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Edextu «opbditanaproro ckixa». 5. CriH-op0iTadabpHuii 3B’ 130K
y MeTajax

0. I. Minek, B. M. IIymkap

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

Cuiu-opbiTanpHuit 38’A30K y rpynax (3d, 4f, 5f)-iionis uepes cerperaiiro ix-
HixX opbiTasmbHUX MOMEHTIB L yTBOpIOE HOBY peuoBUHY — opbiTasibHE CKJI0. B
IIpeCTaBJIEeHH] 6araToeJIeKTPOHHUX OIE€PATOPHUX CIIiHOPiB criH-0opOiTaIbHUH
3B’A30K Y MOpi 30HHUX (pepMioHiB (fr a00 hir) BUpaIKAETHCS Uepes IXHIO I'YCTUHY
(n. enexTpoHiB a00 nx» AipoK). BmimB opbiTaabHOTO CKJIa Ha 30HHI CIEKTpH
ex(e, h) KBaIpaTUYHO BUPAKAETHCS uepes3 eHeprii 30ymKeHsb cerperamnii. po-
60Bi crrinoBuii S i opbiTanbuMit L MmomenTu 3d-ejieMeHTiB BUBHAYAIOTHCA CITiH-
opbiTambHUM 3B’ A3KOM. JIerki 4f-ememenTn MaoTh opbiTasbHMi MmomeHnT L < 0
3a 3apsAmiB eJeKTPOHIB er < 0, a BaskKi — L > 0 3a 3apAxmiB Aipok k. > 0.

KarouoBi cioBa: crrin-opbiTanbHuil 3B’ A30K, opbiTaabHE CKJIIO.

Spin—orbit coupling in groups of (3d, 4f, 5f) ions by means of the segregation
of their orbital moments L. creates new substance—orbital glass. In many-
electron operator-spinors’ representation, spin—orbit coupling in sea of band
fermions (f: or A:) is expressed by their density (n. of electrons or n: of holes).
The orbital-glass influence on bond spectra sx(e, k) is expressed by segrega-
tion-excitation energies. Fractional spin (S) and orbital (L) moments of 3d-
elements are determined by spin—orbit coupling. Light 4f-elements have or-
bital moment L < 0 due to electron charges e: < 0, but heavy elements have or-
bital moment L >0 due to hole charges k. > 0.

Key words: spin—orbit coupling, orbital glass.
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(Ompumano 30 mpaeusa 2024 p.; ocmamouH. eapianm — 6 wepeus 2024 p.)

1. BCTY1II

B Tepminax 6araToeneKTpoHHUX omnepaTopuux crinopiB (BEOC) pospa-
xoByeMo (hazoBi giarpamu (PJ1) meranis 3i cmizoBum S, [1] i opbiTann-
Hum L, momeuaTamu. Metog BEOC € aHasoriuHMM po3paxyHKaAM aTOM-
aux D]l [2]. Cerperaria L, [3] yTBopioe opbiTaibHe CKJO, IO 3PYUHO
iHTEepIpeTye BIACTUBOCTI cTOmiB [4].

Bzaemogisa S, i L, 3 MopeM 30HHUX eJIeKTPOHIB IPUBOIUTE IO €HEPTii
crig-op6iTaapHOro 38’A3KYy E.o. 11 Bemmunua E., ABHO BHPAKAETHCA
yepes I'ycTuHY 30HHUX (epMmioHiB. ¥ 3d-meranax (rpymnu Fe) cmocrepi-
raeThCsA 3aJ€KHICTh 3MEHIIIEHHA JIOKAJBHOTO cIiny (St) i opbiTasbHOTO
momeHTy (Lr) Bim T'yCTHUHU N, 30HHUX €JIEKTPOHIB. AHajoriunHumii pe-
3yJLTAT — JJI JIETKUX PigKicHO3eMeJIbHUX MeTaliB, me Lt <0 (i3 St> 0)
BHpaXKAEThCA depes TyCTUHY N, < 0. Monu Baxxkux P3M (Gd ra in.) 3a-
TIOBHIOIOTBHCA AipKaMu 3 T'YCTUHOIO 1, > 0, 110 gae Lt > 0.

Posmnaz cromy Buminge HOBi asu y dopmi gomen rpym [anya (GG-3 Ta
in.) [5]. Habip nmnackomapasenbaux BKJIOUueHb Co B maTpuri Cui—.Coy
symoBiteHni cerperaniero L.-momerntiB Co momernu Iaiya, posTaimoBa-
Hux y miomuHi (x02). Bumizenna giasMaHTomogi6HUX TOMeEH Tanya Ciz
CTBOPIOE OyIaTHY Kpwuilio [5, 6].

2. 3d-METAJIN (I'PYIIA Fe)
2.1. 3onHu f,-e1eKTPOHIB
Hyabosi 'aminbpToHiAH]:
H =Y &ff,H =88, (1+38,), H =Y I(Q)L,L,1+5,). (2.1)
Bsaemogiiini BHeCKHu:
H™ =3 ySt1(S; + 8 eyr H™ =D v (L, + L), - (2.2)
I pinoBi GyHKIIT (Goromo6iBehKi):
G =<<f, |1} >> E-8,G)+ << (S; + S )., | f; > +D viG'" =1,(2.3)
ne
G =<< (L, + L)f,,, | f; >>. (2.3)

Hacrynauii Kpok: y Bupasi
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[E -&,., + AQIG'® + D [v°G* +y"G*], (2.4)
oe

G* =<<(S; +8,)S, + S8y | £} >>, (2.4"
G* =<<(S; + S, )L, + L.)8,.f, | f; >>,

aIpoOKCUMYEMO iX Tak:
G* = NJG”,G*" =< S/L +S L, > G, . (2.5)
TyT
N’ =<8/S, >, N/ =<L'L > N" =< S'L_>. (2.6)

IligcraBasgemo ix y mouepenHi (popMyJiu i gaji ogep:KyeMo IepeHopPMYy-
BaHHA:

&) =&, +Ag,, Ag, = Y [N, + (o’ N, + 57 NYJe. (2.7)
q

MaeMo BHECOK CHiH-0pOiTaJIbHOTO 3B’ A3KY:

A ~ N =< ST, >. (2.8)

2.2, Cin-opo6itaaxbpuanii 38’ a30K. Kopemxarop

Buxonumo 3 popmymu G:° =<< S’ | S, >>.

Maemo
(E-A)G° + D 1;8°G" =0, ge G, =<<ff, | L, >>, (2.9)
p

a TaAaKOX

(E-¢, +¢, )G +Zy;k,G” +..=0, (2.9
g
e

G"* =<< '8,  wlo oL, | L, >>8  =n,G>. (2.10)

IlizcraBasiemo (2.10) B (2.9') i1 omep:rkyeMoO:

G =(E-A)" 2 [vivy /(B g, +8, )G, (2.11)
k

abo
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<S/L >=[v*y" /(E—-A)e, IN, . (2.12)
Brecok crniH-0op0OiTanbHOrO 3B’A3KY B Ag, , —
A&y =D [vSving /e, (E- ADINY , — (2.13)

3aJIeKUTh BiJl TYCTUHN 30HHUX eJIEKTPOHIB (71, ) i 30y J:KeHb cerperamii,
e 30yasKeHHs cerperamii —

N{ = N(E,), E,, ~T (2.14)

.-
3.TPYIIA 4f (Ce ..., Eu ..., Yb).

VY nerkint vactuni (Ce—Eu) momenTu L, yTBOpeHO eJIeKTpOHAMH, Y BaK-
Kiit wactuni (Gd—Yb) — gipramu (L, TT S,).

Hns pepmionnux mouie emrekTporiB — N.<0, L.<0, a mipok —
N.>0,L,>0. Ixui cuekTpu
H' =Y &0 1 f; anaf, = f{, 1) (3.1)

B3a€MOUYMHATEL 3 MOMeHTaMu Lqi Sq:

Hs‘j’” = qu(e’h)fk*{Lj | Sqi}fm . (3.2)
Buxoxgumo 3 I piHoBux GyHKITif

G) =<<f | >> H, =Y > I8, ILI. =X vt < £7(S, | L)f,., >.(3.3)
q

PiBHAHHA pyXy —

(E-E)G° + Y v*MG, [L1+ G, [ST}, (3.4)

ne
GV 1 =<< 8 L f., | > G™[S;1=<<8,S;f ., | f >>. (3.5)

Bsogumo aBi rpynn 4f-eJIeKTPOHIB — for i far:

H = z gkefe:fer + Z ékhﬁ;ﬁh > (3.6)
k k
BiAmoOBigHO, I ABi rpynnu rpiHOBI/IX (PYyHKITiN:
G =<<Tf, |1 >> G =<<Tf, |, >>. 3.7)

[ Terkux pigxkicHO3eMeIbHUX METAJiB 00MEeKMMOCH G,‘;O . Bsaemo-
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ITiNHUHA BHECOK —

Hy, = > v fo L (S)) + Lo (S) g + 27" P h Ly (S)) + L, (SN, -

(3.8)
Maewmo piBHIHHSA
(E-8,)G" + > vo << (L, + L8 ey | £ >> (3.9)
q
IJIsT (PYHKI[IHA IIePIIIOro HOPAIKY
Gy =<< L f, ey | i >>- (3.10)

4. BIIJIUB CIITH-OPBITAJIBHOI'O 3B’ASKRY HA SOHHI ®PEPMIOHN

Baozumo I'piHoBy pyHKIiO
Gl =<<T,|f] >>. (4.1)
PiBuauusa niisa Hel

(E-8)G] = vs << 8,81, , | >> G, =<<S/f,_ I >, (4.2)
q

kp™~q

kq™~q “p-q,t™7q

(E-T,+8, )G, + D v, () <<8,8:8, L.f . |fi >, (4.3)
t

G* =<<3§,8/8,  Lf  |f >=~<SL >335, G (4.4)
abo
(E-§,)G" = Z(E -, + ép_q)‘lys’p <S,L, > 6kq6p_q,,tG,f . (4.5)
p
Ilicna nepeHOPMYBaHHA MaeEMO
e =8, - > (E-T, +&, ) vs()v.(p) < S, L, >. (4.6)
p
Yepes cain-opbiTanabHU 3B’ I30K
Ae,, =@ <S/L, > ¢, =§, +Ag,, (4.7)
n, =" +1)7", F =[n)]+AF(Ac}) . (4.8)

PospaxyHOK pemrtu IpiHOBHX (DYHKIiil IIEPIIOrO MOPALKY (Tumy
(4.5)) i mpyroro mopanky ( Tumy (4.4) ) tac eHepreTUYHUH UJIeH

AF*° =@Q_[S, xLy]1. (4.9)
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3 (4.9) maemo GepMiOHHUH TepMOAMHAMIUHUI HOTEHINiAJ i Iforo
cuiH-opbiTaabHUIL 3B’ A30K:

Qs—o = Q0 X Ql’ (4'10)

112

2
Q, =ZMK(nf), v(p) = 0,1-1eB, ¢, =10 eB. (4.11)
> €

F

Kopenarop K ryctunu ¢hepMioOHHUX CTaHiB 17 omminioemo 3 (4.11): gasa
K=1 maemo y=0,1 eB. Boiu opbiTaabHOrO MOMEHTY Ha BEJIUYUHY
cuiny mosxHa oniauTu ajs Fe, Co, Ni.

5. BUCHOBRH

1. Coir-opbiTanbHuii 3B’ A30K IIepeHOPMOBYE 30HHI (epMmioHH €, . Bupi-
JIeHO eHepriio Es , ILOTO0 3B’ A3KY.

2. IaTepripeToBaHO CIOCTEPEKYBaHe 3MEHINEHH:A CIiHy St X opbiTajb-
HOro MmoMeHTY L #ioHiB y Co, Ni, .... Ix Bupa:Keno uepes eueprii Es,.
3.B pany 4f-iioniB (pigxicHosemenbHUX JaHTaHiAiB) Es, BILIMBAE Ha
JerKi pigxicumosemesnbHi Metann; ixuHi Sr>0 i Lr<0 BupakeHO uepes
30HHI eneKTpoHU (€ <0). ¥ BaKKUX piAKicHO3eMeJIbHUX MeTajiaX Ha
Ly > 0 BuimBae 30Ha qipok (A" > 0).
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MarneToKaJIOPUYHi BJIACTUBOCTI IMUJIIHIPUIHUX HiKJIEBOTO
Ta 3aJIi3HOT0 HAHOAPOTIB, Ki MiCTATH NONIEPEYHY TOMEHHY CTIHKY

A. B. IlleBuenko

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

Orsnanyro marseroranopuunuii epexkt (MKE) y muriagprnuanx dpepomarser-
Hux HaHozporax (PH), marHeTHa CTPYKTypa SKUX XapaKTepU3YeThCA JIOKA-
JBHOIO TIPOCTOPOBOIO 0b6acTio i3 HeeseBuM Tumom mepeTBOpeHHA BEKTOPA Ha-
mar"HeroBanoctu M — momepeuHoio momeHHOO cTinkoio ([[C). Ha mpukmanmi
HiKJIeBOTO Ta 3aJIi38HOTO HAHOJPOTIiB ITOKAa3aHO, IO BILIUB TemaoBoro pyxy 1C
y c1a0OKOMYy MarHETHOMY MOJIi, iCTOTHO MeHIIoMYy 3a 2nM, IPUBOAUTD IO Hera-
tuBHOTO MKE B cuctremi. ¥ pasi BigcyTaoctu IIC y ipoTax Mae Miciie TO3UTHB-
Huit MKE. Ominku moxasyioTs, 1110, BUKopucToByounu HeratuBauit MKE, mo-
JKHAa 3MEHIUTHY (301i1bIIINTY 32 3BOPOTHLOI 3MiHM MAaTrHETHOTO II0JIA) TeMIIepa-
Typy KommakTis iz 103-10* niknesux (3anisaux) mamogporis Ha 1 K. Haseneni
B OIVIAJL Pe3yJIbTaTU MAIOTh IPAKTHUUYHE 3HAUEHHA Y KOHTEKCTi PO3POOKU MO-
IEePHOBUX TEXHOJIOTiH, AKi I'PYHTYIOTHCA HA MAarHeTOKAJIOPUYHUX BJIACTHBOC-
Tax nuaiagpuuanx @H, aki micraTs nonepeuny [1C.

