v (©* + b,*)"". (83)

Ax Bugno 3 (63a) i (636), F(u) i G(v) MOXKYTBH OyTHU ITapHOIO UM HeIap-

HOIO (hyHKITiero o u i v BignmoBigHo. Tomy, K BuaHO 3 (32), TOCTAaTHHO
POSTUIAHYTH iX Ha iHTEepBaJjax

0<u<l,0<v<l. (84)
3 yMOBH
F,,=0,G, =0 (85)
MaeMO
Vo1 = T Yy, = WM, (86)

e j, m — HaTypaJbHi yucia.

3 piBHaHD (86) MOKHA BHAUTH Uo i Vo. BUIHO, 1110 32 BIOPSAAKOBAHOTO
posmominy BaKaHCIil Uo i Vo MOXKYTH HaOyBaTH JINIIIE JUCKPETHUX 3HAa-
YeHb.

Taxum unHOM, AK BuAHO 3 (60), BHOpAIKOBAaHUH PO3MOAiT BaKaHCii
MOXKe iCHyBaTH JIMIIIe 33 JeAKUX JUCKPeTHUX o = U, + U, , a 3aja4a (58)
— IIe 3aJaua Ha BJACHI 3HAUEHHS.

3. OBI'OBOPEHHA PE3Y JIBTATIB I BUCHOBRHA

Y pobori oxep:kaHo GopMyJaH AJA CTAIiIOHAPHUX CTAHIB BIIOPAIKOBAHO-
ro po3MOJiay KOHIleHTpallii BakaHCii y JBOBUMIpHiNI HpPAMOKYTHiM
IJIACTUHi. 3aJauNIaeThCcA BiIKPUTUM HNUTAHHA, K YTBOPUJIMCS IIi cTa-
IioHapHi cTaHMU.

MogenoBaHHA METOA0I0 MOJICKYJIAPHOI AMHAMIKY ILIACTUYHOIL gedo-
pMmarii I'IK-mamokpucraxis [9] mokasano, mio 1mi cranu y 6e3gedeKT-
HOMY HAHOKPHCTAJI YTBOPIOIOTLCSA 3a Ay ke Maiaui dac (= 10712 ¢), ame
disuuHMl MexXaHi3M I[LOTO IIPOIlecy AOCi HeBimommuii. € mpunyIlneHHs,
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II70 IIe¥ Impollec MOB’ A3aHNH 3 He3HAUHMMHY BiIXMJIaMI aTOMiB y MiCIIAX
JOoKaJIisarrii BHyTPIiIIHIX HAOIPYT, IO COIPUAE BUHNKHEHHIO TaK 3BAHUX
aToM-BaKaHciiiHUX cTaHiB [10].

IToxasaHo, 1110 3a IIOCTiTHOI IO KOOpPAMHATAX IIJJaCTUHU TeMIlepaTypu
caMoopraHisamisa Mo:ke BimOyBaTuCs JIMINIEe 3a AY:Ke MaJX PO3MipiB
mractuau. Hampukiaazn, BoHa Mo:Ke BimbyBaTucsa 3a AKMXOCh MaJIUX
IUCKPETHUX POo3MipiB mimactuum L, mio s3amaioTbea Gopmystamu (50),
(51) (D moB’asano 3 L opmyJioro (37)).

SKImo TeMIepaTypa sMiHIOETHCSA B3IOBK KOOPAMHAT IIJIACTUHU 34 3a-
KoHoM (53), To, K OyJIO IOKAa3aHO y HAIIi# pPobOoTi, MOKYTH iCHyBaTH
BIOPASKOBAHI PO3MOALIN BaKaHCIA HOCTAaTHLO CKJIALHOI (hopMHU Ha Be-
JUKI# 110111, TOGTO PO3MipH MJIACTUHY BiKe MOKYTH OYTH MaKPOCKOIIi-
yaumu. Ile 6yzae BigOyBaTucs Juie 3a AKUXOCh MTUCKPETHUX 3HAUEHbD
mapamMeTpiB cuctemMu (BilacHUX 3HaueHb) [4]. OgHak, 3a 3aKOHAMH JIi-
HilTHOI TepMOAMHAMIKM TeMIIepaTypa y 3pas3Ky 3 4acoOM Ma€ BUPiBHIOBA-
THCS, 1 cTallioOHAPHUM OIMMCAHUN BUIIE CTaH Oyae TiMbKM y BUIAIKY,
SIKIIO IOJaBATH TEILIO y IJIACTUHY 330BHi.

VY iHIIOMYy BUIIaAKY, IOKHU icHye posmozaia Temmnepartypu (53), cucre-
Ma BCTHUTa€ IIEPEUTH y IIle OAMH CTAI[iOHaPHUU BIOPAAKOBAHUN CTaH, i,
HaATIPUKJIAL, 3’ ABIAIOTHCA TiApOAnHAMiUHI KaHaIn.

Craix BigmiTmTH, 10 B3araji-To BakKaHCii 3 JBOBUMIpHOI IIJIaCTHHU
MalOTh IIEePEeNTH B OTOUYBaJIbHE cepeqoBuilie. AJle IIacCTHHA MOXKe Oy THU
TIOKPUTA OKMCHOIO ILIIBKOIO, i TOAL TaKe He BigOygeThCs.
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On Peculiarities of the Influence of Chemical Composition
on Formation of Structure and Properties of Alloyed Cast Irons
in the As-Cast State

M. A. Kovzel, O. I. Babachenko, Y. V. Parusov, and O. V. Parusov

Z.I.Nekrasov Institute of Ferrous Metallurgy of the N.A.S. of Ukraine,
1 Academika Starodubova Square,
UA-49107 Dnipro, Ukraine

We conducted a study of the structure, phase composition and wear re-
sistance of iron-carbon alloys used and planned to be used in manufacture of
hot deformation tools. As established, chromium—manganese cast iron with
chromium content of 12.5...13.5% and manganese content of 15.0...16.0% is
advisable to be used as a material, in particular, for piercing mandrels. As
shown, reduction of expensive alloying elements (Cr, Ni) contained in chro-
mium—-manganese cast iron in comparison with traditional alloys such as
300X32H3®JI and ‘nikorin’ is performed due to the higher contents of Mn.
It was found that the increase in wear resistance of chromium—manganese
cast iron is due to the high microhardness of the matrix, austenite—carbide
eutectic based on carbide type Me;Cs and, apparently, it is conditioned by de-
formation-phase transformations that can occur during abrasion wear.

Key words: high-chromium cast iron, chromium—-manganese alloy, chromi-
um—nickel alloy, structure, phase composition, microhardness, wear re-
sistance.

IIpoBeneHo mocCaim:KeHHSA CTPYKTYPH, (PA30BOTO CKJIAAY Ta 3HOCOCTiIHKOCTHU
3aJIi30BYIJIEI€BUX CTOIIIB, II[0 BUKOPUCTOBYIOTHCA Ta MJIAHYIOTHCS 10 BUKOPU-
CTaHHA Y BUTOTOBJIEHHI iHCTPpyMeHTiB rapsadoi gedopmariii. Bcranosieno, 1o
XpoMoMapraHieBuii yaByH is BmicTrom xpomy 12,5...13,5% 1 maprasiio
15,0...16,0% momiibHO BUKOPHUCTOBYBATH AK MATEPisaj, 30KpeMa, IJIs IIPO-
IMUBHUX OMpPaBoK. [IoKkasaHo, 110 3MEHIIIEHHS JOPOTUX JIETI'YIOUUX eJIeMEHTiB
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(Cr, Ni), aki micTaATbCA B XpOMOMAapraHIeBUX YaByHaX y IIOPiBHSIHHI 3 Tpagu-
nifiaumMu cronamu tuiry 300X32H3DJI i «HiKOpiH», 3MIACHIOETHCA 3a paxy-
HOK Oinpmioro Bmicty Mn. BeraHoBieHO, IO ITiABUINEHHS 3HOCOCTIHKOCTH
XPOMOMAapraHIleBUX YaBYHIB 3yMOBJIEHE BHCOKOIO MiKPOTBEPAiCTI0O MaTPHUILi
ayCTeHiTHO-KapOiAHOl eBTeKTHKM Ha OCHOBi Kapbiny Tumy Me;Cs i, oueBugHO,
3yMoBJieHe AedopMalliiino-(ha30BUMU IePEeTBOPEHHAMU, AK1 MOXKYThb BigOyBa-
THUCS IIiJ uac abpasuBHOTO 3HOCY.

KarouoBi ciioBa: BUCOKOXPOMUCTHHN YaBYH, XPOMOMAPTaHIeBUIl CTOII, XPOMO-
HiKJIEBHH CTOII, CTPYKTYpPAa, (has30BuUii CKJIaI, MiKPOTBEPAiCTh, BHOCOCTiHKiCTh.

(Received February 6,2022; in final version, August 11,2022)

1.INTRODUCTION

Currently, one of the main items of foreign exchange earnings of the
state is the export of cast sections and rolled metal. Requirements for
the quality of rolled products are growing every year, and competition
with China is becoming increasingly significant due to purchase and
modernization of metallurgical equipment. The problem of improving
quality of rolled products with the possibility of simultaneous reduc-
tion of their cost price is becoming increasingly urgent. Thus, reduc-
tion of production process cost and increase of the overall quality of
rolled products is an important direction of research. Rolling mills,
rulers and mandrels of rolling mill frameworks belong to the main tool
of hot deformation; operational characteristics of these tools affect
productivity and quality of metal products. The cost of rolls, rulers
and piercing mandrels is an integral part of the cost of finished hard-
ware. At the same time, the urgency of issues related to improving op-
erational stability of the rolling tools (and first of all, heir durability)
is constantly growing.

Experience of national and foreign metallurgical practice, as well as
available separate researches indicate that mill rolls made of alloy cast
iron and alloy steels are used for hot deformation of ferrous and non-
ferrous metals. At that, the share of mill rolls made of cast iron makes
up to = 65% of the total production volume of the mentioned metal
products [1-4]. Depending on the operating conditions and the produc-
tion method piercing mandrels are made of alloyed carbon steels, high-
chromium cast irons of 300X32H3®JI type or chromium—nickel alloys
of ‘nikorin’ type [1-4]. However, despite the high cost of production
and availability of various methods of processing of high-chromium
and chromium-—nickel alloys, tools of hot deforming are characterized
by low operational stability of only some dozens of hours. Thus, in-
creasing the service life of quick-wear machine parts operating at high
temperatures and loads is one of the priority tasks to be solved in the
metallurgical and machine-building industries.
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Usually, increase in the service life of piercing mandrels is condi-
tioned by improvements of the technological process, in particular due
to effective combinations of chemical composition, structure parame-
ters and ways to strengthen them.

Currently it is established that chromium—-manganese cast irons
with 12...18% of chromium and 5...16% of manganese, can be used as a
promising material for production of rolling tools. Analysis of domes-
tic and foreign scientific publications has shown that correlation of
chemical composition, formed type of matrix, mechanical properties
and wear resistance indices of alloys used for the production of hot de-
formation tools is insufficiently studied, so this area requires respec-
tive researches to be carried out [5—10].

It should be understood that the set of properties of alloyed cast iron
is formed immediately after heat treatment, and the development of
new modes requires reliable information about the hereditary relation-
ship of the original cast structure with the final structural state. This
is important because it is known that the main purpose of heat treat-
ment is to form a homogeneous structure of cast alloys that are not
subject to traditional hot plastic deforming.

Given the above, the peculiarities of structure formation processes,
formation of phase composition and properties of iron—carbon alloys
(nickel-chromium, high-chromium and chromium-—manganese cast
irons in the initial cast state and hereditary relationship with the final
structure of finished metal products is a topical direction of researches
in the sphere of finding rational ways for further increase of opera-
tional stability of hot deformation tools.

2. MATERIAL AND METHODS OF RESEARCH

The chromium-nickel alloy ‘nikorin’, high-chromium cast iron of
300X32H3®JI type and research casts of chromium—manganese alloys
obtained in laboratory conditions were investigated in the work. Chem-
ical composition of the alloys taken for carrying out researches is given
in Table 1.

The structure of the alloys in the initial (as-cast) state was deter-
mined after etching of microslices in 10% alcoholic solution of nitric
acid. The structure was evaluated according to 'OCT 3443-87 and
OCTY 8851:2019 with a help of an optical microscope (Neophot-31)
and an electronic focused beam microscope (JSM-35).

Identification of phases in the researched alloys was performed ac-
cording to the method of x-ray crystal analysis using diffractometers
OPOH-2, MPOH-3M with the use of CuK,- and CoK,-radiation. To de-
termine lattice parameter of unconverted austenite the profiles of re-
fraction peaks (111),, (002),, (113), were used according by three mu-
tually perpendicular sides of the specimens. At that, each side was rec-
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TABLE 1. Chemical composition of alloys taken for carrying out researches.

Content ‘Nikorin’ Research casts of ch{r'omium—
of ele- |300X32H3®DJI . manganese cast irons
ments, % cast iron cl}romlum—
weight nickel alloy | Alloy No. 1| Alloy No. 2 | Alloy No. 3
C 3.0-3.2 1.2-1.4 2.2-2.4 2.5-2.8 2.9-3.2
Cr 29.5-34.5 36-38 12.0-13.0 15.5-16.5 12.5-13.5
Ni 3.0-3.2 57-59 0.8-0.9 0.9-1.0 1.0-1.2
Al - 1.3-1.9 - - -
Ti - 0.6-0.7 - - -
A% 0.2-0.3 - 0.2-0.3 0.2-0.3 0.2-0.3
Mn 0.3-0.6 0.2-0.3 5.2-6.2 10.0-11.0 15.0-16.0
Si <1.2 0.6-0.8 0.9-1.0 0.8-0.9 0.8-0.9
Cu <0.4 - 0.10-0.20 0.08-0.09 0.1-0.2
S <0.045 - <0.009 <0.009 <0.003
P <0.045 - <0.013 <0.027 <0.025
Fe 58.0-60.0 0.7-1.3 77-78 67.5-68.5 65.0-66.0

orded five times at a rate of (1/8)°/min).