Karouosi cioBa: mwringpuyHmii hepoMarHeTHUN HAHOAPIT, IIOIEpeYHa [0-
MeHHa CTiHKa, MarHeTHe II0Je, MarHeTOKAJOPUUYHUH e(peKT, eHTPOIisd.

The magnetocaloric effect (MKE) in cylindrical ferromagnetic nanowires
(FN), the magnetic structure of which is characterized by a local spacing re-
gion with a Néel’s type of transformation of magnetization vector M—a cross
domain wall (DW), is reviewed. For nickel and iron nanowires, it is shown
that the influence of the thermal motion of DW in a weak magnetic field
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smaller significantly than 2nM causes a negative MKE. In the absence of
DW, there is a positive MKE in wires. Estimates show that it is possible by
means of a negative MKE to reduce (or to increase with the reverse change of
the magnetic field) the temperature of a compact comprised of 10*—10* nickel
(iron) nanowires by 1 K. The results presented in review are of practical im-
portance in the context of the development of state-of-the-art technologies,
which are based on the magnetocaloric properties of cylindrical FN with a
cross DW.

Key words: cylindrical ferromagnetic nanowire, cross domain wall, magnetic
field, magnetocaloric effect, entropy.

(Ompumano 25 mpaeusa 2024 p.; ocmamoun. eapianm — 6 wepeus 2024 p.)

1. BCTY1II

OpuuM i3 IepCIeKTHBHUX HANOPAMIB IIOIMIYKY HOBUX METOiB 0XO0JIO-
IKEeHHs/Po3irpiBy € po3pobKa TBEPAOTIIbHUX KPioeJeKTPOHHUX iHTe-
I'PAJILHUX CUCTEM, OB’ A3aHUX i3 KaJOpUUYHNMHU edeKTaMu Pi3Hoi (izu-
YHOI IIPUPOAM, AK1 MAIOTh MicIle y TBepAUX Tijax. ¥ 3araJbHOMY BUIIa-
IKY IIi ABUINA CIIPUYMHEHO 3MiHOIO0 eHTPOIil Ta TeMIlepaTypy TEPMOIM-
HaAMiUYHMX CHCTeM i3 3MiHOIO y3araJbHEHUX 30BHIITHIX ITOJiB (eJeKTpu-
YHUX, MarHeTHUX, 30BHIITHIX HAIPY:KeHb, TUCKY) B izoTepuuHOMYy I
amigsbaTuUYHOMY IIpollecaxX BiamoBigHOo. BomHopas edeKT 0XOJOomKeH-
HdA/po3irpiBy BUHMKAae 3a paxyHOK B3aeMo[ii B30BHINIHiIX moJiB i3
MiKpPO/HAaHOCTPYKTYPHUMHU CKJIQOBUMM CaMOI'0 TBEPAOTO Tija: AoMe-
HaMu, JOMIIlIKaMu, HOHAMMY, SIAPaMU.

Cepe KaJIOPUUYHUX ABUI Y TBEPAUX TiJiaX BUPIBHSAIOTH €JIEKTPO-,
0apo-, egacTo- Ta MarHeTOKaJOpUUHUN edeKkTu. ¥ IOomaabIlIOMy 3YIIH-
HUMOCH Ha ocTaHHbOMY. [auuit epext O0yB Bimxputuii II. Beiiccom Ta
A. Ilixxapgom y 1918 porri [1], a #toro mepiri cucTeMHi BUMiplOBaHHSA
0yJsi0 BUKOHaHO B poboTi [2]. Maruetorkanopuunnuii epekt (MKE) € mie-
BUM (piBMYHUM MeXaHi3MOM, AKUUN yMOKJIMUBIIIOE BILJIMBATH Ha TeMIle-
paTypy I eHTPOIil0 MarHeTHUX MaTepiaxiB. ¥ mpolieci aaiss6aTHOI 3Mi-
HU BeJINUMHY 30BHINTHHOT'O MArHETHOT'O IT0JIA PO3PiBHATH IMOBUTUBHUM i
Her'aTUBHUI MarHeTOKaJOPWYHi e)ekTH. Y IIEPIIOMY BHIIAAKY TeMIIe-
paTtypa cucTeMu i3 30iIbIITEHHAM (3MEHIITeHHAM) aMILIiTyIu IOJIA 3POC-
Tae (MOHMMKYETHCS), YV IPYTrOMYy — IMOHMKYETHCA (3pocTae). BuxkopucTo-
ByIOUHU IIell epeKT, MOKHA JOCJIIKYyBAaTH MarHeTHY eHTPOIiI0 Ta Tell-
JOMICTKiCTh MarLeTukKa, JaHi Opo AKi maroTh iH(popMaIlliio 1miozo B3ae-
MO3B’SABKY MiK HOT'0 TEPMOAMHAMIUHMMHY Ta MAarHeTHUMHU XapaKTepuc-
THKAMM, a TAKOYK JTOIOBHIOIOTh BiIOMOCTI IIPO Or0 MarHeTHE BIIOPS/I-
KyBauus. Kpim Toro, MKE xapaxTepusye moBefiHKy MarHeTuka y 30B-
HIIITHBOMY MarHeTHOMY IOJIi. BiJbI goKJIamgHO IIPO JaHe SIBUIIE, METO-
IUKYW MipAHHS, MaTepisanan, y AKMUX BOHO BiOyBaeThCs, IPAKTUUHI ac-
NeKTH Ta NepCIeKTUBU MOro 3aCTOCYBaHHA MOKHaA O3HAMOMUMTHCA B
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oraamax [3—10].

CyuacHui cTaH po3BUTKY (Pi3MUHOI HAYKM 3YMOBJIIOE OCOOJIUBUIH iH-
Tepec OO0 HaHoMAacHITa0HUX QepomMarHeTHmx MaTepisaiB [11], cepen
SIKUX OKPEMO BUPi3HAIOTH IPOTAKHI cCuCTEMU: HAHOCMYTH, HAHOIPOTH,
HaAHOHUTKM TOIO. Y HiKaJbHI CTPYKTYPHI Ta TepMOAUHAMIUHI BJIACTHU-
BOCTi X 00’€KTiB POOJIATH iX BeJIbMU IPUBAOGIUBUMUI II[OJ0 3aCTOCY-
BaHHA B IIEPCIEKTUBHUX HAHO-, 6i0- TA MEAMYHUX TexHoJoriax [12]. ¥
ITaHoMYy KOHTEKCTi ciin BigmiTuTu podoty [13], vy akiit suepmre MKE mo-
CAiMKyBaBcA y HWIiHApUYHOMY (QepomarHerHomy HauHoxporti (PH),
AKUU MicTuB momepeuny gomenny cTiaky ([[C). Bymo BcranoBiaeHo, 1110
y (epuT-rpaHATOBOMY HAHOJPOTi y CIAOKNX MarHeTHUX MOJIAX, BEJIU-
YyrHa SKUX iCTOTHO MEHIIA 3a II0Jie MarHeTyBaHHS IPOTY, YNHHUK Tel-
aoBoro pyxy I C symosiioe Heratusuuit MKE. Bogrnouac cam edekT mae
ACKPAaBO BHPaKeHUI PO3MipHUHA xXapaKTep: cjadlmaec i3 30iIbIIeHHAM
Iiamerpa HaHoxpory. Kpim Toro, y po6ori [14] 6yJs10 Tokasamo, 110 IIpo-
1mec amisgsbaTUUHOI 3MiHM 30BHIIITHHROIO MarHETHOTO II0JA Y HAHOAPOTAaX,
aki mictars [IC, ysromKyeThcsa i3 3acCafHUYNM IIPUHIIUIIOM CaMOpery-
aboBauux cucreMm Jle [llarennre—Bpayna [15]. MKE y zanismomy Ta HiK-
JIeBOMY HAHOIPOTAaX, MAarHeTHA CTPYKTYypa AKUX XapaKTepPU3yeEThC IO-
nepeunoo /[IC, BuBuaBca y crarti [16].

Oxpim nuringpunuaux @H, MKE gocraigsxyBaan TaKoX i B HAHOAPO-
Tax, Ofep:KaHUX eJeKTPoocamKeHHAM ['oiiciepoBuX CTOINB (IuB., Ha-
mpukJag, poboru [17-20]). Tak, y crarri [17] MKE BuBuanmu y gporax
Ha ocHOBi cmonyku Ni—Mn—Ga. ABTopamu 6yJ10 BCTaHOBJIEHO i30TepMi-
YHUHN CTPHUOOK eHTpoIii B 00JIaCcTi MapTeHCUTHOTO IIE€PETBOPEHHS JIPO-
TiB. AHajsoriune aBuine 0yJy0 3adikcoBauo i B podori [18] s marmompo-
TiB Ha ocHOBiI NizMnGa, BKPUTHUX CKJSIHOIO ODOJOHKOIO, TA Y CTATTAX
[19, 20] gns mikpomporiB Ha ocuHoBi cromiB Ni—Mn—-Ga—Co—Gd i
NizFeGa BigmoBiguo. Bogmopas caMm edeKT y BKasaHUX BHUIIe MaTepid-
Jax BimbyBaBcd, AK i y Bunaaky nuiainapuunux @H i3 monepeunoro [[C,
y obJacTi cIabKMX MATrHETHUX IIOJiB. 3a3HAUMMO, IO AaHi MaTepisanu
BeJbMH 3aTpe0yBaHi B AKOCTi X0JIOOATr'eHTiB, IPUBOLiB, 1aBaUiB, CEH-
COpiB, TepMOpeJIe TOIIO.

3azHaveHi BuIe POOOTH 3aI0YAaTKOBYIOTH HOBHUH aKTyaJbHHWHA Ha-
npaM y ¢isuii HamoMacmITaOHMX CHCTeM — BUBUEHHS KaJOPUUHUX
SABUII Y IPOTSKHNX HAHOCHCTEMAX i3 MIMPOKUM CIEKTPOM (pyHKITiOHA-
JBbHUX MOXKJNBOCTEM. BoueBuab, 1110 BiH MaB 01 TAKOMK BKJIIOUATH U JTO-
CAiMKeHHA BILIMBY HAHOPO3MipPHUX MOMIITIOK Ha mepedir caMmx Kajio-
puuHUX nporeciB. Tak, HampuKkJaag, 3a gomomoroio momnepeunoi I[C mo-
JKHA He TiJbKU BILIMBATHU Ha TePMOAMHAMIUHI cTaHM HaHOAPOTiB [21,
22], ame i1 sminroBaTu Temueparypauit 3uak MKE [16], axkuit B HuX Bifg-
oyBaeTbca. Came posriany MKE y nuningpruHrx HiKJIeBOMY Ta 3aJIis-
HOMY HaHogpoTax i3 momepeunor [IC i mpucBaueno mamy pobory. Cdo-
pMyJILOBaHi B Hilf Ha OCHOBi pe3yibTaTiB crareii [13, 14, 16] i moHorpa-
¢ii [23] BucHOBKY I y3araJbHEHHSA MAaIOTh CIPUATHA ()OPMYBAHHIO BKa-
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3aHOI'0 HAIIPAMY JOCJIiIKEeHb.