The lattice parameter was calculated according to the position of the
mass centre of the above-mentioned diffractometric maxima. The re-
sults obtained were subjected to statistical processing according to the
standard methods. The amount of residual austenite was determined
based on the ratio of integral intensities of the lines (011) (and (111)
(according to the formula (1)[11]:

Vi %)= [({akry/Prkry)/ (L akra/ Prkro + Taxry/ Pakiy)], (1)

where V,—volume ratio of austenite; Inkr, is the integral intensity of
the line (111),; Iukwa is the integral intensity of the line (011)a; Pukiy is
multiplicity factor for the line (111),; Prxr. is multiplicity factor for
the line (011),.

Microhardness determined according to 'OCT 9450-76 using IIMT-3
instrument. Hardness of alloys was determined according to IICTVY ISO
6508-1:2013 (Rockwell method) using TK 14-250, and TP 5006 devic-
es.

Abrasion wear tests were performed at an increased temperature
(950°C) using 2070 CMT-1 installation according to I'OCT 30480-97,
based on ‘shaft-plane’ scheme [12]. Specimens in form of a parallelepi-
ped (10x10x27 mm) were used for performing tests. Steel 45 was used
as the counterface (counterbody). At elevated test temperatures the
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specimens were mounted to a special frame, 500 N was created and
they were heated by means of abrasion at a sliding rate of 2 m/s during
one minute. Within a period of one minute temperature at the contact
zone reached 950°C, (the temperature was measured using a high-
precision pyrometer GM2200.

Wear resistance tests of the researched alloys were carried out as
follows. The process of wear in time consists of two unequal stages:
wearing in and stationary condition. Formulas for the rate of wear i, =
=dI/dt and wear I(¢) as a function on time ¢ are as follows:

is(t) = (o — <i>)exp(—t/T) + <i,>, (2)
I(t)=(io—<i>)T[l —exp(-t/T)] + <i>t, (3)

where io and <i,> are initial and average stationary value of the rate of
wear; T is time of wearing in relaxation; I(¢) is wear.

By means of substituting in formulas (2) and (3) time ¢ for friction
path [ we obtain formula describing wear intensity I(l) along the abra-
sion path.

Accuracy of the estimates is determined by the resolution of instru-
ments and dispersion of the wear process.

The difference between six-minute wear and one minute wear is di-
vided by the abrasion path and the value of average wear intensity (i) is
obtained. During the test friction force is measured and the coefficient
of wear resistance (n) is calculated.

In order to determine wear intensity, the specimen should be meas-
ured before and after the test and by means of dividing the wear by the
friction path wear intensity in dimensionless units is obtained.

Wear rate is determined in the same way by means of measuring the
specimen before and after the tests, and applying the ratio of wear to
the test time.

The coefficient of wear resistance is defined as the inverse loga-
rithm of wear intensity.

3. RESEARCH RESULTS

During the researches the comparative analysis of the structure, phase
composition and wear resistance of iron-carbon alloys (300X32H3®JI
cast iron and ‘nikorin’ alloy) used and planned to be used in manufac-
ture of piercing mandrels of rolling mill frameworks.

Figure 1 shows the structure of mandrels made of high-chromium
cast iron 300X32H3®JI and ‘nikorin’ alloy.

According to the graphic materials a rather inhomogeneous struc-
ture is formed along the cross section of the 300X32H3®DJI cast iron
casting.
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Fig. 1. Structure of high-chromium and chromium—nickel alloys in the as-cast
state. a, b—surface and axial zone of casting respectively (300X32H3®JI cast
iron); ¢, d—surface and axial zone of casting respectively ‘nikorin’ alloy).

The structure of the mandrel from its surface to the centre of the
casting gradually changes, excess carbides are enlarged and their
number is increased. In the axial zone of the ingot there are large ex-
cess carbides in the form of needles, hexagons and austenite-carbide
eutectic colonies (A + C). Small amount of excess coarse-needle car-
bides and their uneven location in the surface layer indicates accelerat-
ed cooling of the mandrel during crystallization and cooling in the
mould. The austenite-carbide eutectic formed in the surface layer is
finely differentiated with a small interlamellar spacing of highly
branched eutectic phases. In the central part of the casting, the degree
of differentiation of the austenite-carbide eutectic decreases, i.e., a
more coarsely differentiated eutectic is formed. As a result of acceler-
ated cooling, decomposition of supercooled austenite does not have
time to begin, and the process of isolation of secondary excess carbides
from the solid solution and their growth is inhibited.

Analysis of the structure of the ‘nikorin’ alloy showed that accord-
ing to the cross section of the casting a practically uniform structure is
formed, in contrast to the 300X32H3®DJI cast iron. Two types of car-
bides Me7Cs (Cr7Cs) and TiC were detected in the structure of ‘nikorin’
alloy. TiC carbides are distributed unevenly both in the volume of
Me7Cs (Cr:C3) carbides and in the austenite matrix. Titanium fibbers
have a correct cubic shape.

The structure of researched melts of chromium—manganese cast
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irons with different contents of chromium and manganese is shown in
Fig. 2.

Structural analysis of the researched chromium—manganese alloys
showed that crystallization begins with the release of primary austen-
ite dendrites and ends with the formation of eutectic colonies A+
+ Me7Cs. Me7Cs carbides in longitudinal and cross sections and finely
differentiated austenite-carbide eutectic based on Me;Cs carbide are
observed in the structure.

Figure 3 shows diffraction patterns of 300X32H3®JI cast iron and
‘nikorin’ alloy.

According to x-ray diffraction analysis, 300X32H3®JI cast iron re-
vealed excess Me;Cs carbides [13] and it was found that the matrix con-
sists of 52% austenite and 48% ferrite. Presence of ferrite is appar-
ently due to the lack of stability of austenite, which decomposes with
formation of ferrite and carbides during cooling. Ferrite is an undesir-
able component in the structure of cast iron and it can lead to decrease
of wear resistance and heat resistance of cast iron alongside with
macrodefects. The chromium—nickel alloy (see Fig. 3, b) includes ex-
cessive eutectic carbides Me:Cs; (Cr7Cs), high-nickel austenite, as evi-
denced by intensity of line (111), titanium carbides TiC, intermetallic
compounds NisAl and o-phase (FeCr), which reduces stability of alloys
during operation under tensile stress. This is due to the fact that the o-
phase has a high hardness, however, is very fragile [14—-1T7].

Me-C3—Cr-Cs carbides [18—2], cementite, austenite, and ferrite were

== A

S
ey
SR T

=
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Fig. 2. Structure of the researched chromium—manganese alloys in the as-cast
state: a—alloy No. 1; b—alloy No. 2; c—alloy No. 3.
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Fig. 3. Diffractograms of 300X32H3®JI high-chromium cast iron (a) and ‘ni-
korin’ chromium—nickel alloy (b).

found in chromium-—manganese alloys (Fig. 4). Quantitative data of
the x-ray diffraction analysis of the researched alloys are given in Ta-
ble 2.

Analysis of the Table data gives an opportunity to assert that the
structure of 300X32H3®JI cast iron includes the a-phase; the degree
of imperfection (Bo.s) of its lattice is 0.43, the parameter of a-phase lat-
tice (aq) is equal to 2.88. Alongside with this the cast iron matrix in-
cludes 52% residual austenite and ferrite. a-phase was not detected in
‘nikorin’ alloy, its matrix consists of almost 100% of high-nickel aus-
tenite.

Chromium—manganese alloys equilibrium a-phase, the degree of lat-
tice imperfection is 0.57...0.59, and the a-phase lattice parameter is
2.87...2.88. Amount of austenite in the matrix of researched alloys is
increased from 87% to 94% with increasing content of carbon and al-
loying elements (Cr and Mn).

Hardness of 300X32H3®DJI cast iron in the as-cast state is the high-
est (49 HRC), while hardness of ‘nikorin’ alloy is 47 HRC. Hardness of
chromium—manganese alloys No. 2 and No. 3 makes up 42 HRC, and
hardness of alloy No 1 appeared to be much lower—35 HRC.
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Fig. 4. Diffractograms of researched chromium—manganese cast irons in the
as-cast state: a—alloy No. 1; b—alloy No. 2; c—alloy No. 3.

Table 3 shows results of measuring microhardness of the matrix and

Me-Cs carbides of the researched alloys.
In the 300X32H3®JI, microhardness of the matrix appears slightly

higher than in the chromium—nickel alloy. At the same time, micro-
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TABLE 2. Data of x-ray diffraction analysis of researched alloys.

Resqrehed | aist | osst | impertecion | " 700 | rnc
of a-phase (Bo.5)
300X32H3®DJI 2.88 3.48 0.43 52 49
‘Nikorin’ - 3.58 - >100 47
Alloy No. 1 2.87 3.60 0.59 87 35
Alloy No. 2 2.88 3.62 0.59 92 42
Alloy No. 3 2.87 3.62 0.57 94 42

hardness of Me:Cs carbides in 300X32H3®JI cast iron and ‘nikorin’
alloy is equal.

Matrix microhardness and microhardness of eutectic carbides in al-
loys No. 1, No. 2, and No. 3 are increased with increasing amounts of
carbon, chromium and manganese.

This difference in properties is obviously due to liquation (distribu-
tion of alloying elements between phases and structural components),
which is formed during crystallization of researched alloys, which is
also typical for manufacture of alloyed carbon steels [23, 24].

Results of comparative Abrasion wear tests at temperature 950°C
and loading of 500 N of the researched alloys in the as-cast state are
given in Table 4.

The obtained results give an opportunity to assert that chromium-—
manganese cast irons (alloys Nos. 1-3) in the as-cast state show the
highest wear resistance (minimum wear intensity and a high coeffi-
cient of wear resistance) during abrasion wear under elevated tempera-
ture and load.

The phase and structural transformations that occur during abra-
sion wear are obviously due to the redistribution of alloying elements
between the phases and structural components of the researched al-
loys.

TABLE 3. Microhardness measurement results.

Matrix microhardness, | Me;Cs carbides microhardness,
Researched alloys

MPa MPa
300X32H3PJI 3285 18920
‘Nikorin’ 2769 18921
Alloy No. 1 4137 7920
Alloy No. 2 4228 8934

Alloy No. 3 4663 9195
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TABLE 4. Tests for wear resistance of researched alloys in the as-cast state.

Researched alloys | Load, N Veig;isty, ‘Wear intensity i Coeﬁigﬁgigﬁ ;;vear
300X32H3DJI 1.19-10°7 6.92
‘Nikorin’ 9.3:1077 6.03
Alloy No. 1 1.10-10°7 6.95
Alloy No. 2 500 2 7.52.10°8 7.12
Alloy No. 3 5.7-1078 7.24

Thus, the increase in wear resistance of chromium—manganese cast
irons (alloy No. 3) is due to the high microhardness of the matrix, aus-
tenite—carbide eutectic based on Me;C; carbide and is determined by
the degree of alloying and the shape parameter of the eutectic carbide
[25, 26], as well as during abrasion wear. In particular, the latter
statement requires additional comprehensive researches.

4. CONCLUSIONS

1. We researched peculiarities of structure formation, phase composi-
tion and properties of high-chromium (300X32H3®JI), chromium—
nickel (‘nikorin’) and chromium—manganese cast irons in the as-cast
state (cast irons used and planned to be used in the manufacture of hot
deformation rolling mills).

2. It is established that cross section of 300X32H3®JI cast iron forms a
significant structural in homogeneity in contrast to ‘nikorin’ alloy (its
structure is more homogeneous). It is shown that the structure of
300X 32H3®JI cast iron in the as-cast state includes excessive Me:Cs
carbides and its matrix consists of austenite (52%) and ferrite (48%).
The structure of ‘nikorin’ alloy contains chromium carbides—Me-Cs;
(Cr:Cs), titanium carbides—TiC, intermetallic compounds—NisAl, -
phase (FeCr), and its matrix consists of 100% high-nickel austenite.
Me:C; carbides are observed in the structure of chromium—-manganese
cast irons in both longitudinal section and cross-section, and finely
differentiated austenite-carbide eutectic based on Me;Cs carbide.
Me;Cs—Cr:Cs carbides, cementite, austenite and ferrite were detected
by x-ray diffraction method. Amount of austenite in the matrix of
chromium—manganese cast irons increases from 87% to 94% with in-
creasing content of carbon and alloying elements. Alongside with in-
creased amount of austenite, microhardness of the researched chromi-
um—manganese cast irons also grows. Change in properties of chromi-
um—manganese alloys may be due to liquation, which is formed during
the crystallization and cooling of the alloyed cast iron.
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3. It is established that as a result of abrasion wear at a temperature of
950°C and loads of 500 N chromium—manganese cast irons have the
highest wear resistance (wear intensity 1.1-107...5.7-10°® and a high
coefficient of wear resistance 6.95..7.24) in comparison with
300X32H3®JI and ‘nikorin’ alloy. The greatest wear resistance among
the researched alloys is typical for chromium—manganese cast iron
with chromium contents of 13% and manganese contents of 15...16%
(alloy No. 3).

4. Further research should be focused on studying deformation-phase
transformations that can occur during abrasion wear and determining
effective modes of final heat treatment of hot deformation tools, which
will give an opportunity to reasonably use chromium—manganese al-
loys with reduced chromium and nickel content due to their substitu-
tion with manganese.

5. The results of research allow us to draw a preliminary conclusion
that the use of chromium—-manganese cast iron alongside with effec-
tive modes of final heat treatment will increase the operational stabil-
ity of hot deformation tools (piercing mandrels) while reducing pro-
duction costs.
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Titanium-Based Layered Armour Elements Manufactured
with 3D-Printing Approach
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Triple layer titanium-based plate consisted of Ti—6Al-4V and CP-Ti layers
3D-printed on T110 substrate was tested for antiballistic protection. Micro-
structure after ballistic testing, hardness and three-point flexure character-
istics of the layered material were studied and analysed. Interfaces between
layers are important structure features contributing antiballistic protection
characteristics. 3D-printed layers demonstrated sufficient bonding without
porosity and other defects at interfaces, which resulted in promising antibal-
listic protection against high-energy B32 projectiles. Difference in micro-
structure, strength, hardness and ductile properties of individual layers re-
sulted in noticeable variation of mechanical behaviour of layered materials
depending on direction of applied force giving potential for further im-
provement of protecting characteristics.