2. MATHETHA EHTPOIILS TUTHAPUYHOIO ®H, AKHANI
MICTHUTBD IIOITEPEYHY AC

BBa:xarouu mporiec agis6batTudamuM, i3 ymoBu dS =0 (S — enTpomia cuc-
TEeMH) OJEPKYEMO BaJIeKHICTh MiK 3MIiHOI0 aMILIITyAW 30BHIITHLOTO
Mar"eTHoro moJd h,<<1 (h,=H./(4xrM), Bick Oz JlekapToBoi cucTeMu
KOOpAMHAT HAIPAMJIEHO B3OBMK AOBroi oci mMumiiHapa) Ta Temmepary-
poio T maHOAPOTY, AKUI MicTuTh monepeuny I[C:

dh, cop /T )
dT (0Spyw / Oh)y p + (@3S, /Oh)y

ne c,, — TeIJIOMICTKiCThb APOTYy, Spw — €HTPOIifA, 3yMOBJIe€HAa TeILIO-

BuM pyxom [IC y maraerHomy mmoJii H,, S, — eHTpoIIia MarHouis.
¥ BigmoBigmocTi mo [23] euTpomito TemnoBoro pyxy momepeuroi I[C
3aIUIITEeMO HACTYITHIM YNHOM:

NE,ce™
SDW = 2‘;81: X
. 5 (2)
X {(1 +a) (1 +InD - Eln a+ln (sh(ahz) / (ahz))j + e ah, cth(ahz)} ,

Ie kg — BoabIMaHHOBA cTajla, ¢ — IIapaMeTep I'PaTHUIII MATepiday Ha-
HOApOTY, a=n¥2AY2Md?/(ksT), A — napamerep oOMiny, d — misimerep
HaHOIPOTY, O;=(A/(nM?))/2 — mapamerep mupuHu nomnepeunoi IIC.
Bupas g5 Spw 0yJI0 ofiep:Kamo HaMu 3a (pOpMYJIOI0

Spw = —0F,y /0T, 3)

ne Foy = —Nk,T(c /(25,))e (1+InD -2" Ina +In(sinh(ah,) / (ah,)))

— BisnbHA eHeprig TemroBoro pyxy momepeunoi IC, D = d?AY? / (2N/2yh),

Y — ripomarseTHe BifHoleHHA, i — [l1aHKoBa cTama.
BurkopucroByouu Fpw, MOKHaA TakoK BuU3HauuTu M — cepenHii
MAarHeTHUU MOMEHT HaHOPOTY, CHPpUUYNHEeHNH TeroBuM pyxom I[C:

o 1 Ry
2nM 0Oh,

= VMe“L(ah,), (4)

me L(x)=cthx —1/x — JlanxeBenoBa QyHKITiA.
3Baskaiouu Ha Te, ITI0 3a3BUUail a << 1, i3 (4) AJd MHOKHWHU YaCTU-
HOK, IIOIEePeUHUil po3Mip AKUX cKJaamae 20:, MOKHA OJep:KaTH BHPA3
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I cepeqHbOl HaMarHEeTOBAHOCTH amcaMOJII0 ImapaMarHeTHHX HOHIB y
30BHIITHBOMY MarfeTHOMY Ioji (guB. Gopmynay (23.52) y moHOrpadii
[24]). Binbm gorkynamHO i3 BmacTuBoCcTAMU M MOYKHA O3HANTOMUTHUCH 34
pob6ororo [22].

Hudepeniritoroun gaui 3a moyem A, Bupas (2), 0Iep:KyeMO HaCTYITHE
CITiBBiTHOIIIEHHS:

pw _ Nk, ——ae ™| aL(ah,) - ah, oL(ah,) | (5)
oh 25, oah,

Bpaxosyrouu (4), Bupas (5) nepenuIemMo y BUTJIALII:

0Syw / N, aM - H,0M /0H,
o0H T

z

b

ne Ny=mnd?/(4c?) — KiJgbKicTh (POHOHIB y IOIEPEUYHOMY HAIPAMKY HAa-
HOZPOTY. B
HexTtyiouu unenom aM /T, ocTaHHIO (hOPMYTYy MOKHA IIePETBOPUTU
HACTYIIHUM YHHOM:
Do M ©®)
oH T

F4

me S,y = Spw / N, + MH, — cepenHs eHTPOI A (Ha OXUHAIIO KBa3W4a-
CTUHKM), BU3HaUeHa 3 TOUHICTIO 0 cTajol (quB. popmyay (3)), AKa 3a-
JEXKUTD Bixg moysa H,.

Jlerko 6aumTu, 110 Bupas (6) y3roaKyeThcs i3 BijoMuM CIiBBiZHO-
HIeHHAM Mi’K €eHTPOIIi€l0 Ta cepelHiM MarieTHUM MOMEHTOM KBasuuac-
TuHKu [15].

VY cBolO Uepry, eHTPOIiio S, 3HAXOAMMO i3 TePMOIMHAMIUHOTO IIOTe-
HIiAJYy CUCTEMU MarHOHiB y (DepoMarueTury Qup:

S, =-0Q, /oT, (7)

SIKUH, 3TigHO 3 [24], Mae BUIIAL,

3/2 72
T
Q =-N sz T j doI(0,,pB)sin0, (8)
6n° \ Ty o
ne o =4nu,M /(k;T),p=2u,H, /(k;T), us — DBopiB marmeroH, a
I1(6,0,P) = j xdx [(a® sin® 0 + x?)"* — (asin® 0 + B)J2.
B2 +opsin? 0 e - 1

HeBakko 6auuTn, mo k. =p/o. BpaxoByrouu nanuii hakrt, iHTerpas
1(9, o, B) v (8) mepenuireMo HACTYITHUM YNHOM:
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1(8,0,p) = 1(6,a,h,) = dxf(x,6,a,h,), 9

a(6,h,)

a¥? ([1+2° / (a®sin* 0)]> —(1 + & _sin )" sin® 0
ne f(x,0,0,h,) = ( 1 - ) , a
e —

HuKHA rpasuns a(0, k) = ah’ + 2k, sin® 0 .

BoueBunsb, 110 y BUIIAAKY cJAa0KMX MarHeTHUX moJiB (h. << 1) Bupas
(9) Mmo:XHaA PO3BUHYTH B pAn 3a cremeHaMu h.. Toxi (mas cupoineHHS
CUPUHIHATTA POPMYJ OTYCKAEMO B HUX 3aJI€KHICTh BiJ aMiHHUX 01 o):

I(h,)=1(0)+ ol(h,) h,, (10)
Oh, W o
Ie y BizmosigHOCTi o popmyn HeroToma—Jlaiibouina
ol(h)) < 8a(h )
il S 2 dx—1f(x,h) — f(a(h),h
o ai) ahzf( ) - flath), k)=

3anucyioun JaHWN BUpPas, M BpaxXyBaJu, IO JOJAHOK, SKUHA BiJIOBi-
Ila€ BepXHill rpaHuIli iHTeI pyBaHHs, 00ePTAETHCS B HYJIb.

Bpaxosyoun, 1mo a<<1, micas miacTaHOBKM IIEPIIOro AOAAHKY i3
dopmyau (10) y (8) Ta inTerpyBaHHSA OJEPIKAHOr0 PE3yJIbTATY 3a II0J-
pPHEM KyToM O omep:KyeMoO BimoMuii BUpPas AJIA TePMOAUHAMIUHOTO IIO-
TEeHI[IAJY CUCTEMU MarHOHiB Qom 3a BiJICYTHOCTU 30BHIiIITHLOT'O MAarHeT-
HOTrO 10J1s1 [24]:

6n° | T,

3/2
_ kT(T—j rG/2)0G5/2),

ne ['(x) — ramma-pyHKITiA.
Hami, Buxonsuu i3 posBuHeHHs (10), micasa paay HeCcKJIaIHUX IIepPeT-
BOPiB 3HAXOANMO

( oI(h,)

__§ 1/2 )
o Jho_ 5@ "T(3/2)K@/ 2)sin’ 0. (11)

Bpaxosyounu dpopmyan (7), (8), (11), omep:KyeMo Bupasu AJIA TEPMO-
OUHAMIYHOI'O MOTEHIlAny € , 1 eHTpomil S, , cucreMmu pepoMarHer-
HUX MarHOHIiB y clabKOMYy MarHeTHoMy moJri H :

3/2
o :NthQ(S/Z)(Tl] n.

viM (T
m,h, 61'[1/2 z Sm,hz 1/2 C( ) [

3/2
—| h.(12
kT TJ =-(12)

K
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TakuM YMHOM, BUKOPUCTOBYIOUM cIiBBigHOoImeHnHA (5), (12), 3Haxo-
muvo  g(a,h,) = ((8Spy / Oh.)y » + (S, / 0h.)y, )/ (Nk,) — marmermy
€HTPOMil0 HAHOAPOTY, 3HAK AKOI, y BigmoBigHocTi 1o (1), BuU3HaUae THUII
Horo TepMOoAMHAMIUHOI B3a€MO/ii i3 30BHIINTHIM MaraeTHUM 11oJieM H:

c
a,h))=——ae *| alL(ah)—ah
g(a,h,) % [ (ah,) 2

t

oL(ah))) &(3/2)yaMad,( nd’A (13)

dah, 4r*?d*A | a8,k T, )
Tak, axio g(a, h.) >0, TeMmepaTypa CUCTEMHU 3MEHITYEThCA i3 36iJb-
IIeHHAM BeJqnduHu mouasa H., a aximo g(a, h.) <0, mae miciie 3BOpOTHi
edpexr. [ami TemmepaTypHi peKMMH HAHOIPOTY SABJIAIOTL CO0OI0 Tak
3BaHiI MarHeTOKaJIOPUYHI BJIACTHUBOCTI, IKi XapakTepu3yIOTh 3MiHy HO-
ro TeMIIEpaTypu y 30BHINMTHbOMY MarHeTHoMy I1oJii. BixmoBigHo, B mep-
miomy Bunagky B @H BinOyBaeTnca merarusuauit MKE, B ipyromy — mo-
sutusauiit MKE.

BukopncroByooun HACTYIHI uwncenabHi maHi: coni=3,524-1078cmMm,
cre=2,866-108cm, Myi=5-102Tc, Mr.=1,7-103Tc, Axi=10%epr-em?,
Ar.=2-10"% epr-cm™!, mpoBOAMMO PO3PAXYHOK GYHKIiN g(a, k) Hia HiK-
JIEBOT'O Ta 3aJIi3HOT0 HAHOAPOTiB (HuB. puc. 1i 2 Bigmosigmo).

Jlerko GaumTu, 110 B 000X BHUIIaJKaX € TeMHOepPaTypHi iHTepBau
ATxi,re, B MEXKAX AKUX g(a, h;) >0, ToOTO B JTaHUX cHCTeMaX BigOyBaETh-
ca meratusuuiit MKE. BogHouac mupuun 3a3HaueHnX iHTepBaJIiB 3poc-

810+

6107

gla, h

4-107

2107

Puc. 1. TemneparypHi 3ane:xkuocTi QyHKIIT g(a, h:) A1a HiKJIeBOTO HAHOAPOTY
mismerpom d = 1,25 um 3a pisHUX 3HaueHb moad h.: I — h.=0,1,2 — h.=0,15,
3—h-=0,2.

Fig. 1. Temperature dependences of function g(a, k.) for nickel nanowire of
diameter d =1.25nm at various values of field h.: I—h.=0.1, 2—h.=0.15,
3—h-=0.2.
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2,0-10° 1 |

1,5-107

g(a, h)

1,0-10

0,5-107°

0 5 10 15

Puc. 2. TemmeparypHi 3amesxHocTi GyHKII g(a, h:) AaA 3aIi3HOTO0 HAHOAPOTY
mismerpom d =1 M 3a pisHUX 3HAUeHb moasd h.: I — h.=0,1, 2 — h.=0,15, 3
— hz = 0, 2.

Fig. 2. Temperature dependences of function g(a, k:) for iron nanowire of di-
ameter d=1nm at various values of field h.: I—h.=0.1, 2—h.=0.15, 3—
h:=0.2.

TAIOThH i3 30LJIBIIMEHHAM aMILIiTyAU MarHeTHOTo mojd. Tak, nasa Hikie-
Boro HaHoxpoty (d =1,25 um) maemo: 277,7TK>ATx; > 28,5 K (h.=0,1),
288, TK>ATxi 227,83 K (h.=0,15), 303,7TK>ATni> 26,1 K (h.=0,2);
naa samisHoro Hamogpoty (d=1um): 819,38 K>ATr.>92,1 K (h.=0,1),
860K >ATr.>88K (h,=0,15)i917K >ATr. > 83,6 K (h.=0,2).

Take & aBuIlle Ma€ MicIe i g1 TeMaepaTyp Tmax nire, AK1 Bigmosiga-
I0Th MaKcuMyMaM QYHKIIH g(a, h.). lle neMOHCTPYIOTH, HACTYHHI pAIU
3HAueHb s HikgeBoro HzHaHoapory (d=1,25 HM): Thaxni=92K
(h:=0,1), Thaxni=92,7 K (h,=0,15), Thax ni=94,6 K (h,=0,2) Ta i1 3ari-
s3uoro HaHOAPOTY (d=1HM): Thaxr.=283,2K (h.=0,1), Thaxre=285K
(h:=0,15), Thax re =291 K (2. =0,2).

Haunii pesyabTaT € HACHiZKOM 30iJbIIIeHHA MarHeTHUM moJyieM H.,
KimbrocTu MikpocrauiB [IC B ommumuHi#T KoMipiri 20 il pasoBoro mpoc-
TOPY. 3P03yMiJjIo, 110 MogaJbIille 3PpOCTaHHA H, MPUBOAUTD A0 IiACHJIeH-
H{ IILOTO ABUINA (IUB. puc. 3, 4), To6TO D0 30iIBIIIEHHSI €HTPOIIil TemIo-
Boro pyxy HC. fAx Hacaimok, BimOyBaeThbcs 30iJbINIEHHS BeJIUUYNHU
Tmax Ni,Fe, @ TAKOXK TI'PAHUYHUX 3HAUEHb TeMIepaTypHUX I1HTepBaJiB
ATxire. KpiMm TOTO, TEMIIEPAaTypa BepXHBLOI (HUKHBOI) I'PpaHUIIi iHTEepBa-
Ay AT i, re TIZBUITYETHCS (HOHUIKYETHCA) TAKOMK 1 38 PaXYHOK BKJIIOUEH-
Hf B TeMIIepaTypHUIL NiANa30H TOUOK BU3HaUeHHA QYHKIII g(a, h)), aki
BiZITIOBiZaOTh aMILTiTyaM 30BHIIITHIX MardHeTHUX IOJiB A , MEHIIINX 32
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1,15

DW

0

Spw/S

1,00

Puc. 3. TemnepatypHi samexuocti BigHocroi enrpomii Sy, / Spy (Spy, — emr-
poria TemmoBoro pyxy momepeunoi [IC 6e3 MarHeTHOTro IOJIsS) 3a PiBHUX 3HA-
YeHb 30BHIINMTHHOTO MAaTrHETHOTO IOJIA IJd MUIIHIPUUYHOTO HiKJIEBOTO HAHOIPO-
ry(d=1,25um): 1 — h.=0,1,2 — h.=0,15, 3 — h.=0,2.