Key words: titanium alloys, 3D-printing, multilayer materials, microstruc-
ture, armour, ballistic resistance, mechanical characteristics.
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B pob6ori mocrimxeno anTubasicTUUHiI 3aXMCHI XapaKTEePUCTUKU TPhOXIIAPO-
BOI IJINTH, IO CKJIANAEThC 3 mapiB cromy Ti—6Al1-4V i rexuiuno uncToro Tu-
TaHy, MOOYyIOBaHUX MeTO0I0 3D-npyKy Ha migkaaguuii i3 cromy T110. ITicaa
OaJIicTUYHUX BUIIPOOYBaHb, JOCIiIKEHO i IpoaHaIi30BaHO MiKPOCTPYKTYPY, a
TAKOK TBEPJIiCTh Ta MeXaHIUHI XapaKTEePUCTUKM JaHOTO IIapyBaTOr0 MaTepi-
ANy TIPU HaBAaHTAXKEHHI MeTOm0I0 3-X TOYKOBOTO BUTHHY. IloBepxHi Mix I11a-
paM¥ € BaKJIVBUMM CTPYKTYPHUMU eJIEMEHTaMM, IIJ0 BHOCATH BKJIAJ B 3ara-
JIbHI 3aXWCHi XapaKTepuUCTUKU. 3D-IpyKOBaHi IIapu xapaKTepu3yoThCs JOC-
TATHBOIO CHUJIOIO 3B’sI3KY 6e3 mop Ta iHImmux ged)eKTiB MiK HUMHU, 1[0 3abesIiie-
yye HMepPCIeKTUBHI pe3ybTaTH MPU 3aXUCTi Bif OpoHebifinux Kyab B32. Pis-
HUIA B MiKPOCTPYKTYPi, MiITHOCTH, TBEPAOCTU Ta IJIACTUYHOCTHU iHAMBimya-
JBHUX IIIapiB Beje 0 3MiHM MeXaHiYHOI TOBEAiHKU IIapyBaTUX MAaTEPiAiB B
3aJIeKHOCTI BiJj HAIPAMKY IIPUKJIAJEHOT0 HaBaHTAMKEHHA, 110 A€ IOTeHIIi A
JLJIsI IIOJAJIBIIIOTO MOKPAIIleHHS 3aXNCHUX XapaKTEePUCTHUK.

Karouosi croBa: TuTanoBi cronu, 3D-ApyK, 6araToiaposi MmaTepisan, MiKpo-
CTPYKTYpPa, OPOHLOBHIIL 3aXNCT, MEXAHIUHI XapaKTePUCTUKH.
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1.INTRODUCTION

Titanium-based alloys and metal matrix composites are used in aero-
space, medical, military and other applications owing to high strength
to weight ratio and excellent corrosion resistance [1-3]. Among other
applications, titanium-based materials are attractive for manufactur-
ing of armour protecting elements for personnel and combat vehicles
[3, 4], but relatively high cost of titanium makes this material less
competitive compared to armour steels.

Despite attractive set of mechanical characteristics, conventional
uniform titanium alloys like other uniform metallic materials possess
limited combination of strength and ductile properties. For this rea-
son, conventional titanium alloys sometimes do not ensure confident
protection against ballistic impact and penetration of projectiles. En-
hanced set of mechanical characteristics and better antiballistic pro-
tection can be achieved with creation of multi-layered structures ow-
ing to combination of various alloys and/or composites possessing no-
ticeably different strength and ductile properties as entire article [5—
10]. As an example, combination of high-strength hard composite or
alloy layer with lower-strength alloy having increased fracture tough-
ness and ductility allows to reach improved strength/ductility balance
which is not achievable for individual uniform materials. Moreover,
interfaces between layers in multi-layered structures can be important
elements for scattering and dissipation of kinetic energy of projectiles
[7]1.

3D-printing, also known as additive manufacturing (AM) [11-14]
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technologies have a great potential for production of titanium-based
and other metallic articles of complex shape, including multi-layered
structures. Proper selection of 3D-printing parameters provides at-
tractive mechanical characteristics of titanium-based articles for vari-
ous applications and also promotes decreased manufacturing cost for
near-net-shape products. The main research and development efforts
were dedicated to AM of Ti—6Al1-4V (wt.% ) material as the most wide-
ly used titanium composition over the world [13—-16]. At the same
time, 3D-manufacturing approach has wide opportunities for varia-
tions in chemical composition and, hence, mechanical characteristics
of entire articles and individual layers of their constituents.

The purpose of the present study was 3D-manufacturing of multi-
layered structures consisted of titanium alloys possessing quite differ-
ent strength and ductility levels; evaluation of their microstructure
and antiballistic protecting potential.

2. MATERIALS AND EXPERIMENTAL PROCEDURE

Three-layer plate (Fig. 1) consisted of titanium alloys possessing dif-
ferent strength and ductile characteristics was manufactured and
studied in present investigation. Industrially produced cast and
wrought plate (10 mm thickness) of high-strength T110 alloy (Ti—

Fig. 1. Top and side view of manufactured 3-layer plate.
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5.5A1-0.5Zr—-4Nb—1.5V-1.5Mo—0.5Fe, wt.% ) was used as substrate
for 3D-printing of ductile low-strength CP-Ti layer and medium
strength Ti—6Al-4V alloy layer. The main characteristics of obtained
plate are listed in Table 1.

The CP-Ti and Ti—6Al-4V layers were deposed on T110 substrate
with the xBeam 3D Metal Printing method [17-19], which used wires
of corresponding compositions 3 mm in diameter and a profile electron
beam as a hollow inverted cone to melt a wire which is fed coaxially
with electron beam. Such electron beam configuration creates well con-
trolled concentration of energy on the heating surface (in the range of
102 kW /cm?) and provides desirable melting and cooling conditions,
thus, giving a number of exceptional technological possibilities for
manufacturing of high-quality articles [17-19]. CP-Tilayer 12 mm in
thickness was built on T110 substrate with subsequent 3D-printing of
top Ti—-6Al-4V 12 mm layer (Fig. 1). Finally, manufactured 3-layer
plate 190x190x34 mm was annealed in vacuum 1072 Pa at 650°C for 4 h
and cooled with furnace to reduce residual stresses in the material
arose during intensive thermocycling (local rapid heating and cooling)
upon 3D-processing.

Such structure of layered plate (materials with higher strength as
outer layers and ductile intermediate layer) should promote effective
stopping of projectile with possible its deformation and fracture by
outer layers (Ti—6Al-4V or T110) while ductile CP—Ti layer in material
depth is useful to prevent crack propagation and fracture of layered
material as a whole.

Antiballistic protecting characteristics of manufactured plate were
tested in certified laboratory at National University of Defence of
Ukraine named after Ivan Chernyakhovsky using B-32 bullets (7.62
mm and 12.7 mm calibres). On testing, the projectiles acted on the 3-
layers plate from both sides (Ti—6Al-4V and T110 layers) for compari-
son. Kinetic energy of each projectile was calculated basing on projec-
tile velocity determined with laser measuring device for each shoot.

After ballistic testing, the plate was cut using spark erosion method
to study the inner microstructure and fractured surfaces near projec-
tile impact craters with Light Optical (LOM; Olympus IX 70 micro-

TABLE 1. Main characteristics of 3D-printed 3-layer plate.

No. of layer Material | Thickness, | Method of production| Average

mm hardness, HV
1 Ti—-6Al-4V 12 3D-printed 377
2 CP-Ti 12 3D-printed 179
3 T110 10 Conventional cast and 365

Base/substrate wrought
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scope, Japan) and Scanning Electron Microscopy (SEM; TESCAN VEGA
3, Czech Republic), equipped with EDS micro-analyser (Bruker
QUANTAX, Germany). The hardness of individual layers was studied
with Wolpert 432 SVD (Germany) tester and automatic tester Qness
(Austria). Rectangular (55x10x10 mm) two-layered samples were cut
with spark erosion at Ti—6A1-4V/CP-Ti as well as CP-Ti/T110 inter-
faces along the plate to evaluate 3 points flexure characteristics of in-
terface areas between neighbouring layers using Instron 8802 machine.

3. RESULTS AND DISCUSSION
3.1. Characterization of Initial State of 3-Layer Material

The typical microstructures of the separate layers of 3D-printed mate-
rial are shown in Fig. 2. Both 3D-printed layers (Fig. 2, a, b) demon-
strated coarse-grained structures with clearly visible columnar-like 3
grains up to few mm length, and 0.2—1 mm width. The Ti—6Al1-4V layer
is characterized by fine lamellar o +  intragrain microstructure (Fig.
2, a), while in the CP-Ti layer a mixture of a crystals of lamellar and
equiaxed morphologies up to 400 um in size is observed (Fig. 2, b). Con-
trary, cast and wrought T110 substrate has relatively fine nearly equi-
axed o + f microstructure, in which a-particles are elongated in rolling
direction (Fig. 2, ¢). T110 and Ti—6Al-4V materials demonstrated rela-
tively high average hardness (365 and 377 HV correspondingly, Table
1), such result is expected due to alloying strengthening and fine mi-
crostructure of wrought T110 plate as well as due to fine o+ 3 intra-
grain microstructure of Ti—6Al-4V formed on rapid cooling during 3D-
printing. CP-Ti layer has the lowest average hardness of 179 HV.

Used 3D-printing regimes ensured tight bonding and good adhesion
between layers of different chemical composition without pores or oth-
er manufacturing defects at the interfaces. However, special attention
should be paid to transition zones between the layers, which were
formed upon melting of both materials during 3D-printing, because
these areas undoubtedly have a special influence on the mechanical be-
haviour of a 3-layer structure. Fig. 2, d showed a typical example of
microstructure of transition zone between 3D-printed CP-Ti layer and
the T110 substrate. It is seen, that repeated heating and cooling during
3D-building of CP-Ti layer changed microstructure within upper part
of cast and wrought T110 substrate from initially globular (Fig. 2, ¢) to
fine lamellar inside heat affected zone (HAZ, Fig. 2, d). Alloying ele-
ments distribution within this transition zone (interface area) between
CP-Ti and T110 layers within the same location is presented in
Fig. 2, e. From comparison of Fig. 2, e, d it is clearly seen that the al-
loying elements, especially aluminium, quite deeply penetrated from
the T110 substrate into the adjacent titanium layer.
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It is expected that the presence of such a wide and smooth redistri-
bution zone of alloying elements affects the mechanical characteris-
tics. Indeed, the hardness values measured over the interface area (at
an angle of 30° to the line crossing the interface in Fig. 2, d to obtain
more accurate data) completely confirms the distribution of alloying
elements (compare Fig. 2, f, e).

3.2. Results of Ballistic Testing

The general view of plate after ballistic testing is shown in Fig. 3. The
plate was tested with 4 shoots (Table 2), including 3 shoots from Ti—

Interface
area

1
eat affected zon

d

Fig. 2. Microstructures of 3D-printed Ti—-6Al1-4V (a) and CP-Ti layers (b),
cast and wrought T110 substrate (c), interface between CP-Ti and T110
layers (d). Distribution of alloying elements (¢) and HV microhardness (f)
within transition zone shown in (d).
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6Al1-4V alloy side and 1 shoot from opposite T110 alloy side. The type
of projectiles, their kinetic energy and testing results are summarized
in Table 2.

Projectiles Nos. 1 and 2 (both 12.7 mm calibre) slightly differs with
their velocity and, hence, kinetic energies, which, however, led to
quite different results. The projectile No. 1 was stopped within back
T110 layer; this layer was fractured with delamination due to cracks
formation near hard projectile core (Figs. 3, b, 4, a). It should be noted
that this delamination occurred behind the fusion zone of CP-Ti and
T110 layers and around or immediately behind of HAZ in T110 (see
Fig. 2, d), in which there was a significant change in hardness (Fig. 2,

TABLE 2. Characteristics of used projectiles and results of shooting tests.

No. and side of | Projec- Speed, | Kinetic | Penetration |Specific ener-
shoot tile/Bullet m/s |energy, | depth, mm gy (kinetic
energy/S),
MJ/m?
1. Ti-6Al1-4V B32,12.7 820 16240 Pierced, but 131.34
side mm stopped in
back T110
layer (34 mm)
2.Ti-6Al1-4V B32,12.7 835 16838 Pierced 132.92
side mm
3. Ti—-6A1-4V  B32,7.62 835 3626  Not pierced, 79.51
side mm 21 mm
4.T110side B32,7.62 812 3429 Not pierced, 75.19

mm 22 mm
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Fig. 3. General view of plate after ballistic tests: Ti—6Al1-4V alloy side (a), T110
alloy side showing delaminated fractured area near projectile No. 1 cavity ().

7). The projectile No. 2 pierced entire plate with similar crack for-
mation within T110 layer immediately behind HAZ (Fig. 4, b). Taking
into account presented in Table 2 data, it is possible to conclude that
difference in the kinetic energy of 598 J (i.e., less than 4% ) between
bullets No. 1 and No. 2 is critical to overcome ballistic resistance of
tested 3-layer plate.

Projectile No. 3 having lower 7.62 mm calibre, markedly lower ki-
netic energy and specific energy (kinetic energy of projectile divided
by cross-section area of the crater, Table 2) pierced front Ti—-6Al-4V
layer and was stopped within next CP—Ti layer, the depth of impact ar-
ea crater was 21 mm (Fig. 4, ¢). Shooting with opposite T110 side (pro-
jectile No. 4, 7.62 mm calibre) also resulted in projectile stopping with-
in intermediate CP-Ti layer with similar penetration depth of 22 mm
(Fig. 4, d). Despite the kinetic energy of projectile No. 3 exceeds the
kinetic energy of projectile No. 4 by 197 J (or about 6% ), the penetra-
tion depth of projectile No. 4 is greater by 1 mm (or 4.7% ). From this
result it is quite difficult to conclude how much the Ti—6Al-4V and
T110 layers differ in their antiballistic properties, since they differ
somewhat both in thickness and in the type of their microstructure. It
can only be noted that due to the formation of some laminated struc-
ture in the T110 layer during rolling, transverse cracking occurred
during the passage of a hardened steel core (see Fig. 4, b, d), which, as
known, additionally absorbs the energy of shock waves [7].

3.3. Microstructure Investigations

Microstructure features of deformed layered plate near projectile im-
pact craters are shown in Figs. 5—7. The rough and porous surfaces of
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d

Fig. 4. Delaminated back T110 surface near projectile No. 1 impact area with a
12.7 mm bullet core stuck (a) and cross sections of the plate showing macro-
structures near penetration channels of projectiles No. 2 (b), No. 3 (¢), and
No. 4 (d).

projectile craters (Fig. 5, a) are covered with lead of projectile shell
molten on plate piercing. Independently on direction of projectile im-
pact (either from Ti—6Al1-4V or from T110 side) materials were severe-
ly deformed in the vicinity of craters with localized plastic flow and
formation of adiabatic shear bands (ASB) in all affected layers. Crack-
ing within individual layers as well as at the interfaces between adja-
cent layers was observed on high-speed deformation during ballistic
impact (Fig. 5, b). Cracks nucleated at projectile crater and propagated
in nearly perpendicular direction to crater axis (in parallel to layer in-
terfaces), while ASB network propagated in various directions mainly
along the projectile penetration craters (Fig. 5, c).
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The main distortion with not uniform deformation was observed for
front layer. For example, front Ti—6Al-4V layer was divided with ASB
into blocks noticeably shifted from each other, but obvious traces of
deformation were absent inside the blocks (Fig. 6, a). Interfaces be-
tween front and deeper layers were markedly deformed (Fig. 6, a) and
cracked (Fig. 6, b). Formation of crack along the edge of T110 heat af-
fected zone at the T110/CP-Ti interface (Fig. 6, b) can be explained
with localization of residual stresses arose during 3D-processing and
their partial preservation after annealing. Also, noticeable difference
in mechanical characteristics between hardened finest lamellar o + 8
structure of T110 HAZ and neighbouring layers (soft ductile single
phase oo CP-Ti from one side and relatively ductile initial equiaxed o +
+ B T110 structure from another side) can promote cracking in the vi-

Fig. 5. Typical view of projectile crater (shoot No. 2) surface covered with lead
(a) and general view of deformed layers near projectile crater (b) showing
main directions of cracks propagation and adiabatic shear bands (c). Projec-
tile impact direction is up to down.
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TiL6ALAV

Fig. 6. Deformed interface between front Ti—6Al-4V and CP-Ti layers (a) and
crack between front T110 and CP-Ti layers (b). Shoot No. 2.

cinity of HAZ during propagation and reflection of elastic stress waves
at the interfaces.

High kinetic energy of projectiles Nos. 1-2 (Table 2) is a reason of en-
tire plate piercing with fracture (Fig. 4, a) and delamination of back
T110 layer. The fracture of T110 plate has mainly brittle mode (Fig. 7,
a) with relatively low amount of ductile dimples. When T110 is a front
layer (projectile No. 4, Table 2), well-developed ASB network and nucle-
ation of cracks within severely deformed ASB areas was observed (Fig.
7, b) for this material. Interphase boundaries between o and 3 phase con-
stituents were determined as weak locations responsible for crack initia-
tion and propagation (Fig. 7, ¢). It should be noted, cracks are localized
mainly within cast and wrought T110 layer (Fig. 4) while 3D-printed
layers demonstrated much lower tendency for cracking. This fact sug-
gests high potential of used 3D-manufacturing technology.

3.4. Points Flexure Test Results

Three points quasi-static flexure tests were performed for two-layered
samples cut out from the 3D-printed plate in such a manner that will
allow to evaluate the contribution of interfaces between different ma-
terials in antiballistic protection characteristics. The corresponding
results are presented in Fig. 8. For both pairs of tested materials, side
of external force loading is extremely important for mechanical behav-
iour, it is well known fact usually taken into consideration for con-
struction of armour elements.

Loading from ductile CP—Ti layer resulted in higher strength char-
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Fig. 7. Microstructure peculiarities of T110 layer: mainly brittle fractured
back surface, projectile No. 1 (a); ASB with crack nucleated (b) and crack
propagation between o and 3 phase constituents (c), projectile No. 4.

acteristics but fracture of back Ti—6Al1-4V and T110 layers at relative-
ly low strain values (Fig. 8, curves 1 and 3, correspondingly). If load-
ing is performed from opposite side (i.e., Ti—-6Al-4V and T110 materi-
als, curves 2 and 4), two-layer samples demonstrate reduced strength
levels but considerably better strain characteristics with ductile fail-
ure mode due to high fracture toughness of back CP-Ti layer.

The 3-points flexure testing confirms generally known result about
better protecting characteristics of layered materials in the case if
high-strength material is used as front layer while quite ductile mate-
rial is used as back layer. These data allow to make some additional
comments on above results of ballistic tests.

The comparison of shoots No. 3 and No. 4 (both made with 7.62 mm
projectiles at similar kinetic energies) shows that penetration depths
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Fig. 8. Scheme of 3 points flexure test (a) and testing results for two-layer
samples (b): Ti—6Al-4V/CP-Ti (1—loading from CP-Ti side and 2—from Ti—
6Al-4V side); CP-Ti/T110 (3—loading from CP-Ti side and 4—from T110
side).

of projectiles are comparable independently on front side material for
ballistic impact (either Ti—6Al-4V or T110 layers). Such result is ex-
pected because of hardness and thickness (Table 1) of both noted layers
are comparable. Specific energies (kinetic energy/cross-section area of
projectile crater ratio) of 7.62 mm projectiles (75—-79 MdJ/m?, Table 2)
are high enough to form penetration channel throughout Ti—-6Al-4V
and T110 layers of used thickness. Both outer materials did not able to
deform hardened steel core of projectiles, but effective dissipation of
their kinetic energies occurred on impact because of energy was spent
for severe deformation of front layers and formation of craters. After
that, projectiles with noticeably reduced residual energies were
stopped within ductile CP—Ti layer.

The positive role of interfaces between layers, presumably, consists
of not only reflecting of elastic stress waves [7]. Some part of projectile
kinetic energy dissipated at the interfaces and spends to formation and
propagation of cracks along the interfaces (as shown in Fig. 6). So,
7.62 mm projectiles (shoots Nos. 3, 4) with reduced residual energies
can be easy stopped in next CP-Ti layer despite its lower strength and
hardness. At the same time, higher bonding forces between the layers
can be useful for better energy dissipation and, hence, better protect-
ing characteristics of layered armour elements.

Because of 12.7 mm projectiles have significantly higher mass, ki-
netic energies and specific energies (Table 2, shoots Nos. 1, 2), both of
them pierced all three layers with severe deformation of all materials
(Fig. 4, b). The number of cracks formed near projectile impact crater
and propagated along layers can be evidence of noticeable energy spent
during projectile penetration. Delamination of back T110 layer (shoot
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No. 1, Fig. 4, a) is also harmful for antiballistic protection. Increase in
total material thickness and/or addition of once more ductile back lay-
er can be recommended to improve protection against high-energy B-
32 12.7 mm projectiles.

In general, experiments described in present study confirmed that
layered titanium-based plate manufactured with 3D-printing approach
can be effectively used as armour material for protection against 7.62
mm projectiles. For sustained protection against much more powerful
12.7 mm calibre bullets, materials layout in layered plates as well as
thickness of individual layers and plates as a whole need further opti-
mization

4. CONCLUSIONS

1. Titanium-based triple layer plate consisted of Ti—-6Al-4V and CP-Ti
layers 3D-printed on cast and wrought T110 substrate was tested for
antiballistic protection against B32 projectiles of 7.62 mm and 12.7
mm calibres.

2. 3D-printed Ti—6Al-4V and CP-Ti layers possessed low propensity
for cracking and fracture as well as sufficient bonding between layers
without porosity and other defects at interfaces, while cast and
wrought T110 substrate demonstrated higher tendency for cracking
under high-energy ballistic impacts due to structure laminated on roll-
ing and formation of hardened heat affected zone during 3D-
processing.

3. Projectiles of 7.62 mm calibre were successfully stopped within in-
ner CP-Ti layer independently on what side (either Ti—-6Al-4V or
T110) was selected as front layer. Markedly higher kinetic energy of
12.7 mm projectiles resulted in piercing of the entire triple plate of 34
mm thickness, but in the case of a little bit smaller kinetic energy of
bullet its’ core stuck in three-layer material.

4. Three points flexure testing confirmed noticeable variation of
strength and ductile characteristics of layered materials depending on
direction of applied force. Thus, proper combination of relatively
strong and ductile materials as entire layered structure, including lay-
out and thickness of individual materials is a promising way to achieve
improved ballistic protecting characteristics.
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KpuxkicTh Kpuilh B yMOBaX KOHIIEHTPAI[il HATIPY KEeHb.
(IToBimomaenus 2)

IO. d. Memkos, C. O. Korpeuko, K. ®. Copokra

ITnecmumym memanogisuxu im. I'. B. Kypdomosea HAH Ykpainu,
oyave. Axademirxa Bepradcvrozo, 36,
03142 Ruis, Ykpaina

B crarTi aHasmisymoThCcd 3aKOHOMIPHOCTiI BILIMBY BJIACTHMBOCTEM MIiITHOCTH i
IJIACTUYHOCTY KOHCTPYKI[IHHUX KPUIb (Go,2 = 140...2100 MIla, yk = 3...83%)
Ha CTYIIiHb OKPUXUYEHHS IPU3MAaTUUYHUX 3Pa3KiB 3 HAHECEHOIO TPiIl[MHOIO BTO-
MU IpU TpUTOukKoBoMy BuruHi. IIpomonyernscsa samicTs miactTuuyHOCTH (YK)
aHaJisyBaTHU IIOKA3HUK medopmMmariiiiinol crifikoctu (31amocriiikoctu) B, =
=Sk/Co,2, AKUI BiATIOBiZae 3a OImip KPHUIIi OKPUXUEHHIO B HEOTHOPIAHUX IIO-
JISX, CTBOPIOBAHUX KOHIleHTpaTopamu Hanpy:keHb (KH — magpisu, Tpimmunn).
ITokasaHo, 1110 pW AAaHOMY BUi BUOPOOYBaHb KPUTEPIEM KPUXKOTO PYHHY-
BaHHS Kpullb 3a TeMmmneparypu 293 K mMoike ciayryBaTu KPUTHUYHE 3HAUYCHHS
napamerpa 3jamocriikoctu B,. = 1,65. Binxunenus B,/B,. > 1 Mo:ke BUKOPHUC-
TOBYBAaTHUCH AK Mipa 3aXMIIEHOCTHU KPUILi Bil KPpUXKOCTU, TOAL AK npu B,/B,. <
<1 cuiBBimHOIIIEHHS CAYTY€E KiMTbKiCHOIO MipO0 TPOSBY KPUXKOCTU KPHUIIL TP
BUTMHI 3pas3KiB i3 HaHeceHOI0 TpimumHOM0. IloKazaHa MOMKJIUBICTH IIPOTHO3Y-
BaHHA MOKA3HWKA OKPUXUYYBAHOCTU KpUIli B,/B,. PO3PaxXyHKOBUM CIIOCOOOM
3a TaHUMHU 0a30BUX MeXaHIUHUX XapaKTePUCTHUK Go,2 OB, Sk, AKi oJlep:KaHi mpu
BUIIPOOYBAHHAX CTAHJAPTHUX 3Pa3KiB HA PO3TATYBaHHS.

KarouoBi ciroBa: Kpuils, MilfHiCTD, 3JIaMOCTifKiCcTh, KPUXKiCTh, Mipa KPUXKO-
CTH, KOHIIEHTPATOP HANIPYKEHb.

Regularities of the effect of strength and ductility of steel (co.2 = 140...2100
MPa, yx = 3...83% ) on degree of embrittlement of prismatic pre-cracked spec-
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imens in three-point bending is analysed. Instead of plasticity (yx), it is pro-
posed to analyse the characteristic of deformation resistance (break re-
sistance), B, = Sk/c0.2 which is responsible for the resistance of steel to brit-
tleness in inhomogeneous fields created by stress raisers (SR—notches,
cracks). As shown, in this type of test the criterion value of brittle fracture of
steels at a temperature of 293 K can be a critical value of the parameter of
break resistance B,. = 1.65. Deviation B,/B,. > 1 can be used as a measure of
protection of steel from brittleness, while at B,/B,. < 1 the ratio serves as a
quantitative measure of the manifestation of brittleness of steel in bending
pre-cracked specimens. The possibility of predicting the characteristic of em-
brittlement of steel B,/B,. by the calculated method according to the basic
mechanical characteristics co.2 o5, Sk, which were obtained during tensile
tests of standard specimens, is shown.

Key words: steel, strength, resistance to break, brittleness, measure of brit-
tleness, stress raiser.

(Ompumano 25 runnsa 2022 p.; ocmamounuii eapianm — 16 cepnna 2022 p.)

1. BCTYIIL. IIOCTAHOBKA 3AJTAYI

KpuxkicTsb ABJs€ cO00I0 TOJIOBHY 3arpo3y AJA KOHCTPYKIIHHOI HaaifiHO-
CTH MeTajJeBUX cropyn i exemenTis KoHCTpyKILii (EK). Cyuacua metomo-
JIOTisI 3am0o0iraHHsa KPUXKOCTH KOHCTPYKITIMHUX CTOIiB, 30KpeMa KpPHUIlb,
0asyeThbCs HA BCTAHOBJIEHHI IEBHUX HOPMATHUBHUX MOKA3HUKIB ILJIACTIY-
HocTu (WY — BiTHOCHE 3BY’KEHHHA 3pa3Ka B MiCI[i PO3PUBY IIPU PO3TATY-
BaHHi), a0 ynapaoi B’sa3koctu KCV (Ilapmi) yun KCU (Menaske) npu gu-
HaMiuHOMY pyHHYBaHHi Ha BUTWH 3pasKa 3 Hagpisom [1, 2]. HopmaTuBhi
nokasHuku Yk i KCV (KCU) aminoO0ThECA Bil piBHA MIITHOCTH KPHUILi Go 2
(yMOBHA MeKa TeKYYOCTH), ajie iHTeHCUBHICTL IPOABY CTAHYy KPUXKOCTH
MeTaJy 3aJIe;KUTh He JUIITe Bif f1oTo piBHS MilTHOCTH (Go,2) i ILIacTUUIHOC-
™ (Yk), ajie B TEXHIYHOMY IJIaHi KPUXKiCTb IPOABJISAETHC, B IIEPIITY Yep-
Iy, Vv TDiABUINEHIN YyTJIMBOCTU CTONY OO Pi3HOTO pOJy HEOTHOPiZHOCTEeM
Hanpy:KeHo-gedopmoBanoro crany (HIIC) npu HaBaHTa)KeHHi (Hampu-
KJIag, IPU BUTHHI 3pa3Ka, f10ro IepeKoc IPU PO3TATYBaHHi, a00 IIpu Hasd-
BHOCTi KOHIleHTpaTopa Hamnpy:keHb (KH) Ta immmux daxropis). Uytiu-
BicTb mo meomHopimHocTeit HIC mpu HabAMKeHHI [0 cTaHy KPUXKOCTHU
MeTaJly II03HAYAEThCs, IIePIIl 3a BCe, Ha ITOBEIiHIll TaKOl XapaKTepUCTH-
K1 aK MinHicTb 3paska 3 KH onr (Onr — cepeHe yMOBHE HAIPY:KEHHS B
micii pospuBy 3paska 3 KH nmpu posraryBamfi) abo Geo (Gco — Te K came
nis1 3paska 3 KH nmpu Buruai). 3a HU3bKOI TeMIIepaTypy HaBaHTAMKEHHS
TPUMKA MIITHICTh Onr (Oco) MOXKE CIIOUATKY 30i/IbIITyBATHCS, a IIPHU HAa-
OMMKEeHHi OO0 CTaHy KPUXKOCTU O0OB’SIBKOBO BiJ0YBA€THCSA IOHMIKEHHS
X HIOKAa3HUKIB HABiTh 0 PiBHA, 1110 HUKYE 34 Go 2 [3, 4].