Fig. 3. Temperature dependences of relative entropy Sy, / Spw (Spy is the
entropy of thermal motion of a cross DW without magnetic field) at various
values of external magnetic field for a cylindrical nickel nanowire
(d=1.25nm): 1—h.=0.1,2—h.=0.15, 3—h.=0.2.

BEeJINYUHMU I10JI 1.

TemIepaTypHO-IIOJBOBi 3aJIEXKHOCTi, AHAJOTIUHI JO HaBeJEeHUX BU-
e, MalTh MiCIle TAKOMXK 1 IJId MUJIIIHAPUIHOTO (DePUT-I'PAHATOBOTO Ha-
HOzIpoty [14].

Bigmitumo, 1o meratusuuii MKE € HacaigKkoM mOpiBHAHHOCTHU TeIl-
JIOMiCTKOCTH TeIlJI0BOT0 pyXy momnepeunoi [IC i3 MaruoHHOO TEeIIJIOMiCT-
KicTio HaHOAPOTY. fIK IIOKa3yIOTh PO3PaxXyHKM, BUKOHAHI B poboTax
[13, 21, 25], maHe sABUIIE IOMiTHO cJIabIITae 3a TeMmuepaTyp, 0iabIIux 3a
remnepatypy Iebas Tp marepianiB mporiB. Brim, meratusumit MKE
MOKe OyTH MOCHUJIEHUH IILJISXOM 3MEHIITeHHS BeJIMUYNHN HaMarHeTOBa-
HOCTHU HAHOAPOTY (IUB. HUIKUE).

BoueBuan, 1110 30iJIbIIIeHHA AiAMeTpa HAHOAPOTY 3yMOBJIIOE II0OCJIA0-
JeHHS ynHHUKA TemmoBoro pyxy IC. Ile, B cBoio Uepry, IpuBOAUTE A0
3MEHIIIeHHS 00JacTu BU3HAUEHHA e(eKTy, SKUM PosriamacTbesa. Kpu-
TUUYHUH gisgMmerep d. HIKJEBOTO HAHOAPOTY, 3a SAKOTO Ile MAae€ MicIie
MKE, 3HaxoquMoO 3 YMOBU PiBHOCTH KOPEHSA PiBHAHHSA, AK€ BU3HAUAE
HUKHIO TPAHUIIO iHTepBaay aBuIia — g(d., k.)=0, Temnepatypi Kiopi
Hikg0. BigmoBigui pospaxyuku, BukoHaui gaa h.=0,15, mamoTh
derni = 5,4 uM. AHagnisa kpuBoi g(a, h.), 3pobieHa IJisd TOTO K 3HAUEeHHS
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[
T

DW

0

SD\V/S

0,0
0

Puc. 4. TeMngaTypHi 3aJIeXKHOCTI BigHOCHOI en:rponii Spw / Slgw 3a pisHUX
3HAYEHDb 30BHITHHOI'0 MATHETHOT'O II0JIA IJIA VI HAPUYHOTO 3aJIi3HOTO HAHOJ-
pory(d=18am):1 —h.=0,1,2—h.=0,15,3 — h.=0,2.

Fig. 4. Temperature dependences of relative entropy S, /S5, at various
values of external magnetic field for a cylindrical iron nanowire (d =1 nm):
1—h.=0.1,2—h.=0.15, 3—h.=0.2.

MAarHeTHOTO IIOJiA, IIOKasdye, IO [JJs 3aJi3HOTO HAHOIPOTY
derre = 3,16 um. HaBeneHi 1ani BKa3yooTh, 1[0 PO3TIAHYTAN HAMU e(DeKT
€ CYyTO HaHOMACHITAOHMM sABUIleM. KpiM Toro, sHaueHHA KPUTUIYHUX
panmirociB HAHOAPOTIB IIOMITHO MHepPebiNBLITYIOTH HapaMeTep I'PATHMUIL
MaTepidaiB, IO Y3TOMKYEThCS i3 HaOIMKEHHIM 3aCTOCYBaHHA (GOPMY.JT
(12). Pasom 3 TuM, gaHi BEJIMYMHHN MAlOTh OyTH MEHIIIUMHU 3a pagiiocu
3,1:102um paa mikaesoro i 1,3-102 HM [Jia 3ayi3HOroO ApOTiB, 3a AKUX
nmounHae opmyBaTtucs JIC iz Biroxosoio Toukoro [26].

Y rparnuHOMY BUNAAKY d — o (mepexin mo o6’eMHUX (hepoMarHeTu-
KiB) Gesposmipumii mapamerep a=4AS,/(8:ksT)=nAd?/(8:ksT) TaKoM®K
mpaMye g0 . BpaxoByiouu 1ieit pakr, i3 hopmyau (13) ogep:ryemo, 1110
MarHeTHa eHTPOMIidA CHUCTEeMM BU3HAYAETHCS BUKJIIOUHO €HTPOIIi€Io (e-
poMarseTHMX MATHOHIB, i B cucTeMi BimOyBaeThCA TiMILKU IIO3UTUBHUI
MEKE.

3ayBasKuMo, 110 y poborax [13, 21, 22] 6y10 BCTaHOBJIEHO IIOCUJIEHHST
BILIUBY TemnoBoro pyxy HC ma TepmommmamiunHi BiactuBocti ®PH i3
3MEHIIeHHAM 1XHbOI HaMarHeToBaHocTU. 1leif BUCHOBOK y3TOIKYyETHCA
i3 omep:KaHMMMU HAMU 3HAYEHHAMU KPUTHUYHOTO misgsMeTpa e(eKTy IJIs
HaHOAPOTiB, Beanmumuaa M AKUX MeHIIa 3a HAMarHeTOBAHICTHL HACUTY
HiKJII0 i 3a7i8a: dor.ni = 8 HM (361i1bImenHsa Ha 48% ) 4aa Myi=2,5-102Tci
derre=4,03 HM (30inbmenasa Ha 27,5%) gaa Mr.=1-103Tc (h.=0,15)
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BigmoBimHO.

3. OIIHKA MKE B HIRJIEBOMY TA SAJISHOMY HAHOJAPOTAX,
ARI MICTATD IIOIIEPEYHY OC

Oninnmo BeanunHy HeratuBHoro MKE B muriHAprUYHNX HIKJIEBOMY Ta
s3ajisHoMy Hamomporax. Ilim uac posradny maHOTO IMUTAHHS OyZeMo
BPaxoBYBaTH (POHOHHY TEIJIOMICTKiCTL CHUCTeMM, IOPALOK BEeINUNHU
AKOIl BiAmoBigae maHill TepMOAMHAMIUHIN XapaKTepUCTHUIII HIiKJIIO Ta 3a-
Jisa. BusHaunMo BepPXHIO TPAHUII0 TeMIIePaTypPHOTO iHTepBaay (QPyHK-
it gnire(a, h.) Temmeparyporo Tp. Tomi giua T < Tp popmyay (1) moxkHa
mepenunucaTu y BUTJIAI1
43
G(a, h,)dh, = ﬂ da, (14)
5
ne G(a, h.)=a‘*g(a, h.), C =n32d2AY2M /(ksTp).
I'padikm pynxruiit G(a, h;) 0jasa HiKJIeBOro Ta 3aji3HOTO HAHOAPOTIB
HaBeZeHO Ha puc. b i 6 Bigmosigmo. Bugno, mo G(a, #.) MaloTh gJocTaT-
HBbO PiBKUHA MAKCHUMYM, B IKOMY, K IIOKA3yIOTh PO3PaxXyHKH,

0,6

04

Gla, k)

0,2

15

Puc. 5. Temneparypui sanexuocti pyukiii G(a, h:) 3a pisHUX MarHeTHUX II0-
JiB h. mns HiKJeBoTO HaHoapoTry amiamerpom d=1,25um: 1 — h.=0,1, 2 —
h.-=0,15,3 — h.=0,2.

Fig. 5. Temperature dependences of function G(a, h:) at various magnetic
fields h. for a nickel nanowire of diameter d=1.25nm: I1—h.=0.1, 2—
h.:=0.15, 3—h.=0.2.
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Gla, h.)

0.5

Puc. 6. Temneparyphi 3ane:xkuocti Gpynkii G(a, h.) 3a pisHUX MarHeTHUX IIO-
JiB h. pja sajgisHoro HaHOoApoTy miamerpom d=1um: I — h.=0,1, 2 —
h.=0,15,3 — h.=0,2.

Fig. 6. Temperature dependences of function G(a, h:) at various magnetic
fields A. for an iron nanowire of diameter d=1nm: 1—h.=0.1, 2—h.=0.15,
3—h.=0.2.

1(0°G
G yh) >> —| —
(amax z) 2 (aaZ j

a:amax

Tomy 3pobumo oiHKy MKE mo6I13y TOUKM Gmax, OCKIIBKM caMe B I[ii
00.J1acTi HabOiJIbII CUJIBHO IPOABIACTLCA JaHe SBUIIIE.

PosBuBaooum gaji B OKOJi Gm.x GyHKITIIO G(a, h.), Imicaa inTerpyBanua
omeps;kaHoro Bupasy is (14) saHaxogmMo:

GhAR, = = (15)

ne a,, — SHAUYEHHSA Gmax, AK€ BIANOBiZae cepefHLOMY 3HAUEHHIO Mar-
HETHOI'O IOJIA hzc , oOpaHOMY Ha iHTepBami: Ak, = hz2 - hz1 , AT =T1—-T,,

ne Th1 — moyaTKoOBa TeMIlepaTypa HaHOAPOTY, 1's — KiHIleBa.
s HikJgeBoro HaHOAPOTY 3 mAiamerpoMm d =1,25 HM nad 3MiHu Mmar-
HerHoro mona Ah.=0,1-0,2 wmaemo: h, =0,15, a,, =6,864,

G(a,, - h, ) =0,451, Thex=46 K. Tomi 3 dopmyam (15) smaxommmo
AT =2-103 K.
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PospaxyHKM TOKAa3yIOTh, IO MOAAJbIITE 30iIbIITeHH iTMeTpa HaHO-
IPOTYy WIPUBOAUTEL A0 mnocaabiaemusa umeratuBHoro MKE. Tax, mas
d=28M Tnx=120,3K, AT=3,3-10*K; nug d=2,58M Tnx~188 K,
AT =1,4-10*K. BoueBub, 1110 3MiHa MarHeTHOI'O IIOJIA B 3BOPOTHLOMY
HampaMKy Ak, =0,2—-0,1 smimioe 3HaK iHTepBary AT Ha IPOTUIEKHUIM.

Ominka sriguo 3 Bupasom (15) merarusHoro MKE nnsa 3amissoro Ha-
HOAPOTY (B TOMY K AiANAa30HI MarHeTHUX IIOJiB) A€ HACTYIIHUIN P
sHaueHb: AJad d=18M Th=142,8 K, AT=8,5-10*K; g d=1,25am
Thex=225K, AT=3,4510"K; gua d=1,58M Tnx=326,56K,
AT=1,710*K.

HaseneHni Buille po3paxyHKM BKa3ylOTh Ha MOMKJIUBICTh 3MiHU 3a J10-
nomoroio Heratrusuoro MKE mouaTKoBol TeMIlepaTypu MacuBy iz ~ 103—
10* miksgeBux i 3anisuumx HaHoApOTiB Ha Beauuuny ~ 1 K. Bogmouac gis-
MeTpU HAaHOJAPOTIiB, AKi BiIIIOBiZAIOTL JaHOMY ABHUIIY, 30iIbIITYIOTECA i3
3MEHIITeHHAM BeJINUYNHU IXHLOI HaMarHeroBaHoctu. HanpukJjaanm, y Hik-
smeBoMy HaHOAPOTi 8 M =102T¢c snauenns AT =1,4.10* K nocaraerbcsa
Bike 1151 d = 5,6 M. B cBOIO uepry, B sasnisHomy HaHozpori 3 M =103 T¢c
smima remneparypu AT = 1,7-10™ K peanisyerbesa qia d = 2 HM.

3posymito, 1o 3a BigcyTHoctu [IC y HaHOAPOTI Mae BigbyBaTucs Io-
sutusHuit MKE. B ipomy Bunagry Gyukiis g(a, h.) <O0.

Hauni, Buxopsauu 3 popmyur (12), (14), aia masoi BigHOCHOI 3MiHM Te-
mnepatypu cucteMu A'T /T << 1, ne AT =Ty — T, 3HaX0AUMO

3/2 5/2
a = 266/ 2y (5] (EJ ART,. (16)
481k, T, Ty T

Omninka Bupasy (16) maa HikJgeBoro Hamompory ajaa Ah,=0,1-0,2 i
remuepatyp T: i3 imTepBaay T:=46—-188 K mae macTynHHi midmasoH
AT=1,210%-1,5-10°K; gasa saxizmoro A'T=6,7-10°-2.10° K gns
T:=142,8-326,56 KiAh.=0,1-0,2.