VY mepmriit vacTuHi gamoro gocaimxennsa (Ilosizomaenusa 1) 6yia pos-
BUHYTA (P)eHOMEHOJIOTiUHA MO/IeJIb ITPOTHO3yBAHHA ITapaMeTPiB KPUXKO-
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ro craHy 3paskiB 3 KH B ymoBax ixX X0JIOZHOJIAMKOCTH 3a HU3BKOI TeM-
nepatypu [5]. Asle oKpeMuii iHTepec mIpeacTasase cob00 3aaua BU3HA-
YeHHS IIapaMeTPiB KPUXKOTo cTaHy 3paskiB mpu mii ¢akTopie KH came
3a KimMmHaTHOI Temmepatrypu Ty = 293 K 3a ymoBu aii ¢pakTopis 30ijb-
IITeHHHA Co,2 1 SMEHIITeHHSA k.

Y nsomy (IToBimommenni 2), ak i podori [5], rosloBHOIO 03HAKOIO HA-
OIMKeHHA KpUXKocTHu 3paskiB 3 KH O0yayTh 0cOOIMBOCTI MOBEAiHKY He
noka3HuKiB Yk uu KCV, a moKasHUKYM MilITHOCTH ITUX 3pas3KiB onr (Cco).

B KOHCTPYKIINHUX KPUIAX, AKAM BJIACTUBiI HOCUTH BUCOKi ITOKas-
HUKH IJIACTUYHOCTH a00 B’ABKOCTH, IIiJ Mi€l0 CHMJIBHO HEOTHOPiZHMX
CUJIOBUX IIOJIiB, CTBOPIOBAHUX NPHUCYTHICTIO KOHIEHTPATOPiB HANpy-
JKeHb (Hapiska Ha I'BUHTAX, HAAPis3W, TPIIMUHN) — MOKYTh ITPOSIBJIATH-
csA 0O3HAKY OKPUXUYEHHS y BUTJIALL 3HUKEHOI JIaCTUYHOCTH abo MiItHoC-
TH HaApPi3aHUX 3pasKiB, iX TPUMKOI MiITHOCTH Onr IPU PO3TATYBAHHI 260
Oco — IPU BUTHUHI. 3a3BUUail A KOHCTPYKIIINHUX KPUILb ONF; Oco > 00,2,
TOOTO, TPUMKA MillHicTL 3paska 3 KH mepeBuiye rpanuilio TeKy4oCTu
Co,2 MeTany. AJje 3i 30iIbITTIEHHAM MiITHOCTHU (Go,2) i CYIYTHIM IMOHMIKEH-
HAM ILTIacTUYHOCTU (Yk) KPUIlL O3HAKW BTPATU IJIACTUYHOCTH (Yxk) i
0Cc00JIMBO TPUMKOI MiITHOCTHU (ONF; Geo) 3paskiB 3 KH migcumoroThea ax
IO IIOBHOI KPUXKOCTH. ¥ MOBY KPUXKOCTH 3AIIUIIIEMO Y BUTJIAII:

Onrs Oco = Opz- 1)

IIo cBOiI#i cyTi MiIHiCTE AK MeXaHiuHa BJACTUBICTh IIPU3HAYEHA MJIS
KOHCTPYKIIIITHOTO 3aCTOCYBaHHSA Yy BUpobaxX, AKi HeCyTh KOPHCHEe HaBa-
HTa)KeHHSA. AJle KOHCTPYKIIIAHY IPUAATHICTD MIiITHOCTH HaAalOTh iHIITi
BJIACTMBOCTI: IJIACTHUYHICTh, B’SA3KiCTh, TPIiIMHOCTINKiCcTh, Xoua MmJIA
IILOTO Yy MIITHOCTI € BJIaCHiI pe3epBM — IPYKHUU i medopMalliiiHo-
IJIACTUYHUM, AK1 3aXUIAIOTL MeTaJ Bif KPpUXKOCTH y BUPoDax 3i cKJa-
IHUM Hanpy:xeHo-gedopmartitinum cranom (HIC).

IIpy:xHuuii pesepB MiITHOCTU, AKUN BUMiPIOEThCA ¥ BUTJIAAI Koeilri-
euTa MexaHiuHOI crabiapHOCTU K5 [6—8], BimoOpaskae pesepB mpys:KHOI
CTiAKOCTH MeTaJy BHUIIEe I'PAHUIIL TEKYUYOCTH Cp,2, 1 XapaKTEePU3Y€E MOK-
JUWBOCTI MeTaysly HNPOTUCTOATH KPUXKOCTI Bif BIIMBY (aKTOpiB, AKi
BILIMBAIOTh HAa I'PAHUITIO TEKYUOCTH Go,2, TOOTO MPYIKHY YACTUHY MiIlHO-
CTH.

Jo Takux (pakToOpiB B KPUIAX HaJieKaTh HU3bKI TeMIlepaTypu, CTUC-
HEeHHS IJIMHHOCTH B sKopcTKuX Bugax HIIC i pisHoTO pomay cyOCTPYKTYPHI
aminu B cromax [9]. BigmiTumo, 1110 B I[bOMY BUIIQIKY BUUYEPIIaHHA IIPY-
JKHOT'0 Pe3epBY MIITHOCTH O3HAUa€ KPUXKe PYHHYyBaHHA 0e3 3HAUHOI I1JIa-
CTUYHOI Aedopmaiiii, To6To, 63 CepHO3HNX 3MiH MiKPOCTPYKTYPH CTOITY.

Hpyruii pesepB MmimHocTu — medopmariiiina crifikicTs cromy (abo
3JIaMOCTiliKicTh) B, BigmmoBifae 3a rpaHUYHy MillHiCThL pYHHYBaHHSA 3pa-
3Ka Sk MiCJId CYTTEBUX CTPYKTYPHUX 3MiH, AKi 3aBePIIYIOTHCS B’ A3KUM
PO3pUBOM B «IIuiili» 3paska. lleit nehopmaniiino-niacTuuHmn pes3eps
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MiITHOCTH OCOOJIMBO BaKJIMBUH AJIS BUMAIKIB HEOTJHOPIZHMX CHJIOBUX
mosaiB (HCII) B o6aacti mii KoHeHTpaTopis Hampy:keub (KH) abo y Bu-
nagKky BuruHy enaemeHTa KoHCTpyKIii (EK). Ilpu mbomy B JloKaabHil
obsacTi KpallHHLOTO BOJIOKHA Hanapisdy abo Ha Kimuumky Tpimwmuum HJIIC
MaJIo BiIpi3HAETHCS BiJl JiHIHOTO PO3TATryBaHHS i TOMY Bech medopMa-
HifHui pesepB AG = Sk — Go,2 TYT MOKe OyTH IIOBHICTIO peaji3oBaHUM,
TOAi AK B ramOuHi miaactTuuHoi 30HU 3i ckaaguum HIIC (migBuena sxo-
PCTKicTBh) UacTHMHA 3JaMOCTiiKocTu B, Oyme «IorallieHa» 3a PaxyHOK
haKTOPy IPYKHOTO IIEePEe3MillTHeHHA, TOOTO 38 PAXYHOK YACTUHU IIPYIK-
HOTO pesepBy MimHOCTH K s, B Oyab-AKOoMYy BUIAAKY came gedopMalriii-
HUM pesepB MimtHOCTU B,

B =% (2)

CIYT'y€ OCHOBHUM aJalTUBHUM (PaKTOPOM, AKHI «IIPUCTOCOBYE» MeTaJ
IO 3Try0OHOT'0 BIJIMBY HEOAHOPiAHMX CUJIOBUX MOJIiB, TOOTO, 10 OKPUXUY-
BasbHuOi 1ii KH. Benuuuna B, cayrye Mipoio MOXKJIMBOI agallTOBAHOCTH
MeTaay o okpuxuyBagbHOI Aii KH, ToMy Mae ceHc mocTaBUTH 3agauy
BU3HAUEHHS KPUTUUYHOTO MOPOTY BEJUUYUHU B,, IpU AKOMY CTOII IIepe-
XOAUTH B KpuxKwuii cran B ymoBax HCII, creopioBanux KH.

BuactuBicts agantusHocTu 10 KH B Benmuunui B, 3abe3meuye mac-
TUYHA CKJAZOBa Iliel XapaKTepHCTHUKH, ajie MOKA3HUK ILJTIAaCTUUYHOCTH
MeTaJgy Yk caM 110 co0i He BUABJIAE€ KPUTUYHOTO MOPOTY IPW HACTaHHI
KpuxkxocTtu y Bupobax 3 KH. B rabaunax 1 i 2 maBeneHi gaHi, ogep:xani
B pe3yJbTaTi aHaIidu eKCIIepUMEHTiB, HaBedeHuX B podoTi [10]. 3i 36i-
JIBITIEHHAM MIiITHOCTHU Go2 MOKA3HUKY IJIACTUYHOCTU KPUI[i Yx BUABJIA-
IOTB JINIIIE 3aTaJIbHY TEHAEHITiI0 10 IX 3MEHIIIeHH A, ajie IIOPir KPUXKOCTU
3a xpurepiem (1) He mpUB’A3aHUN KO KOHKPETHUX 3HAUEHBb Yk ab0 o2
(raba. 1, 2). Tak, 3pa30oK 3 TPIIIMHOIO IPU BJIACTHUBOCTAX Kpuili Ne 5
(Tabu. 2) 6o,2 = 870 MIIa Ta yk = 23% Mae MO3UTUBHY TPUMKY MiIlHICTh
— oco = 1218 MIla > 6¢,2, TOOTO, 3aJ0BOJBHAIOTh YMOBU ILIACTUYHOCTH
mo (1), Toxi ax xpura mo m. Ne 23 3 B1acTuBOCTAMU Go,2 = 1690 MIla Ta
yk = 55% , He 3BayKaOUYM Ha GiJBIIT BUCOKY MJIACTUYHICTH — Gco = 913
MIIa < 69,2, ToOTO 3a (hopmyioio (1) ABHO KpUXKA, TOMY ITIO ONF < Go,2.

Take nmpoTupiudsa He JIUIIE CBiIYNTH IPO CKJIASHICTL KAPTUHY BILJIN-
BY IIOKA3HUKiB MEeXaHIUHNX BJACTHUBOCTEI KPUIhL Ha KPUXKiCTh BUPOOY
3 KH, aje 111e 6inbIlle akTyasrisdye 3afgauy BUABJJICHHS IIPUUNH i 3aKOHO-
MipHOCTel BILJIMBY BJACTHUBOCTEH MiITHOCTHU i MJIACTUYHOCTU HA OKPUX-
yyBaHHA KpUllh mig giero KH.

Hamni mu cupobyeMo 3aIydnTH IJIs1 BUPilIeHH ITiel 3agavui HOBUH ITO-
Ka3HUK MeXaHIuHUX BJIACTHUBOCTEH, AKMUI IMOEeAHYE B co0i ABi pomi —
IJIACTUYHOCTH i pe3epBy MiITHOCTH — IMOKa3HUK 3JaMocTiiKkocTu B, (2),
SIKUH paHillle BUKOPUCTOBYBaBcA B poborax [10—12] mpu mocaimsxeHHi
ABUIIA OKPUXUYBAHHA KPUIh mix giero KH.



KPUXKICTH KPUITH B YMOBAX KOHITEHTPAIIII HATIPYYKEHD 1381

3 rabauii 1 BugHO, 110 TPUMKA 3HaTHiCTE 3paska 3 KH onr B OibIriii
Mipi BuU3HauUaeThCsAa 6a30BOI0 MIITHICTIO MeTaJIy Op 2, HidK pesepBaMM Mill-
Hoctu B, (mopiBHAMMO 1.11. 1, 18 3 m.1m. 2, 3, 14). IIpu 1boMy BILIUB IIO-
KasHWKa IJIACTUYHOCTI Yk B3araJi HeBimuyTHUMHA: cTom n. 21 3 MEHIIOIO

TABJIAIA 1. Mexaniuni xapakrepuctuku KC, mo gocaimkysanucs y [10] B
ymoBax JIHC (co,2, 08, Wk, Br) Ta nig giero KH tuny 2 [10] 3a remnepatypu 293
K (BrNF, ONF 3a [10])

TABLE 1. Mechanical characteristics of steels studied in [10] under condi-
tions of linear stress state (LSS) (co.2, o8, Yk, B;) and under the action the
stress raisers (SR) 2 types[10] at 293 K (B.r, oxr[10]).