3icTaByeHHA ofep:KaHUX BUINE OIiHOK ATir. i3 aHAJOTIiUHMMHU Xa-
paxtepuctuxkamMu gasd mosutuBHoro MKE A'Tnire TOKasye, II10
ATxi,re/ AN Tnire ~ 10. Takum umzOM, 3a BimcyTHocTu momepeunoi J[C Ha-
HOZPIT 3a3Hae IMOMITHO caalbminii 3a HeratuBHui nosutusuuii MKE. I3
30iJIBIIIeHHAM aMILTiTyIX MArHeTHOTO IOJId epeKT, IK Ie caigye i3 ¢o-
pmyau (16), mae 3pocTaTu.

3ayBasK1MO, IO OJeP:KaHUH HAMU Pe3yJabTaT y3TOMKYEThC i3 GyH-
ITaMeHTaJbHUM TePMOIUHAMIUHUM HTPUHITUIIOM CAMOPEr'yJIbOBAaHUX CHU-
crem Jle Illatenpe—Bpayna. IlificHo, 30iIbITTIeHHA BeJIMUYNHA MAarHEeTHO-
ro moJisd IPUBOAUTE O 3POCTaHHA MarHeTOCTaTUYHOI eHepril depomar-
HETHOTO HAHOAPOTY, IO 3YyMOBJIeHA MOro MarHeTyBaHHAM (MarHeTocra-
THUYHA eHeprid 30iJbIIyeThCA TAKOMK i 3a paxyHOK medopmallii mojem
margeTHol cTpykTypu JIC). Take 36iablenna edeprii cucrema Hamara-
€ThbCsA KOMIIEHCYBaTH 3MEHIEeHHAM CBO€i BHYTPIIIHLOI eHeprii, Imo #
BioOpasKaeThCcsa B MOHMMKEHHI TeMIepaTypu apory. Hasmaku, i3 3MeH-
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HIeHHAM aMILIITyI1 II0JId BHYTPIIHA eHeprid Ta TeMIiepaTypa HaHOI-
POTY 3pOCTaIOTh.

B cunpHux marserHux mosax (h.>1) npiT moBHiCcTIO HaMarzeToBa-
HUH B3TOBJXK MOBroi OCi MMJIiHApa; HOro mogajiblille MarHeTyBaHHA He
OPUBOAUTH A0 3MiHM MarHeTocTaTUYHOI eHeprii. B marmetHomy moui,
icToTHO GinmbITTOMY 3a A, (IIOJAX MOPAAKY BEJIUYNHN MATrHETHOT'O ITO0JIS,
3yMOBJIEHOT'O PYXOM eJIEKTPOHIB ycepeauui aTomis, ~ 1-10 xE), i 3poc-
TAHHAM HOT0 aMILJIITyAu BiZOyBaeThCs OpPieHTAIliA CHiHIB B3JOBIK Ha-
npaMKy mojid. Ile 3ymoBiIioe 3MeHIITeHHA OOMiHHOI eHeprii aTomiB, AKe,
y BimmoBimuocTi mo mpuuimuny Jle Illarenne—BpayHa, cucrema Hamara-
€ThCA KOMIIEHCYBATH 34 PaXYHOK 30iJIbIIeHHS CBOEl BHYTPIIIIHBOI eHep-
rii, To6To Mae micie mosutuBHuit MKE.

Caix ocobamBO MigKPECTNUTH, 110 i3 HaBeJeHNX BUIIE OI[iHOK BUILJIU-
Ba€ MOXKJIMBICTDH BILJIMBY MAacHUBiB, YTBOPEHUX i3 BEJIUKOI KiJIbKOCTH Hi-
KJIEBUX i 3aJIi3HMX HAHOAPOTIiB, AKi MicTaATs momepeuny J[C, Ha TemIe-
paTypy B3aemopiiiHoro 3 HuMu cepefgoBuiia. Cupasmi, Buire 6yJ0 BcTa-
HOBJIEHO, IO, BUKopucToByloun HeratuBHuiit MKE, MosXHA 3MeHIITUTH
(36iBIITMTH 3a 3BOPOTHLOI 3MiHM MArHETHOTO II0JIA) TEMIEePATyPy KOM-
naxkTy iz ~103-10* mamozporis ma 1 K. BoueBugn, 1110, 3aCTOCYBAaBIIINA
cepilo TaKMX KOMIIAKTiB, MM 3MOKEMO HOCATTU (IIicJsa BCTaHOBJIEHHS
TePMOAMHAMIYHOI PiBHOBATr) MOMIiTHOI 3MiHM ITOYATKOBOI TeMIIEpaTypHu
cepenosuiia. Ileit mpaKTUUYHNY BUCHOBOK SABJIAE iHTepeC AJis CTBOPEHHA
HOBUX TEXHOJIOTil, 3aCHOBaHNX HA MarHeTOKAJIOPUUHUX BJIACTUBOCTAX
HaHOAPOTIiB, 30KpPeMa B OHKOJIOTi1 OJId 3SHUIIeHHI PaKOBUX KJIiTuH. Pa-
30M 3 THM 3PO3YMiJIO, 110 TOAAJBINUY PO3SBUTOK AAHOTO MOJOKEHHA 110-
Tpebye pAA MOZATKOBUX IOCHiMKeHb, 30KpeMa BU3HAUEHHS BILJIUBY
arperaiiii HaHOAPOTiB Ha MarHeTHi Ta TepMOAMHAMIiUHi XapaKTepPUCTU-
K1 KoMImakTiB. CJIi TaK0OMK 3BayKaTU HA MOKJIMBI MAaKPOCKOIIiUHI KBaH-
ToBi edpexTu (uB. oraan [27]) y zaHMX HaHOCHUCTEMAX.

4. BUICHOBRKH

OrasHyTO MarLHeToKaJopuuHuil edeKT Vv MUIIHIPUIHIX HiKJIEBOMY Ta
3aJIi3HOMY HaHOJIPOTax, MarHeTHa CTPYKTypa AKUX XapaKTepU3yeThCA
HasaBHicTIO monepeuwoi JIC.

BcTaHoBI€HO, 1110 V CIa0KMX 30BHIIITHIX MATHETHUX MOJISX TEILIOBUH
pyx momepeunoi IC symosmaioe HeratuBHuii MKE. I[ame saBuire ysro-
IKYEThCA i3 TepMOAMHAMIYHMM NPUHIIUIIOM CaMOPEI'yJIbOBAaHUX CHUC-
teMm Jle IllaTesrbe—Bpayna.

ITokasamo, 110 3a BigcyTHOCTU momepeunoi JIC y maHompoTax BimOy-
BaeThCA caabmnii 3a HeraTuBHUi nodutubuuit MKE.

Ilepexbaueno, mio HeratuBHuit MKE mocumoeThesd i3 3MeHIIIEHHIM
BeJIMYMHN HaMarHeToBaHOCTU HaHOApoTiB. Ileii pesyabTaT BigKpuBae
MepCIeKTUBY KEPYBaHHA TeMHOepaTypPHUM AiANa30HOM TaHOTO e(eKTy
NLJIAXO0M BapiloBaHHA HaMarHeTOBaHOCTH JPOTiB.
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Ilepexbaueno MOKJIMBICTE 3a JomoMoroio HeraruBHoro MKE 3men-
mryBaTu (301iJIBIITyBAaTH 3a 3BOPOTHBLOI 3MiHM MAarHeTHOT'O IOJIS) TeMIIe-
parypy xommakTy iz 103—10* nuirinaprnuyHnX HikJIeBHX i 3aiaizHumx Ha-
"HoxportiB Ha 1 K, 1110 Jae 3Mory Immiciia 3acToCcyBaHHS cepii TAKMX KOM-
MaKTiB JocATaTH 3aJaHOTO 30iJbIITeHHA (3MEHIIIeHH) IIOYaTKOBOI TeM-
nmepaTypu B3aEMOIINHOIO i3 HAHOAPOTAMU CepPeIOBHIIA.

HaseneHni pesyibTaTi MaiOTh IPAaKTUUYHE 3HAUEHHA Y KOHTEKCTI po3-
BUTKY HAaHOTEXHOJIOTi, AKi I'DYHTYIOTbCA HA MarHeTOKAJOPUUHUX BJa-
CTUBOCTAX (pepoMarHeTHMX HAHOAPOTIB, IO MicTaATh momepeuny JIC,
30KpeMa B OHKOJIOTII AJIs po3poOKM HOBUX TillepTEPMIiUHHUX METOZiB
SHUIIEHHS PAKOBUX KJIITHUH 3JIOAKICHUX ITyXJINH.

PobGoTy Bukomano B pamMkax OiomxerHoi mporpamu HAH Vikpainwm
KIIKBK 6541230 ma 2023-2024 pp. (momep mep:kpeectrparii HIP
0123U0100898).
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Methodology for Selecting Compatible Metal Materials
for Friction Pairs During Fretting-Corrosion Wear

M. V. Kindrachuk, V. V. Kharchenko, V. Ye. Marchuk, I. A. Humeniuk,
and D. V. Leusenko

National Aviation University,
1 Lyubomyr Huzar Ave.,
UA-03058 Kyiv, Ukraine

Taking into account the various forms of fretting-corrosion manifestation,
on the example of the contact of titanium alloy BT8 with structural alloys
based on Al, Cu, Mg and Fe and with the same material, an attempt is made to
develop a complex approach to the selection of compatible materials of fric-
tion pairs. According to the research results, the quantitative indicators of
fretting wear of friction-pair materials are defined, and the regularities of
mutual influence of the nature and properties of the materials on the fric-
tion-wear parameters of the tribosystem are analysed. For tribosystems,
where the loss of functionality is associated with the accumulation of wear
products, a calculation method for determining the compatibility of materi-
als based on the volume-increment coefficient of the materials within the tri-
bocontact zone is proposed.

Key words: tribomechanical system, friction pairs, fretting corrosion, wear
resistance, wear products.

3 ypaxyBaHHAM pisHUX (hopM IposaBy GHpPeTTUHI-KOPO3ii, Ha MpuUKIaxi KOHTA-
KTy Tutanosoro crony BT8 i3 xkoHcTpyKIifiHuMu cromamu Ha ocHoBi Al, Cu,
Mg, Fe Ta B ogHOTIMeHHi mapi 3AificHeHO cIIPo0y KOMIIJIEKCHOTO ITiIX0y II10-
0 BUOOPY CyMicHUX MaTepiAniB map TepTsa. 3a pesyabTaTaMU JOCIiIKEeHDb BU-
3HAYEHO KiNbKicHI mOKa3HMKY (hPETTHUHT -3HONTYBAHHA MaTePiAIiB nap TepTs,
IPOaHAaJIi30BaHO 3aKOHOMIPHOCTI B3AEMHOT'O BILJIMBY IIPUPOJM Ta BJIACTHUBOC-
Tel MaTepiAsiB HA GPUKIiFAHO-3HOIIYBAJIBHI TapamMmeTrpu Tpubocucremu. g
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TpubocucTeM, B SAKUX BTpAaTa MPAIe3JaTHOCTU IOB’si3aHA 3 HAKOMWMYEHHAM
IIPOAYKTIB 3HOIIIYBAHHA, 3aIIPOIIOHOBAHO PO3PAXyHKOBUI METO]| BUSHAUYEHHHA
CYMiCHOCTH MaTepiaaiB 3a KoeillieHTOM IPUPOIEHHA 00’ €My MaTepiAIy B 30H1
TPUOOKOHTAKTY.

Karouosi ciioBa: TpubomexaHiuHa cucTteMa, mapu TePTA, PPETTUHI-KOPO3id,
B3HOCOCTifKiCTBb, IPOLYKTH SHOIIYBAaHHS.
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1. INTRODUCTION

Taking into account the general tendency to decreasing material con-
sumption, reducing structural stiffness, increasing workloads and re-
quirements for the economic efficiency of using machines, the issues of
increasing their reliability and durability are becoming extremely im-
portant. In solving them, one of the key places belongs to ensuring a high
level of wear resistance and the duration of the period of trouble-free op-
eration of parts and components of tribomechanical systems. In aircraft
structures, as well as in the structures of other dynamically loaded ma-
chines, among the tribomechanical systems with the most limited dura-
bility, there are tribosystems of low-motion and nominally immobile
nodes and joints, the parts of which are damaged by fretting corrosion.

In engineering practice and tribological studies, fretting corrosion
is considered one of the most destructive, unpredictable and dangerous
types of wear [1-3]. Moreover, the negative consequences of the devel-
opment of fretting corrosion can be caused by not only physical wear of
parts but also the wedging effect of wear products, which due to small
amplitudes of mutual movements remain mainly in the contact area. It
is obvious that, under such conditions, the selection of materials for
friction pairs should be based on a comprehensive assessment of their
compatibility, taking into account the characteristics of the change in
the tribosystem state for each of the specified forms of fretting corro-
sion. An attempt to implement such an approach on the example of
choosing a favourable combination of materials in a friction pair with
titanium alloy BT8 was the task of this study.

2. EXPERIMENTAL/THEORETICAL DETAILS

To solve this problem, comparative wear tests were carried out under
fretting-corrosion conditions, when combining the BT8 alloy in a pair
of the same material and with bronze BpA#9-4, steel X18H10T, hard-
ened steel 45, aluminium alloy 116 T and magnesium alloy MJI5 is per-
formed. The materials selected for the study were alloys based on dif-
ferent metals, had different chemical and physical-mechanical proper-
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ties and different properties of their oxides. In general, such a selec-
tion of friction pair materials made it possible to analyse the relation-
ship of the fretting resistance parameters of the tribosystem with both
the properties of the friction pair materials themselves and the proper-
ties of their wear products.