HJ\/LH KC[10] OGpobreHHSA ]\c;[(;’_i; I\/CISFI’a Yk, %| By |Br l\c/iNHF’a
1 Cr. 30 H 860°C 350 570 60,0 2,97 2,68 938
2 Cr. 45 3 840°C + BII 550°C 870 1000 56,0 1,57 1,49 1296
3 3+ BII 200°C 1360 1750 44,0 1,65 1,56 2122
4  30XTCA 3+ BII 500°C 1067 1170 55,0 1,58 1,46 1558
5 13 300°C 1450 1680 57,0 1,74 1,66 2407
6  35XICJ H+3890°C+BII650°C 820 970 51,0 2,03 1,49 1222
7 3 .890°C + BIT 200°C 1500 1730 47,0 1,50 1,40 2100
g SO0XICHA 18 890°C 5 ceritpy 1195 1580 52,0 1,83 1,76 2103

3a remnepatypu 300°C
9 12X2HB®A H 910°C + BII 550°C 760 940 56,0 2,18 2,11 1604

10 23X2HB®A 3 880°C + BIT 500°C 1240 1410 58,0 1,75 1,69 2096
11 25X2THTA 3 860°C + BIT 200°C 1490 1680 48,0 1,64 1,56 2324
12 40XHMA 3 850°C + BIT 560°C 980 1060 56,0 1,80 1,72 1686

13 18X2H4BA 3860°C+BII170°C, 2rox 915 1320 53,0 1,95 1,91 1748

14 40X2CBA 3900°C + BII 220°C, 2,5 rox 1620 1950 42,0 1,54 1,42 2300

H 950°C +3850°C + KO,

2 o + BII 170°C, 2 rox 1150 1495 50,0 1,95 1,91 2197
H 1000°C + KO,

2 rog + BIT 400°C, 1 rog

H950°C + KO, 2 rox +CT

15 15X2T'H2BDA
16 CH2A 1100 1300 60,0 1,87 1,82 2002

17 X17H5M3 1100 1270 48,0 1,80 1,73 1903

450°C, 1 rox
18 X18HIT 31050°C 250 660 63,0 6,40 3,16 790
19 X17I'9AH4 31075°C 400 760 70,0 3,95 2,88 1152

31000°C, 3r + CT 820°C,
20 311105 16 rox + ITO 650°C, 10 rog+ 920 1260 22,0 1,69 1,59 1463
+BO
31170°C, 2rox + CT 750°C,
16 roxg + BO
31000°C, 3 rox +CT 750°C,
16 rog + CT 650°C, 16 rox + BO

21 X12H20T3P 700 990 22,0 1,85 1,80 1260

22 X12H22T3MP 980 1280 33,0 1,74 1,65 1617

ITpumimra: H — HOpManisania, 3 — sarapryBanuada, BII — Bigmyck, I3 — izorepmiune
sarapryBanHs, KO — KpioremHa o6po0ka s3a temmeparypu —70°C, CT — crapiunsa,
I10 — miune oxosomxenHs:, BO — moBiTpsAHE OXOJIOAMKEeHHS .
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MIITHICTIO Go,2 1 MeHITIOIO IacTUYHICTIO Yk ~ 1260—1296 MIla came 3a
PaxyHOK OiJbIIIOT0 pe3epBy MiltHOCTH B,.
OcxkinbKu Bci BaacTuBocTi B Ta6i. 1 i 2 BusHauaaucs Julle 3a KiMHa-

TABJHUIIA 2. 3uauenHd BuXifHux 6a30BUX XapaKTEePUCTUK (Co,2, Op, YK) JOC-
aipxenunx KC, ixHix snamocriiikocreii B, o (2) B ymoBax JIHC ta B, 3a ¢op-
myJioio (4) B ymoBax aii KH tuny 5 (maui [14—17] 3a remnepatrypu 293 K).

TABLE 2. The values of basic mechanical characteristics of steels (co.2, 65, Wk)
and their break resistances B, by (2) under conditions of LSS and B, by (4) un-
der the action the stress raisers (SR) 5 types (according to [14—17] at 293 K).

b B
HJ\/LH KC OGpo6enus ISIOI?; l\c/;(lj'ol,a “({/IZ’ B, B,: B,co
1 Axk-35 CraH 1ocraBKu 1027 1879 75,0 2,26 1,37 1,83
2 o-Fe 31323 K, 2 rox, I1O 138 290 83,8 5,07 3,07 2,10
3 10XCHI 31373 K, 2 rox, I1O 312 587 72,0 2,95 1,79 1,88
4 Cr. 3 cm. 31373 K, 2,75rox, II0O 160 307 71,7 3,14 1,90 1,92
5 31373 K, 1 rox + BI1 1023
K,16rox; 923K, 10ron 870 1218 23,0 1,82 1,10 1,40
6 10X15H27T3B2MP 31373 K, 1 rox + BII 1023
K,16rog; 923K, 10ron+H, 880 713 10,0 1,64 0,99 0,81
31393 K, 1 rox +OII 953 K,
7 15X12H2MPAB 2rop, 940 1579 62,0 2,11 1,28 1,68
31273 K, 1 rox; 1023 K,
8 03X12H10MT 2rog+BII 773K, 2ron 940 1739 79,0 2,84 1,72 1,85
31373 K, 15x8; 1023 K,
9 03X12H10MT 2rog+OII 773K, 2rox 930 1655 76,0 2,50 1,52 1,78
10 20X BII473 K 1150 1277 53,9 1,68 1,02 1,11
11 31113 K +BII423 K, 2rox 1860 930 16,5 1,64 0,99 0,50
12 50X 31113 K+BITI473 K, 2roxg 1920 1152 46,7 1,64 0,99 0,60
13 31113 K+BII673 K, 2roxg 1560 1248 48,6 1,64 0,99 0,80
14 31113 K+BII 773 K, 2roxg 1200 1080 57,2 1,65 1,00 0,90
15 40C2X BTMO +BIT473 K 1760 774 53,0 1,63 0,99 0,44
16 BTMO +BII 573 K 1690 896 55,0 1,65 1,00 0,53
17 60C2X BTMO +BII 573 K 2205 463 38,0 1,63 0,99 0,21
18 BTMO+BII 773 K 1570 722 40,0 1,64 0,99 0,46
19 Ixi15 31133 K+BII473 K 2120 148 3,6 1,63 0,99 0,07
20 24XHOM®PA 31153K+BII913 K, 15rog 765 1362 73,5 2,51 1,52 1,78
21 65D CraH IocTaBKH 700 798 28,0 1,69 1,02 1,14
22 10XCHI BsnoB:x mpoxarty 419 1018 69,7 2,92 1,77 2,43
23 10XCHI Bronepex nmpokaty 445 1175 73,7 3,15 1,91 2,64
24 Bamos:x mpokarty 571 1051 65,6 2,26 1,37 1,84
25 12F2MeT Bmonepex mpokaty 602 975 58,4 2,03 1,23 1,62
26 15XCH]I CraH oCTaBKU 328 879 68,0 3,19 1,93 2,68

ITpumimrka: KC — KoHCTPYyKUiliHi Kpui, 3 — 3arapryBanHd, II0 — oxoyom:xeHHA B
miuni, Hy — BomueBe cepegouine, OIl — Bignyck, IIII — mopomkoBuii apit, K® —
KepamiuHU# Jrioc.
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THuX Temuneparyp Tx = 293 K, To 3a muMu JaHMMU BU3HAYATH CTYHiHb
KPUXKOCTH 3a KPUTHUYHOIO TeMIepaTyporo Tc¢ HEeMOIKJIUBO, OTKE €IU-
HUM CIIOCOOOM OIIiHKY KPUXKOCTH MOJKE CJYTyBATH MOPIBHAHHSA CAMUX
MeXaHIYHMX IIOKa3HUKiB, a came MminHocTu 3paska 3 KH (oxr 260 Gco) 3
0a30BOI0 MiI[HiCTIO MaTePisAIy Oo,s2.

IIpo me moBa mize maJri.

2. POJIb ®AKTOPA MIITHOCTH ¥y IIIABUINIEHHI CXHUJIBHOCTHA
J0 KPUXKOCTH 3PA3SRIB 3 TPINIUTHOIO

B po6ori [10] mpoBexeHO cucTeMaTUUHe OOCHiIAMKEHHI MeXaHiuHuX BJa-
CTUBOCTEN KPUIh B INIUPOKOMY JiANAa30HI 3MiH MOKa3HUKIB MiIfTHOCTH
(00,2 =140...2200 MTIIa) ta nnactuunoctu (yk = 10...83% ). Ananisa ga-
HUX IIPOBOAMJIACS AK 34 Pe3yJbTaTaMHt BJIACHUX €KCIIEPUMEHTIB aBTO-
piB[10], Tak i BimmoBigHUX JiTeparypuux ganux [14—17]. MeToro 1150r0
JOocJimKeHHsa Oyaa po3poOKa MeTOomOoJIOTii aHaIiTHYHOro, TOOTO pospa-
XYHKOBOTO CHOCO0Yy BU3HAUEHHS I'PAHUYHOI TPUMKOI MIiITHOCTH B MO-

TABJINIIA 3. [lokasHUKYU MIiITHOCTH O,z i O¢,2c i 31amocriiikoctu B, i B, KOHC-
TPYKIINHUX KPUIL Y IOPIBHAHHI 3 TEMIIEPATYPOIO B’ A3K0-KPUXKOI'0 IIEPEX0IY
T. (3a manumu BUOpoOyBaHb [3, 4]).

TABLE 3. Characteristics of strength (co.2 and co.2c) and resistance to break
(B, and B,.) of structural steels as compared to the temperature of ductile-to-
brittle transition T (by the data of tests[3, 4]).

1:1T\/r9n 065561?11(13?1’11&1 'i‘CHPII-I D(/T[()fi; ;}"121‘; co.2/00zc| Br | Bre | Br/Bre|Te, K fpi:;
1 Cr.30 350 800 2,29 2,971,31 2,28 77 216
2 30XT'CA (8. B.; 200°C) 1400 1600 1,14 1,58 1,5 1,05 150 143
3 30XTI'CA (isor. 8.; 300°C) 1500 1600 1,07 1,8 1,45 1,24 130 163

4 30XI'CHA (isor. 3.; 200°C) 1450 1700 1,17 1,77 1,57 1,13 83 210

5 30XTI'CHA (isor. 3.; 300°C) 1170 1400 1,2 2,1 1,86 1,564 77 216

6 10X2CBA 1600 1700 1,06 1,83 1,59 1,15 160 133

I'pyma 1. K1[9] kinbieBuit Haapis, po3TATHEHHA

7 Y8 (8. a.; 400°C) 1180 1300 1,10 1,58 1,54 1,03 200 93
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ITpodosicenna madbauui 3.

Continuation of Table 3.

(;eryBanus Bopom (B=0,0))

8 o-Fe 140 350 2,5 5,0 2,77 1,81 140 153
9 Y8 (Bigmam.) 340 450 1,32 2,8 2,15 1,3 220 73
10 cr.3cm g 160 400 2,5 3,1 2,0 1,55 147 146
f
&
11 10XCHI » 3810 420 1,35 2,9 2,5 1,16 180 113
g
3
12 AK35 § 1027 1100 1,07 2,8 2,0 1,15 180 113
2
13 SII 12XH2MAD ~ 640 700 1,09 1,971,81 1,09 173 120
g
>
e,
=

14 3II12XH2M® (B=0,001) 640 820 1,28 1,8 1,46 1,23 175 118
15 3II12XH2MI®P (B=0,0022) 640 977 1,683 2,0 1,5 1,33 65 228

16  3II12XH2M® (B =0,004) 650 968 1,49 2,171,67 1,3 81 212

MEHT PYHUHYBaHHS 3pasKa 3 HaApi3oM (0IHOBiCHE PO3TATYBaHHSA — ONr) 1
3 TPiIIUHOIO (TPUTOUYKOBUII BUTHUH — Gco). BUXiTHUMM TOKa3HUKAMU
IJIST PO3PaXyHKY CJOYTyBaJiu 0a30Bi MexaHiuHi XapaKTepUCTUKU KPUILD
Go,2, o5 1 Yk. HaBeneni B [10] maHi OyayTh BUKOPUCTAHI HUKUE IJIA aHAa-
Ji3u BIINBY (haKTOPiB MiImmHOCTHU (Go,2) i 31amocTitikocTu (B;) Ha TPUMKY
MiITHiCTh IpU PO3TATYBaHHI 3pasKa 3 KijmbieBuM Haapisom (tuny K2 [5]
— D =10 mm, t =1,5 mm, r=0,1 mm, KyT Haapisy 450) i crapmapTHUX
MIPAMOKYTHHUX IIJIACKUX 3PasKiB 3 KPaioBOIO TPiIIMHOIO BTOMU Ha TPU-
rouxkoBuii BuruH (KH tuny K5 3a [5]) (Tab6a. 3 i 2, BigmoBigHo). 3a eKc-
MIePUMEHTAILHUMY JAHUMI CTOCOBHO Go,2 1 onr (IIPU PO3TATYBaHHi) 00-
YHCJIIOBAJIY MOKA3HUK IPUBEIEHOI 3JIaMOCTiHKOCTH
B =Sk

rNF ’

o0z (3)

a 3a TaHUMU CTOCOBHO Gco (IIPU BUTHUHi) — MOKa3HUK
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’ (4)

3a cBoim 3micToM BerumumHU BNk i Byco 03HAYAIOTH CTYIIiHL IEePEBU-
IeHHA TPUMKOI MimfHOCTH Onr (Oco) 8pasdka 3 KH maz rpanumero TeKydo-
CTH Cp,2 MaTepisary, TOOTO, ABJISAE COO0I0 Mipy KOHCTPYKI[iMHOI HALiHO-
CcTH BHUPOOY, BpasKeHOTo OoKpuxuyBaidbHoi micio KH. 3a ymoBu Br
(Brco)>1 1iell MOKa3HUK € IIapaMeTpPOM HO3UTUBHOI KOHCTPYKIIIHHOI
MIPUAATHOCTHA YMOBHOTO «BUpoOy» 3 KH, mpu Br (Brco) < 1 — mapamer-
POM HeraTHMBHOI KOHCTPYKIlifiHOI mpugaTHocTu. To0TO Benmumua B
(Brco) uMcesbHO XapaKTepus3ye TaKi Ba)KJIMWBI I1A TeXHIKU SBUINA, IK
Mipy BiggmameHoctu «BupoOy» 3 KH Bim xpuxxoro cramy abo mipy cipo-
TUBY KPUXKOCTH cTony «Bupoby» 3 KH mpu maniii remoepaTtypi Bumpo-
O0yBanb. HeraTuBHa KOHCTPYKIIifiHA MPpUAATHICTE (< 1) o3HaUa€e KiJbKi-
CHY Mipy CHJIOBOI HaZiHOCTH TaKOT'0 YMOBHOI'O «BUPOOY». BigMmiTumo,
10 IIe IPUHIINIOBUHA KPOK V AOCTiAKeHHI ABUINA KPUXKOCTH B MaTepi-
SJIO3HABCTBi, OCKiJILKHU BIIEPIle JEMOHCTPYE MOKJIMUBICTL KiJbKiCHOTO
npeJicTaBIeHHA MOHATTA «KPUXKOCTU» 1 «3aXHUCTY BiJl KPUXKOCTU» ¥
BUTJIAI KOHKPETHOT'O YHCEJIbLHOT0 IIOKAa3HUKA MEeXaHidYHOI BJIaCTUBOCTI.
3 Takoo MeXaHiYHOI0 XapaKTEePHMCTHUKOI0 MOYKHA OIIepyBaTH B JOCJIi-
MKeHHI 3aKOHOMipocTell B3a€MO3B’A3KY MOKA3HUKIB PisHMX MexXaHiu-
HUX BJIACTHUBOCTEI, 1110 i MOCIYTyBaJo IIPpegMeTOM JAaHOI poOOTH.

B rabaumi 11 2, B3arux 3 pobotu [10], HamMu gomaHi ABi KOJOHKT —
onr (260 o¢o) i cniBBigHOIIIEHHST B,/ B\

e, G))

Ie B, ~ 1,65 € MOKa3HMKOM KPUTHUYHOI 3JIAMOCTiMKOCTHI IJIs 3pasKa 3
maaum Tunom KH B ymMmoBax BUIIpoOyBaHHsA, KOJM KOHCTPYKITiIiHA IIPH-
TaTHICTD i3 MOBUTUBHOI IIEPEXOAUTD Y HETaTUBHY, TOOTO B/nr (Brco) < 1.
Iz Tabaui 2 6aunmo, 110 Aasa kpuii Ne 17 maemo B,co=1,11 ipu B, =
=1,68 B Toii yac Ak aasa Kpuri Ne 6 B,co = 0,81 (T06TO B,co < 1) ipu B, =
=1,64. Illnaxom iHTEPHIOJAIl OZepPKYyeEMO, IO AJSI YMOBU B.co ~ 1,0
moTpibHa 31aMocTiiikicTs B, ~ 1,656—1,66. Tomy HabIMKEeHO IPUITMEMO
3a KpUTUUHY Beauuuny B, ~ 1,65 naa mopory mepexony 3paska 3 KH
tury K5 [10] 3 TpimuHOI0 BTOME Bif B’SIBKOT0 0 KPUXKOTO PyHHYBaH-
Hsa. B Takomy Bunaaky criBBigmomienusa B,/B,. B Tabi. 2 6yme cayrysa-
TH KiJbKiCHOIO MipoOI0 3aXMCTy KpUIIi 3 KOHIleHTpaTopoM Tumy Kb Bif
KPUXKOCTH, a TOKa3HUK IILOTO cIIiBBimHOMenHA K; B hopmy.ri (5) Hasu-
BaEMO IIapaMeTPOM OHOPY KPUXKOCTiI KPUIli 3a KiMHATHOI TeMIepaTypu
BunpobyBaub 1. IHaKkIIe Kayuu, mapamerep Py aBJse cob0i0 He II0
inmme, ax OydepHMii 3amac 3JaMOCTiiKocTU B,, IO IepeIrKoaKae Ha-
CTaHHIO KPUXKOCTM 3a KPUTEPieM BTPaATH KOHCTPYKI[IMHOI MpuAaTHOC-
TH B ceHCi onr (Gco) = Oo,2 3a KiMHATHUX TeMiepaTyp T B 3pasKax 3 Jaa-
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HuM tTunoMm KH.

B po6ori [10] 3amponoHOBAaHO METOAY PO3PaXYHKOBOT'O BU3HAUEHHS
onr (6co) 1 BigmoBigao Br (Brco) A 3paskis 3 Hagpisom (KH) sa nanu-
MU BUIIPOOYBaHb HEHAIPi3aHMX 3Pa3KiB Ha POSTATYBAHHSA, BUXOLNAYN 3
MiITHOCTHY KPHUIIi Go,2 i 'PAHUYHOI MiITHOCTHY IIPU PO3PUBI B «IITUHUILi» 3pa-

3Ka Sk:
By, = bIn[(S, /oy, —¢)/a] ©)

b

nmea=3,50-10"%,5=0,2290, c = 1,6279, BeIWUNHU AKUX BU3HAUYAIOTHCSI
nada koxxkHoro Buny KH 3a Bimomum anropurmom [10].

I'padiumo gani Taba. 2 mpencTaBieHi B 3aJIe:KHOCTAX B, co Bif MimHocC-
T (Go,2) Ta 3J1aMOCTifiKocTu cTouiB (B,) Ha puc. 1. Ak 6aunmo, XxapakTep
BILIUBY BJIACTUBOCTEM MIiITHOCTH 1 TJIACTUYHOCTH Ha KOHCTPYKIIIAHY

_ 1
5 2.2 1 o
q 2,0 ~ N
B 1 0 o=
g 1.8 ~
m i ~
= 1.6
= 1,6
E N
g 1.4
o | mapamerep
g 1,24 HOBUTUBHIH
Bl _
]
= 10
> 1 mapamerep
o
s 0.8 - HATATUBHUT
2 J
=)
g 0.6
o J
] 0,4
@ J
Z 02
=%
= J
= 0.0

0,0 05 L0 15 20 25 30 35 40 45 50 55
3namocrifikicTs, B,

0 2(|)0 4(30 60IO 8(50 1500 12|00 1:100 16'00 18|00 20:90 22I00 24|00
MinmicTs S MIla

Puc. 1. 3amexHicTb 3mamocrifikoctu 3paskiB 3 KH tuny 5 (B,co, AK TapamMeTep

KOHCTPYKI[IHHOI IPUAATHOCTHY IIPU BUTHHI 3paska 3 TPIIllMHO0) Bix aKTOPiB:

1 — smamocrifikoctu KC npu JIHC B,; 2 — minnoctu KC 69,2 (3a aHaizom0 na-

HuX poboru [10]).

Fig. 1. Dependence of the break resistance for specimens with SR 5 types (B co,
as structural suitability parameter in bending of pre-cracked specimens) on
factors: 1—break resistance of steels under LSS B,; 2—strength of the steel
Go.2 (according to [10]).
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mpumaTHicTs (Brco) AiAMeTPaIbHO IIPOTUIEKHUI, X0Ua TOUYHICTH IPO-
THO3YBaHHA B,co 10 B, CyTTEBO BUIIA, HijK II0 Cp,2. OJHaK, He MOKHA PO-
3KUJ eKCIepUMEHTAJbHUX MaHWX HAa OCHOBI MIiITHOCTH Go2 (KpuBa 2,
puc. 1) BizHOCUTH JIUIllEe 38 PaXYHOK IMOXNOKY €KCIIEPUMEHTY, OCKiIbKYT
TOJIOBHUH BKJIaJ B PO3KHUJ BeJUUYNHU B,co IPpH OJHAKOBOMY 3HAUEHHI
MiITHOCTH Gp,2 Ja€ BiAMiHHICTH B ILIACTUYHUX BJACTHUBOCTAX IIOPiBHIO-
BaHUX cromiB. Hampuxiazn, npu Go,2 = 940 MIla crom Ne 8 (Tabi. 2) mae
yk=79%, B, =1,851 Byco = 1,72, maiizke ax cronm Ne 6 mipu Go,2 = 880
MIla, yx = 10%, B, = 0,81 i B, = 0,81, T06TO, OCTaHHiI CTOM I[iTKOM
kpuxkuit mpu ganomy KH. Te X cTrocyeThbes i mOpiBHAHHSA BJIACTHUBOC-
Tel iHmux cromiB B Taba. 2 — Ne 9, Ne 27 3i crormom Ne 6. OTsxe, mpOTHO-
3yBaHHS B,¢o CIi IPOBOANTH 3a JaHNMM BUXiTHOI 3j1amMocTifikocTu B, a
KpuBa 2 BimoOpaskae JIMIIle OCHOBHY TeHIEHIIi0 IIOA0 3HUKEHHS PiBHA
KOHCTPYKI[IMHOI mpmAaTHOCTU B,co 3 POCTOM MIiITHOCTH KPHIli, aje 3
ypaxyBaHHAM IIOIIPaBKM, BHECEHOI B ITI0 3aJIeKHICTh, (h)aKTOPOM 3J1aMO-
CTiAKOCTH KOHKPETHOI'O CTOIIY.

Ha pucysky 2 mi »x mami Tabj. 2 mpeicTaBjJeHi y BUTJIALL B3ae-
MO3B’ 3Ky BEINUYNH, AKi BiJHOCATHCA JIUIIE OO0 JaHUX, OJEPIKYBaHUX

w ] B, =B/B,

o b

B, =1,65 (Burun 3 TpimuHow)

1,64
1,44
1.2+

1,0

T T

00 05 10 15 20 25 30 35 40 45 50 55
3aamocrilkicTs, B,

o ' 400 ' 800 | 1200 ' 1600 = 2000 = 2400

Mingicte © MIla

0,27

Puc. 2. 3ajexHicTh OIIOPY KPUXKOCTi, AK 3aJUIIKOBOro pesepsy minuoctu K,
Bix MimHOCTH 0)2 (KpuBa 2) i pesepBy minmHocTu B, (kpuBa 1). O6pobiaeHHs na-
HuX poboru [10].

Fig. 2. Dependence of the resistance to brittleness as the residual strength
margin K, the strength oo 2 (line 2) and strength margin B, (line 1). According
to[10].
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mpu 6a30BUX MeXaHIUHNX BUIIPOOYBAHHAX IVIAAKUX 3Pa3KiB Ipu po3Ts-
ryBaHHi — Oo,2 i B,. [llykaHoio BeIUUYMHOIO CayTye 3a hopmMy.iomo (5) ma-
pamerep omopy Kpuxkocti K, ne 3a[10] B,.=1,65. Taka ananisa xpara
B IIOPiBHAHHI 3 puc. 1, OCKiTbKM He BUMAarae eKCIepUMEHTY 3i 3pasKa-
MU 3 KOHIIEHTpaTOpaMu HaNIPy:KeHb a00 po3paxyHKiB 3a hopmy.iomo (6).
Ax 6aummo, mapaMmeTep Mipu 3axXucTy Big Kpuxkoctu K JiHifTHO 3poc-
Tae 3i 30iabIIeHHEAM B,, 1110 TPUBiAJIBLHO IIO CYTi, ajie SBHO IimepOoJIiuHO
azae 3 POCTOM Oy,2, 30epirarouu Ti K IpUUNHE PO3KUAY gaHux K, mio i
Ha puc. 1.

B zanexxuocTax 1 i 2 Ha puc. 2 IpeAcTaBJIeHO CIPABKHIO CYTh JAaHOL
poboTu, MeTa TKOI — BUMipATHU KiTbKiCHO piBeHBb 3aXMCTy BiJ KPUXKO-
CTH KPHIIi 0pasy 3a TaOJMUHNMU XapaKTepUCTUKAMU Oopz2 i B,, He BAa-
I0YHCH IO CHEIiAJIbHNX BUIIPOOYBaHb 3pasKiB 3 moTpidaum tTumom KH.
B nanomy Bumaaky Ha puc. 2 IpeAcTaBJaeHn HaficuabHimmmi Tun KH —
3pas3o0K i3 TPiIIUMHOIO BTOMU, IKUHA BUKOPUCTOBYETHCS IJISI BU3HAUEHHS
XapaKTePUCTUKU B’ A3KOCTU PyHHYBaHHA Kpulli K¢, 1110 3a HeobXimHoC-
Ti mae 3MOry IIapajieJibHO OIIIHIOBATH TPiIMHOCTIMKiICTHL KPHUILL 3a na-
HUMU Go,2 1 B;.

3 pUCYHKY 2 BHIHO, IO B 3araJbHOMY BHUOAIKY MIiITHICTB Go,2 > 700
MIIa 3a masgBHOCTI TpimuH y BUPOOi Bike MOKe CIAYyTyBaTH MPUIMHOIO
KPUXKOCTH, AKIIO B’ A3KiCTh KPUIli HEJOCTATHRO BHUCOKA. 3 iHIITOro 60-
Ky, IIpU PiBHIO B’SI3KOCTi, AKa BiAmoBizae 3aaMocTiiiKocTi B, > 2, Oy Ib-
AKa KPUIA 3 MiIfHiCTIO 6p,2 < 700 MIIa He macTh 3MOT'Y KOPEKTHO BI3HA-
ynTy noKasHukK Kic 3a remmneparypu T = Ty (293 K), npunaiimui Ha 3pa-
3KaX TOBIINHOIO { = 20MM, AJA SKUX CIPaBeIJINBi 3aJeKHOCTi, HaBee-
Hi Ha puc. 2. B Toi e yac BUCOKOMiIHi Kpwurli (co,2 > 1000 MIla) siBHO
KPUXKi B TaHUX yMOBaxX BUIIPOOyBaHHsA. BucaoBieHi MipKyBaHHS MoO-
JKYTh BUABUTUCH KOPUCHUMU IIPU BUPIII€HH] OfHiEl BeIbMHU BaKJIMBOI
TeXHIUHOI 3a7aui, AKa Ma€ MpaKTHUHEe 3HAUEHHS — BUSABUTHU IPOOiIM
JOIMIYCTUMMUX BJIACTUBOCTEH MIITHOCTH i IJIACTUYHOCTH KPHIIh, AKi He
TOMYCKAIOTh MOYKJIMBOCTH IIepeAYacHOr0 PYHHYBaHHS CTAIbLHUX OOJITIB
3 BHCOKOMIITHUX KPHUIIL Uepe3 oKpuxuyBaJbHy mito KH, cTBopioBamy
TBUHTOBOIO HAPi3KOIO HA IOBEPXHi 00JITIB.