The tests were carried out on the M®K-1 installation [2] in accord-
ance with TTOCT 23.211-80 in air at room temperature with the follow-
ing fretting parameters: specific normal load of samples P =19.6 MPa,
relative displacement amplitude A=125um, oscillation frequency
f=25-30 Hz and test base N = 5-10° cycles. In each friction pair, sam-
ples of the BT8 alloy were immobile, and counter-bodies from the
abovementioned materials were movable. After the test, the average
linear wear of the samples and the mass loss of the counter-bodies were
determined, according to which and the contact area and the material
specific mass data, their total volumetric wears were calculated. At the
same time, during the test, the moment of friction was recorded, the
coefficients of friction were determined, and the topography of the
surface of the friction tracks and the distribution of chemical elements
on them were studied using an SEM microanalyzer POM-200.

3. RESULTS AND DISCUSSION

The obtained values of the volumetric wear of the samples, counter-
bodies and the total volumetric wear of the materials of the friction
pairs are compared in Fig. 1. As seen, under the studied fretting condi-
tions, the least intense wear of the BT8 alloy occurs during friction in
pairs with the magnesium alloy and bronze. At the same time, the
magnesium alloy paired with the titanium one wears out much more
intensely than bronze.

Electron microscopy studies of the friction track surface in the
BT8-BpAiK9-4 pair revealed signs of seizure with the bronze material
transfer to the titanium alloy surface (Figs. 2, 3).

Based on the analysis of the change in the friction coefficient of this
pair (Fig. 4, curve 2), we can conclude that the process of intense sei-
zure, which is characterized by a high friction coefficient, develops in
the period from 10-103 to 70-102 fretting cycles. Herein, the destruc-
tion of the seizure centres is not accompanied by deep damage, which
indicates a small depth of spread of deformation hardening of bronze
under the action of cyclic contact loads in the actual contact areas. The
relatively small wear of the materials of this pair can be due to the
formation of a specific protective layer on the friction surfaces of com-
pressed highly dispersed wear products, in the composition of which,
in view of much greater volumetric wear of bronze, relatively soft cop-
per oxides may dominate. The formation of such protective structures,
firstly, will prevent the further development of adhesion, and, second-
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Fig. 1. Diagram of volumetric wear of samples, counter-bodies and total wear
of metals of friction pairs during the wear test under fretting-corrosion con-
ditions. Friction pairs (sample—counter-body): 1—BT8-MJI5, 2—BT8-
BpAiK9-4, 3—BT8-I116T, 4—BT8-BT8, 5—BT8-steel X18H10T, 6—BT8-
steel 45.

ly, it reduces the intensity of destruction of contact surfaces by the
mechanisms of corrosion-fatigue and abrasive wear.

In the friction pair BT8—-MJI5, there are no characteristic signs of
intense adhesion. After 103-152 cycles of fretting, the friction coeffi-
cient decreases sharply and quickly acquires a stable and relatively low
value (Fig. 4, curve 1).

The results of the electron microscopy study of the friction track

20.00kV. ~ x126 500

Fig. 2. Surface topography of the friction tracks on the BT8 alloy sample (a)
and BpA#K9-4 counter-body (b) after wear tests under fretting-corrosion con-
ditions.
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Fig. 3. Results of the analysis of the percentage content of chemical elements
on the microsection of friction surface of the BT8 alloy paired with bronze
BpAK9-4 after wear tests under fretting-corrosion conditions.

surface evidence that, similar to the friction in the pair with bronze,
the BT8 friction in the pair with the magnesium alloy is accompanied
by the formation of specific thin-film protective structures from com-
pressed wear products on its surface, the composition of which in-
cludes mainly magnesium monoxide (Fig. 5, a, Fig. 6). On the friction
surface of the magnesium alloy, characteristic signs of pitting corro-
sion-fatigue and grooved abrasive wear are revealed (Fig. 5, b).

The low disposition of materials of the BT8—MJI5 pair to seizure can
be explained by the fact that the mutual solubility of metals in the Ti—
Mg system is practically absent [5]. According to ideas about the diffu-
sion nature of seizure [1, 6, 7], the lack of mutual solubility and the
ability of metals to form solid solutions is considered one of the main
factors that prevents the formation of strong metal bonds in a friction
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Fig. 4. Dependence of the friction coefficient on the number of fretting cycles.
Friction pairs: 1—BT8-MJI5, 2—BT8-BpAK9-4, 3—BT8-1116T.
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Fig. 5. Surface topography of the friction tracks of the sample from BT8 alloy (a)
and counter-body from MJI5 alloy (b) after wear tests under fretting-
corrosion conditions.

pair and prevents adhesion. In addition, the presence of few slide sys-
tems (planes) in the magnesium crystal lattice prevents the formation
of active dislocation centres with a high concentration of point defects
in the places of actual contact and the creation due to plastic defor-
mation of a crystallographic arrangement of shear planes, which is fa-
vourable for seizure. Given the leading role in the development of fret-
ting corrosion in corrosion-fatigue and abrasive processes, the abnor-
mally low fretting resistance of the magnesium alloy compared to the
other studied alloys can be explained by its low mechanical strength
and low corrosion resistance.

Taking into account the essential role of electrochemical processes
in the development of fretting corrosion [2, 8], the electrochemically
high corrosion activity of magnesium and its alloys can be a significant
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Fig. 6. Results of the analysis of the percentage content of chemical elements
on the friction surface microsection of BT8 alloy paired with magnesium alloy
MUJI5 after wear tests under fretting-corrosion conditions.
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factor determining the high wear intensity of the magnesium alloy and
the low wear intensity of the titanium alloy in the BT8—-MJI5 pair.

In the BT8-16T friction pair, the development of fretting corro-
sion is characterized by strongly pronounced signs of seizure. The rela-
tively long duration of the period of intense adhesion and the high fric-
tion coefficient corresponding to this period (Fig. 4, curve 3) indicate a
high strength of adhesive friction bonds. Adhesion is obviously facili-
tated by the low hardness of the aluminium alloy, high ability of the
metals of this pair to form juvenile surfaces and the ability of titanium
to form solid solutions with aluminium. As a result of the occurrence
and destruction of seizure centres, deep local damage was revealed on
the surface of the aluminium alloy (Fig. 7, a), whereas on the surface
of the titanium alloy, there were areas formed from separated and
transferred metal from the counter-body (Fig. 7, b).

Simultaneously, the friction surfaces of both the [I16T and BTS8 al-
loys, lying outside the seizure centres, undergo corrosion-fatigue and
abrasive wears. Herein, the wear of the titanium alloy is higher than in
the pairs with magnesium alloy MJI5 and bronze BpA#9-4, whereas
the main contribution to the total wear of the BT8—I[16T pair is made
by the aluminium alloy.

The deep destruction of the I[16T alloy in a pair with the BT8 alloy
can be attributing to its lower fatigue strength and tendency to strain
hardening. Since the cyclic contact stresses acting in the contact zone
decrease, the volumes of metal close to the plane of the welding bridges
experience the greatest hardening. Accordingly, the destruction oc-
curs in places further away from the surface where cyclic stresses ex-
ceed the fatigue strength of the material [9].
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Fig. 7. Topography of the surface of the [I16T counter-body friction track (a)
and the results of analysis of the percentage distribution of chemical elements
in the BT8 sample microsection (b) after wear tests under fretting-corrosion
conditions.
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In the friction pairs BT8—steel X18H10T and BT8—steel 45, the ti-
tanium alloy wears more intensely. Herein, the amount of wear of the
BT8 alloy is greater than in the pair with the same material, whereas in
the pair with the BT8 alloy, the relatively soft low-strength steel
X18H10T wears less than hardened steel 45.

When analysing the friction tracks of samples and counter-bodies in
friction pairs BT8-BTS8, BT8—steel X18H10T and BT8-—steel 45, the
identity of the nature of destruction of their surfaces is revealed,
which corresponds to the signs of mainly corrosion-fatigue and abra-
sive wears. Obviously, under such conditions, the fretting resistance
of friction pair materials is determined by the competition of such fac-
tors as hardness, cyclic strength and corrosion resistance. In this case,
the lower fretting resistance of the BT8 alloy paired with steels can be
explained by the high susceptibility of titanium and its alloys to the
chemical interaction with oxygen, low strength of secondary oxide
films and the tendency to flood in the fretting-corrosion process [10],
whereas the higher fretting resistance in the same-named pair—Dby a
less intense development of electrochemical corrosion processes. Given
that in the process of fretting corrosion, as a result of deformation and
tribochemical reactions, the surface layers of the metal undergo signif-
icant changes both at the structural and substructural levels [2, 8, 11,
12], then, the corrosion activity of the titanium alloy in galvanic pairs
will be determined by its values acquired under the action of fretting
rather than by the initial value of its standard electrode potential.

The results presented above make it possible to establish a favoura-
ble combination of materials in a friction pair in view of their mutual
influence on frictional wear characteristics. This approach may be val-
id for a tribosystem, where the specified tension is lost due to wear of
parts (joints with guaranteed tension), or the performance of the tri-
bosystem is impaired by an increase in the clearance between the parts
(joint with guaranteed clearance). Such tribosystems include relatively
open tribosystems, where the volume of wear products formed in the
contact zone (V) can be compensated by the total volumetric wear of
tribocouple materials (V%) and the volume of wear products removed
from the contact zone (V'):

i<y, (1)

In closed tribosystems, where the wear products do not have a free
exit from the contact zone and relation (1) is not valid, the accumula-
tion of wear products can cause an additional increase in the specific
pressure coupling. The consequence of the development of fretting
corrosion in such tribosystems is most often the loss of joint mobility
(jamming) and premature fatigue failure of the part [13—15]. In this
case, the criterion of assessment when choosing friction pair materials
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can be the volume increment coefficient of the material:
A=KV'/V1 (2)

where K is a coefficient that takes into account the packing density of
powdered wear products.

Given that the products of fretting corrosion of metal alloys are, as a
rule, oxides of the base metal, the volume of wear products formed by
each element of the tribosystem can be determined by the relation

Vi, = VP, (3)

where V,; is the volumetric wear of the i-th element of the tribosys-
tem, P is the Pilling—Bedworth coefficient, which characterizes the
ratio of the volume of the oxide formed during oxidation to the corre-
sponding volume of the metal [16].

Considering a closed tribosystem as a closed volume where wear
products undergo pressure with simultaneous application of vibration,
by analogy with the vibration pressing of powder materials [17], the
physical value of the coefficient K in Eq. (2) may be defined as the abil-
ity of the powdered wear products to be compacted under vibration
pressing.

The volume of the powder green body changes under pressure due to
the displacement of individual powder particles, which, thus, achieve a
denser arrangement, as well as due to the deformation of the powder
mass particles. The ability of powder materials to be compacted is de-
termined by such physical characteristics as the granulometric compo-
sition, the size and shape of the powder particles and the ability of the
powder material to undergo plastic deformation. Compaction under
pressing of powder materials can be determined from the pressing
equation:

Y=y, - Ko g, 0
o

where y is the density of the compacted powdered mass, v, is the condi-
tional ultimate density of the material under sufficiently high pres-
sure, p is the applied pressure, K, is the initial pressing coefficient at
p =0, aisthe coefficient of loss of compressibility, which characterizes
correlation the decrease in the compression coefficient K with increas-
ing the pressure by one unit. The constants in Eq. (4) are characteris-
tics of powder materials and can be determined experimentally.

For brittle low-plastic powder materials, such as powders of titani-
um boride and titanium carbide, the density of compacts during vibra-
tion pressing, even at relatively low pressures and a short duration of
vibration, can increase by 1.4—1.5 times[17].
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Since at normal temperatures, metal oxides are brittle and low-
plastic as well [16], due to repeated grinding in the contact zone, they
acquire approximately the same shape and size, the coefficient K in
equation (2) can be determined as the reciprocal of the coefficient of
increase in the density of green bodies during vibration pressing and,
with some approximation, be taken equal to K=1/1.5=0.66.

Based on the above analytical study of volume changes occurring in
closed tribosystems during the development of fretting corrosion, the
calculation of the volume increment coefficient of the material was
made. The initial data for the calculations and the obtained coefficient
values are given in Table 1. The coefficient A is a characteristic of a
tribosystem that shows how many times the volume of wear products
formed during fretting corrosion becomes larger or smaller than the
volume of the worn materials of the friction pair. It is obvious that un-
der the condition of minimizing the coupling pressure and simultane-
ously preserving the parameters of the previously applied tension, the
value of the coefficient A is to be ideally close to 1. As seen from Table
1, the most favourable in this case are combinations of titanium alloy
BT8 with aluminium alloy 116T, bronze BpA#9-4 and the same alloy.
In pairs with steel X18H10T and hardened steel 45, despite their rela-
tively higher wear resistances, due to the high Pilling—Bedworth coef-
ficient of iron oxides, a significant increase in pressure is possible. A
particular intense increase in pressure can be expected at the early
stage of fretting corrosion, when oxide y-Fe;03; with the highest Peel-
ing—Bedworth coefficient among the iron oxides can be predominantly
formed in the wear products.