3. IPUHITUII PEI'YJIIOBAHHSA OIITUMAJIBHOI'O KOMILIEKCY
MEXAHIYHNX BJACTHBOCTEH BUCOROMIITHUX KPUITEBUX
BOJITIB

BucoxoMmilnui KpuiieBi 00T MaOTh IIIUPOKE TeXHiUHE 3aCTOCYBAHHS B
po3’eMHUX 3’€THAHHAX, OCOOJMBO B aBiAIiHOMY MAaIIMHOOYIiBHUIITBI
i BucorHomy OymiBHuIITBi. Hebes3meKka oKpuUXUyBaHHA TaKOTO BUPOOY
CTPUMYE IIparHeHHA HiBUINYBAaTU MIIHICTh KPUIlb, 1110 3HUIKYE TEXHi-
yHY e()eKTUBHICTEL IXHBOT'O BUKOPUCTAaHHA Y Bupobax [13].

Hami BummpobyBaHb 3pasKiB 3 KinblleBuMu Hagpisamu Tuiry K2 3 Tabur.
1 mafoTh 3MOTYy PO3IJIANATH 3Pa30K 3 KiIbIIeBOIO HapPidKOI0 SK MOMAEIb
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3pasKa 3 TBUHTOBOIO Hapiskoio (6oJiTa) 3 melrno sMiHeHuM KoeditieHTomM
KoHIleHTpaIii 3a HeiibepoM, AKuii migmaeTbcAd HEOOXiZHOMY KOPHIY-
BaAHHIO 34 METOI0JIOTi€I0, IIpeacTaBaeHoio B poboTi [10].

3 MeTOI0 aHAJIi3U ITOCTAaBJIEHOI BUIlE 3a/aUi HA HACTYITHUX PUCYHKAX
npeAcTaBJIeHi AaHI MIOZ0 TPHMMKOI MiIITHOCTH Gco 3Pas3KiB 3 TPIIMHOIO
(puc. 3) i kinblleBUM HazpiszoM onr (puc. 4 3a mapumu Tabda. 1). Ha o6ox
pHUCYHKAaX HaBeJeHAa JIiHisa 1 I mopory KOHCTPYKITiMHOI MpuIaTHOCTH
oco (onr) > 1 1 HempumaTHOCTU (Oco (OnF) £ 1). Buano, 1o Ha 3paskax 3
TPIIIMHOIO Her'aTMBHA KOHCTPYKIIiiHA TPUAATHICTh MOKJIMBA BiKe IIPU
Go,2 < 700 MIIa B 3amesXkHOCTI Bif piBHA B’ A3KOCTH KPHUILi, a Ha 3pasKax 3
KimbmeBuMm Hagpizom K5 3a [10] (puc. 4) onr 30epirae mo3uTUBHY KOHC-
TPYKI[IMHY IPUAATHICTD aXK 0 MAaKCUMaJbHUX 3HAYE€Hb Onr IPU MIiI[HO-
cTi Go,2 # 1500—-1900 MIIa i B, > 2, To6TO y BKasaHUX MeKaX BJIaCTHUBOC-
Tell KPUIh KPUXKicTh 00JITaM 3 HapisKoio, 01113bK0I0 3a reoMeTpieio KH
tuny K2 (D=10 mm, t=1,5 mm, r=0,1mm 3a [10]) He 3arpoxye.

Y migcyMRy, onTHMAaJIbHUI PEKOMEHAOBAHNN KOMILIEKC MeXaHiUHITX
BJIACTHMBOCTEH KPUIh AJIA OOJTIB TAKOr0 THUITY MOKe OyTU ITpeAcTaBJe-
HUH HACTYIITHUM YMHOM: IJId 3a0e3IleueHHA PaHNYHOI MiITHOCTH 00JITiB
Ha po3puBi piBHeM onr = 2000 MIla HeobximgHOo 3abe3meunT AJId KPUITi

22004 KOHCTPYKI[IITHA MPUAATHICTE
& 2000 nosutusua (B, > 1)

n
g [ ]
KOHCTPYKIIifiHA OpUIaTHICTD

B 1400+ meratusHa (B < 1)

-— 77
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Minzicts o© MIIa

0,2?

Puc. 3. 3anexuicts minuoctu 3paskis 3 KH tuny 5 (Burux spaska 3 Tpimu-
HOIO) G¢o BiJi MiITHOCTHY KPHUIb Go,2. O0pobaenHA nanux podoru [10].

Fig. 3. Dependence of the resistance to brittleness as the residual strength
margin K, the strength oo 2 (line 2) and strength margin B, (line 1). According
to[10].
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Puc. 4. 3anexHicTh MIITHOCTHY Ha PO3TATYBAHHSA OnNr 3Pa3KiB 3 KijJIbIleBUM HaJ-
pisom Tunry K2 Bix mimHOCTi cTasnes 6o,z (KpuBa 2) i mMpuBemeHOTO pe3epBy Mill-
"HocTHu By 3paska 3 KH Bix mapamerpy 3imamocriiikoctu B, (kpuBa 1). O6pobeHus
za"Hux po6oru [10].

Fig. 4. Dependence of the tensile strength onr of specimens with circular notches
2 types on steels strength co.2 (line 2) and safety margin B,xr of specimens with
SR on characteristic of break resistance B, (line 1). According to[10].

BJIACTUBOCTI — Go2 ~ 800-1400 MIla; i B, = 2,0-1,4; Bxr = 2,0-1,5
(puc. 4). Ileit Habip BmacTuBOCTEl 3a0€3MEUUTH HAWBUIIY IJIA TAKOTO
TUITY BUPOOiB Hamifimy MinHicTs 60aTa (onr > 2000 MIla), 10 1acTb 3MO-
Ty TapaHTyBaTH iX poboue HaBaHTa:KeHHA Ha piBHI 6 < 1400 MIla, T06-
TO, 3 KoedimieHToM 3amacy 10 MimHOCTI He MeHIIe HiK K=
=2000/1400=1,4. Januii po3spaXyHOK Mae YMOBHUH XapaKTep, OCKi-
JbKHY IIPOBEAeHUN JINIITE AJIA iJI0cTpaIil IPUHIIUIIOBOI MOMKJINBOCTI ITi-
JIECIIPAMOBAHOTO Per'yJI0OBaHHSA KOMILIEKCY MeXaHiUYHIUX BJIACTHUBOCTEM
BaYKJIMBOTO KJAacy BHUPOOiB 3 METOIO 3aXMCTY iX BiJf MOMKJINBOCTI KPUX-
KOT'0 PO3PUBY HIPU BUOAAKOBOMY IIepeBaHTaKeHHi (HampuKjIam:, Hpu
HAIJINUIITKOBOMY HepeHAaTATHEeHHI TBUHTOBOTO 3’ € THAHHA).

4. BUCHOBKH

KpuxkicTs cTanbHUX BUPOOIB Tif Ai€l0 KOHIIEHTPATOPiB HAIPYKEHbD (IK
peryiAapHux, Tak i BUMIAAKOBUX THUITY TPIlIIUH) MOKe KOHTPOJIOBATHCS
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30a/1aHCOBAHO MiZiOpaHMM KOMILIEKCOM BJIACTHBOCTEeIl MIiITHOCTH i ILjIa-
CTUYHOCTH. AJle I 1iei MeTn HeoOXilHO BUKOPUCTOBYBATH HETpPaIM-
MifiHYy, CHeifAJbHY BJIACTHUBICTE 3 KJacy AedopMalliiHuX pe3epBiB MiIl-
HOCTU — 3JIaMOCTi#fKicTh B, = Sk/ Go,2. Kpurnune suauenHus B,. I KO-
skHoro Buay KH mae OyTu BcTaHOBJIeHe 3as3faJierifb i TOAi ciiBBigHO-
mrenua B,/B,. > 1 € mipoio 0ydepHOro 3amacy IIJIaCTUYHOCTH MeETAaJy,
AKUHN 3axuIae moro Big Kpuxxoctu npu gamomy Buai KH. IToxkasoso,
110, BUXOOAYN 3 JaHUX MO0 TPASUITIMHOI XapaKTEePUCTUKM IIJIaCTHU-
HOCTH K, ITOIi0He rpaHnYHe 3HAYEHHA ¢ BUBHAUUTU HEMOYKJINBO, TO-
MYy III0 B Mipy 3pOCTaHHSA MIITHOCTH KPUIIi Go,2 BUMOTHU O BEJIMUUHU YK
TaKOK 3pocTaloTh. 1le cTaBUTH ITiJi CYMHIB PO3IOBCIOKEeHU B iHKeHe-
PHil OpaKTUIli OPUHIIUI OIiHKK 30epe:KeHHsAa HaAifHOCTU MAaTepiday,
KOJIN TIPpU 301JIbIIIeHHI MIiITHOCTH JOOMBAIOTLCS 30epesKeHHA MTOKAa3HNKA
MJIACTUYHOCTU HA TOMY K PiBHI.

O3HaKOI0 MO3UTHBHOI KOHCTPYKIIifiHOI mpuzaTHOocTH Bupody 3 KH
CAYyTy€e YMOBa, IIPU AKill HOMiHaJIbHA MiITHICTH BUPOOY ONr IIEPEBUIIYE
TPAHUITI0 TEKYUYOCTH Go,2 caMoro ctomry (Br > 1). I1a ymoBa 3pyuHa Tum,
110 BeJnYMrHA B,nr OTHO3HAUHO IIOB’A3aHAa 3 BUXiJAHOIO 3JIaMOCTIiHKiCTIO
B, i mo:xxe OyTH BU3HAUEeHA PO3PAXYHKOBUM IJISIXOM, IO Ja€ 3MOTY 3a
HeoOXimTHOCTI YHMKHYTH eKCIepUMEeHTaJbHOI IPOoIeaypy 3i CIelidab-
HUMHU 3paskamu (3 Hagpisamm, TpimumHamMu i T.m.). OgHaK, Ha#GiIBII
e(peKTUBHO IIepeBaru XapaKTEPUCTUKM 3JIAMOCTIHKOCTH B, MPOABJIA-
I0ThCS V BUIIAQAKY, KOJIM BU3HAUEHA MOPOTOBa KPUTUYHA BeanuuHa B,
Inda AKoi cruiBBimHomienusa B, < B, 03Hauae YMOBY KPUXKOCTU BUPOOY,
T06TO0 B/nF £ 1. Il 3paskiB 3 KH 3 Bimomum B, Ipolieaypa OIiHKY 3a-
XUCTY Bil KPUXKOCTHU I'PAHUYHO IPOCTA — JOCTATHBLO MATHU B PO3IIOPS-
IKeHHI XapaKTepuCcTUKY B, Ha OCHOBI JIiHiAHOTO PO3TATYyBaHHS 3pas3Ka
— 3a ymoBu B, > B,. KOHCTPYKI[ililHA IPUAATHICTh MaTEPisaIy 3 TAKUM
KH mosuTuBHA 0MHO3HAYHO, OCKiIbKY B/nr (Brco) > 1. Ha ocHOBI mokas-
HUKiB mractuurocTH (Yx) abo B’ askoctu (KCV, KCU) nocarumyru Taxkoi
OJHO3HAYHOCTH KPUTEPiio KpuxKocTu Bupody 3 KH He € MoK IMBHUM.

B mamiti poGori mpeacTaBiieHI JIMIIe OCHOBH METOMOJIOTii aHaiism
npobaeMu KpuxkKocTu Bupobis 3 KH ma 6a3i KoHIenIii KoHCTpyKITifiHo1
OPUAATHOCTH METAaJIiB i cromiB. PeasbHa mpaKTwWuyHa KOPHUCTL Bij 3a-
ITPOIIOHOBAHOI MeTO00Tii MosKe OyTH BUABJIEHA HA ABOX PiBHAX ii BuU-
KOpPHCTaHHSI — JIabopaTOPHOMY i 3araJlbHOTEXHIUHOMY.

B na6opaTopHOMY BUTJISIi METOMOJIOTiSA MOKe OYyTHU peajiizoBaHa Bike
CLOTOJIHI, AKIIO BUOPATHU B IKOCTi CTaHAAPTY OyAb-AKY HUHI BUKOPUCTO-
ByBaHy METOHAY OIliHKM MAaTepidAyliB Ha KPUXKiCTb, HAIIPMKJAJ, BAIIPO-
OyBaHHA Ha CTaTUUYHMNI BUTUH 3paskiB Tumy Illapimi, axki BUKopucToBy-
I0ThCA Y BUOPOOYBaHHAX Ha yaapHy B A3KicTb (KCV). 3a ymoBu dikcy-
BaHHSA I'PaHMYHOrO HaBaHTaKeHHS PyHHYBaHHA 3paska 3 Haapisom Pc,
AKa Ja€ 3MOTY BU3HAUUTH MIiITHICTh Gco i IMOKA3HUK KOHCTPYKI[IMHOI
IpUIaTHOCTH B,co, MOKHA CTAHZAPTUIYBATH HOBY aHAJIITUYHY METOMO-
JIOTiI0 OIiHKM B KiJIbKicHil (popMi Mipu 3axXMCTy CTOIIB BiJi KPUXKOCTH,
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cupuunHeHoi miero KH. IIpu nmbomy y BusHaueHHI TaKol BeIUUNHU, SK
pobora pyiitnyBaHHA (yaapHa B’ askicts KCV), moTpebda e BUHUKAE.

B obigacTi iHdXeHepHOro 3arajJbHOTEXHIUHOTO BUKOPHCTAHHSA OaHA
MEeTOJI0JIOTisI BUMAaraTuMe II0aJbIIIOr0 JeTaJbHOT'O OIIPAIlIOBAHHS 3 Me-
TOI0 BUBHAUEHHA KPUTUUYHUX MapaMeTpiB 3jamMocTitikocTu B, He 3pas-
kiB 3 KH, a okpemMux ejieMeHTiB KOHCTPYKIIii abo By3J/1iB MexaHisMiB,
IIT0 JACTh 3MOT'Y 3 UACOM 3aMiHUTH B HEOOXiJHMX BUIIAAKAX HATYPHI BU-
IpoOyBaHHS ITUX BY3JiB IPOCTUMU OOUKCIIOBAILHUMY OIePAIliAMMU.
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