In the friction pair of the BT8 alloy with the MJI5 magnesium alloy,
due to the low Pilling—Bedworth coefficient of magnesium oxide and
the high wear intensity of the magnesium alloy, the calculated value of
the volume increment coefficient is significantly less than 1. In this
case, the loss of tribosystem functionality may be due to intensely re-
ducing the tension and increasing the clearance rather than to increas-
ing pressure in the coupling.

4. CONCLUSION

Taking into account the peculiarities of the change in the tribosystem
state under different forms of fretting corrosion, the compatibility of
some structural alloys for the combination in a friction pair with tita-
nium alloy BT8 was determined. It was established that to prevent deep
destruction from seizure and minimize wear of the friction pair, the
combination of BT8 alloy with BpA#K9-4 is most favourable, and the
least favourable is to make a pair with aluminium alloy JI16T. When
choosing materials for the friction pair titanium alloy—steel, prefer-
ence should be given to less hard stainless steels rather than highly
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TABLE 1. Initial data for calculation and calculated values of the volume in-
crement coefficient for friction pair materials studied.

. Total volume
Friction . . Volume
. Volumetric | Oxide o of wear prod-|.

.. pair sam- . . Pilling— increment
Friction wear of pair [phases in ucts from . .
No . ple— . Bedworth . L. . |coefficient

pairs materials wear . . friction pair .
counter- il 3 coefficient P . of materi-
Vi » mm? | product materials V1,
body i N alA
mm
_ BT8 0.19 TiO 1.76
1 BT8 ’ 2.52 0.57
MJI5 MJI5 2.7 MgO 0.81
BT8— BT8 0.25 TiO, 1.76
2 DBpAK9- R 1.48 1.15
4 BpAfcg 0.6 Cu0 1.74
BT8 0.5 TiO, 1.76 3.95 0.91
g BT~ 0-Al03 1.28 ' ’
A16T  116T 1.85
v-Alz0; 1.45 3.56 1.0
BT8 0.75 TiO, 1.76
4 BT8-BTS8 2.81 1.16
BT8 0.85 TiO, 1.76
BT8 1 TiO, 1.76
2.5 1.22
FesOq 2.10
5 BT8— magnetite
X18H10T
X18H10T 0.35 FezOg‘ 2.14 2.51 1.93
haematite
v-Fez03 2.45 2.62 1.28
BT8 1.25 TiO, 1.76
Fes0, 3.77 1.25
BT8- magnetite 2.10
6 steel 45 gteel 45 0.75 Fe.0
hardened hardened : e2s 2.14 3.81 1.26
haematite
v-Fez03 2.45 4.04 1.33

hardened non-corrosive steels.

For tribosystems, the efficiency loss of which is associated with the
accumulation of wear products in the contact zone, the determination
of a favourable combination of materials in the friction pair should be
performed taking into account the material volume-increment coeffi-
cient as proposed in this work. It was established that the most optimal
in terms of such coefficients are combinations of titanium alloy in a
pair with bronze, alloy I116T and the same alloy.
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Kpucramorpadgiuni acnektu (popMyBaHHSA Ta POSBUTKY
nedopMaIiitHOTo peabedy IK MIOKa3HUKA HAKOIIMYEHOTO
BTOMHOTO IOIIKOIKeHHS (OIS IsKepeJ)

T. II. Macnaxk, C. P. IrmaroBuu, M. B. Kapyckesuu, O. M. Kapyckesuu,
T. B. Typuak”

Hauyionaavruil agiayitinuil ynieepcumem,

npocn. JIrvn6omupa I'ysapa, 1,

03058 Ruis, Ykpaina

‘Tnemumym memanogisuru im. I'. B. Kypdomosa HAH Ykpainu,

oyave. Akademixa Bepnadcvrozo, 36,
03142 Ruis, Ykpaina

B craTTi mpeacTaBieHO OTJIAL JOCTIAMKEHDb, B IKUX OYJIO PO3TJASHYTO KPUCTA-
JgorpadivHi acmeKTy IPoOIEecy BTOMHOTO HOIITKO/KEHHA MeTaJIeBUX IOJIiKpUC-
TasiB i MOHOKpuCcTaNiB. MeTor0 € 0OI'PYHTYBaHHA HEOOX1THOCTU Ta MOYKJIUBOC-
T yPaxXyBaHHA TEKCTYyPU IIOJiKPUCTAJTIYHUX MaTepisaniB i kpucramorpadiu-
HOI opieHTAaIlii MOHOKPHCTAJIB AJiA PO3PAXYHKY €KBiBaJIEHTHUX HAIPYKeHb
0araTooChbOBOI'0 HABAHTAMKEHHS, 3a4Jd aHAJJi3MW Ta KiJIbKiCcHOI OI[IHKM HaKo-
MUYEHOTO BTOMHOTO IIOINMKOMKEHHS. BUKOHAHO: aHAJi3y CydYacHHX MOCJIi-
I'KeHb nedopMariiiHoro peibedy moBepxHi MeTasiB AK IMOKA3HUKA HAKOIIU-
YEeHOT'0 BTOMHOTO IOIITKOMKEeHH; aHaisy Kpucrajgorpadii ckiramoBux medo-
pManifiHoro penbedy; BUSHAUEHHA BIJINBY TEKCTYPU KOHCTPYKI[IHHUX CTOIiB
Ha opmMyBaHHA AedopMaIifHOro peabedy Ta BiAIIOBiIHOTO BTOMHOTO IIOIITKO-
I'KEeHHA; OOI'PYHTYBAHHS NPUITYIEHHS PO aKTUBAIiI0 JOJATKOBUX CUCTEM
KOBB3aHHA IIiJl Yac JBOBiCHOTO ITUKJIIYHOTO HAaBAHTAXKYBaHHs. 3BEPHYTO yBary
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650 T.II. MACJIAK, C. P. ITHATOBIY, M. B. KAPYCKEBHY Ta in.

Ha Te, 1m0 meton I'ybepa—Miseca, AKUI BUKOPUCTOBYETHCS IJIA PO3PAXYHKIB
eKBiBaJIEHTHUX HANPY:KeHb il Yac JBOBiCHOT'O HaBaHTaKyBaHHA, He BPaXo-
BY€ aHiBOTPOIiI0 KOHCTPYKIIIMHUX CTOIIiB, 30KpeMa aJIOMiHillOBUX CTOIIiB,
AKi BUKOPUCTOBYIOTHCSA B aBiAMIMHUX KOHCTPYKIiAX. MeToau mociimKeHHS,
SAKUX POSIJIAHYTO B CTATTi: MeXaHiuHi BUTPOOYyBaHHS, OITUYHA MiKPOCKOITid,
PEHTI'eHOCTPYKTypHA aHasiza. OCHOBHUM Pe3yJabTaTOM € OOI'DYHTYBaHHA He-
o0xigHOCTH BpaxyBaHHA Kpucrasorpadiunoi amizorpomii ansa pospaxyHKY
eKBiBaJIECHTHUX HaNpYy’KeHb 3a 0araToochbOBOr0 HaBaHTa)KeHHs. IIpoBeneHO
OTJIA[ NOCTiIKEeHb, B IKNX HAKONWUYEHHS BTOMHOI'O IIOMIKOAKEHHA Ta Bigmo-
BinHe hopmMyBaHHA U PO3BUTOK JedopMaIiifHoro penbedy noB’A3aHi 3 Kpuc-
TajsorpadivHo0 OpieHTAIi€}0 MOHOKPUCTAJIB i KPUCTANITIiB TEKCTYPOBAHUX
MOJIIKPUCTANIYHMX MaTepidAsiB, M0 BKasdye Ha HEOOXimHICTH i MOMKIMUBiICTH
ypaxyBaHHSA KpUcTaaorpadivHUX acIeKTiB g PO3POOKY METO/iB OIiHKY Ha-
KOIIMUYEHOI'0 BTOMHOTI'O IIOIKOAKeHHA. EdekT Kpucrasorpadiunoi opienrarii
MOHOKPUCTAJIIB i TEKCTypH MOJIKPUCTATIYHNX MaTEPiAgiB € iCTOTHUM AK 3a
OJHOBiCHOTO HaBaHTAYKyBaHHSA, TaK i 32 [BOBICHOI'0 HAaBaHTAKyBaHHS.

Karouosi ciioBa: BTomMa MmeraniB, gedopmaniinmii penbed, Kpucranorpadisa
KOB3aHHSA, OJHOBiCHe HaBaHTAYKyBaHHA, 0araTooChoBe HABAHTAKYBAHHS, €K-
BiBaJIeHTHE HATIPY KEeHHS.

The paper involves reviewing researches, which consider crystallographic
aspects of fatigue damage in both metallic polycrystals and single crystals.
The primary aim of this work is to substantiate the necessity and feasibility
of considering both material texture in polycrystals and the crystallographic
orientation of single crystals during the assessment of equivalent stresses
under multiaxial loading. Additionally, the study aims to assess quantita-
tively the accumulated fatigue damage. The tasks undertaken include as fol-
low: analysing contemporary research investigating cases, where surface de-
formation relief in metals serves as an indicator of accumulated fatigue dam-
age, examining crystallography; studying the surface relief components, and
estimating how the texture of constructional metals influences the formation
of deformation relief and corresponding fatigue damage. The study provides
evidence for the activation of additional slip systems during biaxial loading.
It is noted that the Huber—Mises method for assessing equivalent stresses
during biaxial loading does not account for anisotropy in constructional ma-
terials, such as aluminium alloys commonly used in aviation. Methodologi-
cally, the paper considers mechanical tests, light microscopy, x-ray analysis.
The main result of the study is the substantiation of the need to consider
metals’ crystallographic anisotropy, when calculating equivalent stresses
under multiaxial loading. The review of research indicates that the fatigue-
damage accumulation and the evolution of surface deformation relief are re-
lated closely to the crystallographic orientation of single crystals and crystal-
lites in textured polycrystal materials. Recognizing these crystallographic
aspects is essential for thorough estimating accumulated fatigue damage. It
demonstrates the necessity and feasibility of considering crystallographic
aspects in the development of methods for estimating accumulated fatigue
damage. The effect of both the crystallographic orientation of single crystals
and the texture of polycrystalline material is pronounced under the uniaxial
and biaxial loadings.
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Key words: metal fatigue, deformation relief, crystallography of slip, uniax-
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1. BCTYII

ABianifini KOHCTPYKIIii B IIOJLOTI Ta HA 3eMJIi 3a3HAIOTEh Pi3HOMAaHITHIX
3a MPUPOJIOI0 Ta HaCJJiJKaMU HOBTOPHUX HaBaHTaKyBaHb. JluIlle He-
3HaYHa YacTUHA 3 HUX € OJHOBICHUMMU, IO YMOKJIMBJIIIOE IIPOTHO3YBATHU
JOBIOBiUHICTHL HA OCHOBI BiJOMMX JaHMX CTOCOBHO MEXAaHIYHMX BJIACTH-
BOCTell MeTaJIiB, TeOPili Ta iHCTPYMEHTAJIILHUX METO/iB OIMiHKY HaKOIIM-
YEeHOI'0 BTOMHOI'O IOINKOMKEeHHA. BiJIbNIiCcTh eKcIayaTaliiHnx HaBaH-
Ta’KyBaHb € 0araToochoBuMU. AHaJrizi Ta Kiaacudikarii cyuyacuux me-
TOLIB HPOTHO3YBAHHSA MOBTOBIiUHOCTH 3a 0araTooChOBOTO HABAHTAMKY-
BaHHJA IPUCBAYCHO 3HAYHY KiJIbKicTh pobiT, Hanpukaaz[1, 2].

B aBigbOyxaiBHil iHgycTpii 6a30BUM PO3PAXYHKOM MIiITHOCTU aBisIiii-
HUX KOHCTPYKIilI € PO3paxXyHOK CTAaTUYHOI MIITHOCTM BiJIIIOBiTHO IO
HODPM JBOTHOI IpuAaTHOCTH [3], AKMWIH Ha IeBHOMY eTalli CTBOPEeHHS JIi-
TaKa JOIIOBHIOETHCA PO3PaxXyHKaMmu U eKCIepUMeHTaJbHUMHU HTOCJi-
IKEHHSIMU BTOMHOI JOBIOBiYHOCTH.

B ocHOBIi pospaxyHKY CTaTUYHOI MiITHOCTH KOHCTPYKILili, AKi 3a3Ha-
I0TH 0araToochbOBOTO HaBaHTAMKYBaHHS, JIEKUThL BUKOPUCTAHHSA eKBiBa-
JIeHTHUX Hampy:KeHb I'ybepa—Miseca [4, 5].

Brim, Bigomo, mio meron I'yOepa—Miseca He BpaxoBye aHi3OTpOIio
KOHCTPYKI[IMHIX CTOIIiB, 30KPeMa aJIIOMiHilIOBUX CTOMiB, AKi BUKOPUC-
TOBYIOTBHCS B aBiAIMIMHNX KOHCTPYKIIiAX. BogHOUac YnCIeHH] eKcIIepu-
MEHTH CBilyaTh, I110 3a3HaUeHa aHi30TPOIIid IPOABIAETHCA Ha BCix cTa-
IisiX BTOMHOTO IIOIIKOMKeHHsa. Ha inkyOariiiuiit cragii sTomMmu o3Haka-
MU aHi30TpOIIil IIpollecy HAaKONWUYEeHHA BTOMH € 3aKOHOMipPHOCTI reome-
Tpii medopmarriiizmoro peabedy moBepxHi. CrocTeperkeHHA JedopMaIrii-
HOT'0 pesbe(y ITOBEepPXHi, IpeAcTaBaeHi B poborax [6, 7], mamu 3Mory pos-
POOUTH METOLOJIOTiI0 IHCTPYMEHTANLHOI OIiHKY HAKOIIMYEHOT0 BTOMHO-
ro IOIIKOI:KeHHsa. B po6ori [8] Oysmo mokasaHO MOMKJIMBICTE BUKOPUC-
TaHHA HapaMeTpiB gedopMaliiiHoOro peabey IIOBEPXHi IK OJIS MOHITO-
PHUHI'Y BTOMH 3a OJHOBiICHOIO HABAaHTAYKYyBaHHS, TaK i 3a JBOBiCHOTO.

OcobmuBocTi (opMmyBaHHA medopMaIliiHOro peabed)y MTOBEpPXHi,
AKUUN € TMMOKa3HUKOM HaKOIIMYEHOT'0 BTOMHOI'O IMONIKOAMKEeHHSA, BKa3y-
IOTh Ha BaKJIMBY POJIb KpHcTajJorpadgiuyHol opieHTaIlil MOHOKPHCTAJIIB i
OKpPeMUX KPHUCTAJITIB HMOJIKPUCTAJIUYHNX MAaTepPidAiB B IIPOIleci HAKO-
MMUYeHHA MOITKOMMKEeHH, I1T0 Heo0XiJHO BpaxXoByBaTH i Yac IPOTHO-
3yBaHHA BTOMHOI JOBroBiuHOCTH. BpaxoByrouu, 1o aBidmnifiai cronm
MAalOTh CKJIATHNN XeMiYHUH CKJIAM i MiCTATHh BEJINKY KiJIBKiCTh 3MiITHIO-
BajabHUX (pas (Hampuraan ©-Al.Cu i S-CuAl:Mg), 1151 HIOBHOL[IHHUX I0-
CJi?KeHb BTOMHOI JOBIOBiYHOCTM Ta BILJINBY HaBaHTaKeHb Ha CTPYKTY-
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Py CTOIY DOI[iJIbHO BUKOPHCTOBYBATHU METOIU TPAHCMIiCiliHOI eJIeKTPOH-
HOI MiKpockotii [9], 110 3HAUHO YCKJIAAHIOE OIIIHKY pPeaJbHOTO CTaHy
eJeMeHTiB KoHCTpyKIii. ABTopamu [10] OyJsio mokasaHo, IT1I0 B IIporieci
iHTeHCMBHUX HaBaHTaKeHb MOXKYTH BifOyBaTHCsA HeNIiHiliHI mpollecwu,
AKi 3JaTHI BUKJINKATH iCTOTHI 3MiHM MeXaHiYHIX XapaKTEePUCTUK CTO-
miB Ta IXHBOI CTPYKTYypHU. TaKUM UMHOM 3aIlIPpOIIOHOBAHA METOAUKA JTOC-
JiIyKeHb HaIPysKeHb, IO BUHMUKAIOTH IIiJ Yac eKCILIyaTamili B TaKux
CKJIATHUX MaTepisjgax AK aBisIiliHi cTOmM, 3HAUYHO IIOJIINIITYE aHAJi3y
HaIIPYKeHb, II0 MOKYTbh BUHUKATH.

MeTo10 € OOT'PYHTYBaHHSA HEOOXiTHOCTH Ta MOMKJINBOCTU YPaXyBaHHA
TEKCTYPHU IMOJiKPUCTAJIUYHUX MaTepidaaiB i KpucrajsorpadiuyHol opieH-
Taiii MOHOKPHCTAJIIB OJId PO3PaXYHKY €KBiBAJIEHTHUX HANPY:KeHbL Oa-
raTooChOBOI'O HaBaHTAMKYyBaHH, IJIS aHAJJII3M Ta KiJbKiCHOI OI[iHKY Ha-
KONMNYEHOT'0 BTOMHOTO IIOIIKOA:KeHHsdA. Ilomepenni pesyiabTaTtu, AKi
BKAa3yIOTh Ha OIiJbHICTh 3a3HAUEHOT'0 MiX0y, OYJI0 PO3TJIAHYTO B PO-
6ori [11].

2. PE3YJIBTATH TA IX OBTOBOPEHHSA

Hedopmarnifinmii peabed MOBEPXHI JOCimKyBaBea 6araTbMa aBTOPaMU.
Jo mepmux mociaii:keHb HedopMalliiiHoro peibed)y HOBEepXHi BimHO-
cuthbeA pobora [12], B AKi# JocaimsKeHHS ITPOBOAUJIOCS 34 JOIIOMOTOIO
onTuuHOI MiKkpockomii. B po6orax [13, 14] dopMyBaHHS ITOBEPXHEBOTO
peabe)y pO3TIAALANIOCH AK Pe3yJJbTaT IPOCTOr0 AMCJIOKAIIITHOIO PyXYy.
B pobori [15] 6ysio ony6ikoBaHo meplili 300parkeHHA CTPYKTYPH, AKi
BUABJIAJIN JUCJOKAIINHY CTPYKTYPY CTIMKUX CMYyT KOB3aHHA B MOHOK-
pucrasax Mifii peabed moBepxHi y hopMi ekcTpy3iii.

CrifikuM cMyraM KOB3aHHS Ha IIOBEePXHi 3pasKiB Bigmosimae crmeru-
diuHa gHCIOKAIlifiHA CTPYKTypa y BHYTPIllIHBOMY 00’eMi MaTepiday
[16, 17], xapaKTepHOIO 0OCOBJIUBICTIO IKOI € UepryBaHHA 30H 3 BUCOKOIO
Ta HU3bKOIO I'YCTHHOIO AVICJIOKAITild.

OnuH 3 OTIALIB, B AKOMY IIPEACTABJIECHO iCTOPiio Ta HAMOiIbII cyuacHi
ITOCATHEHHS B HAIIPAMI JOCIiIMKeHHA Tpupoau aedopMaIliifiHoro peb-
edy, HaBemeno B poboTi [18]. B pobori [19] posrisHyTo eBOJIOIi0 Ae-
dopmarifinoro peabedy MoBepXHiI Ta (QOPMYyBaHHA BTOMHUX TPIIIUH Y
cromi Rene 41.

Ilepenix mochaim:keHnb, myOJiKaIiii i BUABJIEHUX 3aKOHOMIipHOCTEH
3pocCTa€ He TiJIbKY 3 (POPMYyBaHHAM HOBHUX TEOPiil, ajie i 3 MOABOI0 HOBUX
METO/IiB HOCTiAKeHHA Ta BIIIIOBIIHNX HOBUX MOYKJINBOCTEH.

CTPYKTYPHUMHU CKJIALOBUMH medopMalliiimoro peabedy €: iHguBigy-
aJIbHi CTiMiKi cMyTu KOB3aHHA ¥ MOHOKDUCTAaJax i IMoJiKkpucragax, MakK-
PocCTiiiKki cMyru KoB3aHHA Y MOHOKpUCTaJdaxX, iHTPys3ii, ekcTpysii pisHol
KoHpirypamii[19, 20].

B 6isbImocTi mpoBemeHNX paHillle JOCAiLKeHb JeopMaIliiHUHA pPelb-
e mocraimsKyBaBCs 3a OLHOBICHOTO HaBaHTAKyBaHHA. AHajIiza mpoiiecy
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dopMyBaHHA Ta PO3BUTKY HAedopmallifiHoro peabedy ¥ BinImmoBigHOro
MIOIITKOIKeHHA 3a ITUKJIIYHOTO HaBaHTaKyBaHHS moTpedye BpaxXyBaHHS
BILIUBY KpucrajorpadiuyHoi opieHTallii 3epeH MeTasly Ha aKTUBAIIiiO
PYXYy IMCJIOKAIIi# Ta IXHIO BBa€EMOJIi0.

IInactuuna gedopmallia y MeTajiax HPOXOAUTH IIIAXOM JHCJIOKA-
IiHOT0 KOB3aHHS II0 HAMOIIBINI HAIIPYKEHNX CUCTeMaX KOB3aHHA. AK-
THUBAIlid CUCTEM KOB3aHHS BU3HAYAETHLCS BEJIMUYMHOIO IIPUBEIEHUX Ha-
pysKeHb 3CYBY, AKi po3paxoByIOThCA BiAmOBiAHO A0 3akony IlImiga mo
3HAYEeHHAX B0BHIIIHIX HANPy:KeHb 1 KYTiB MiK IpPUKJaJeHUM HaBaH-
Ta*KeHHAM i IIJIOIITUHAMY Ta HaIrpsaMaMu 3cyBy [21].

JoninpHICTh AOCTI?KEeHHA MeXaHIuHUX XapaKTepUCTUK MOHOKpPUC-
TajJiB 3yMOBJIEHO He TiJIbKU TUM, IO BOHU € ifealbHUMHU 06’€KTaMU 3
TOUKM 30PY PO3YMiHHA (peHOMeHOoJIoTil iXHBOT0 AedopMaIiiiHOTO IIOII-
KOIKEeHHs, ajie M iIXHIiM 3aCTOCYBaHHAM y IIPAKTUYHUX 3ajadyaxX MiJIBU-
IIeHHsS Hecydol 3JAaTHOCTH €JIEMEHTIiB KOHCTPYKIIili, BUTOTOBJIEHUX 3
MOHOKpHcTaxiB. Taxk, HAIPUKJIaL, MOHOKPUCTAJIN BUKOPUCTOBYIOTHCS
IIJI BUTOTOBJIEHHS JIOIATOK TYPOiH aBiAIifiHNX IBUTYHIB Ta eHEpPreTH-
YHUX YCTAHOBOK; BOJHOPA3 MeXaHi3M PO3BUTKY TPIIIIUH Y IIPOIleci 1mja-
3yUOCTH 3HAYHOIO MipOI0 3YMOBJIEHHII OCOOJMBOCTAMU KPUCTATIUHUX
CTPYKTYPp JonaTok [22].

AnoMiHiTIOBi MOHOKpHCTANM Pi3HOI opieHTAIlil BUKOPUCTOBYBAIUCS
He TiJIbKY IJIs BUBUEHHS IIPUPOAM Ta 3aKOHOMIpHOCTEH medopMarii me-
TajJiB, aje i B IpakKTUUYHOMY CeHci AK imamxaropu Bromu [23]. MoHOK-
pucranu amominiio (99,995% Al) gismerpom y 15 MM OyJiu BUTOTOBJIE-
Hi BizmosigHo Mo Bpim:xmenoBoro metony. Omep:xana MUJIIHAPUUHA 3a-
roTiBKa pospisajsach eJeKTPOICKPOBUM METOAOM Ha IJIACTUHU TOBIIIH-
Hoo y 0,4-0,5 MM, moB:xkuHOI Vv 30 MM, mupuHoo v 10 MM i 3amaHoIO
KpucrajorpadivyHoo opieHTaIlielo, AKa BHU3HAYAJIACI PEHTI'€HiBChKUM
nudpakTomerpoM. IloTpibHa AKiCTh TOBEPXHi i YCYHEHHS 3MiITHEHOT'O
IIOBEPXHEBOI'0O MIAPY AOCATAJINCH €JeKTPOJIITUUYHIM HOJipyBaHHAM.

Momokpucramiuni cemcopu BroMu Maau opiemrarii <001>{100},
<111>{110}, <221>{110}. Brasauuit kpucrasorpadgiuaunii HAIPIMOK
30iraBcs 3 Biccio Iil0UOro HABAaHTAMKEHHS 3pas3Ka, Ha AKOMY iHINKATOPH
BcTaHOBJOBaauCcA. [lukiiyHe HaBaHTaKyBaHHSA IIPOBOJIMJIOCA CUHYCOI-
ITaJIbLHUM ITUKJIOM i3 yacToToio y 11 I't i KoedimienToM acumeTpii UKy
HaBaHTa)KyBaHHA R=0. KpingeHnHs cerHcopiB g0 3pasKka IPOBOAUJIOCS
KJIeEM Ha OCHOBIi HiaHOKpuJaty. MoHITOPUHI cTaHy B HpoIleci HaBaH-
TaXYBaHHSA IPOBOAMBCA 3acobaMy onTHUHOI Mikpockomii. IIpoBenmeni
cIIOCTEPeKeHH A ITOKal3aJu, 110 YyTJANBICTb CEHCOPiB A0 IMUKJIYHOTO Ha-
BaHTaKyBaHHS 3aJICKUTh BiJ KpucTajgorpadiunoi opieuTarrii.

Cencopu 3 opienrarmiero <001>{100} (puc. 1, a), cXuabHi 70 MHO-
JKMHHOT'O KOB3aHHS, € HAlOiabIn uyTauBuMu. ledopmariiinuit peabed
dopMyeThCA Ha paHHIiN cTamii BToMu, Mae crenupiyanii, HeKPUCTAJIOr-
padiunmiti xapakrep. Cercopu opienramii <221>{110} (puc. 1, 6) me-
MOHCTPYIOTH pejabed iHImIoi mopdoJorii, mpore i mi iHAMKAaTOPU € UYT-
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Puc. 1. ledbopmariiiamii penbed IOBEPXHi CEHCOPiB: MOHOKpPMCTAJ OpieHTaii
<100> micaa 46000 nukiaiB HaBaHTaKyBaHHA (@), MOHOKPUCTAJ OpieHTAIil
<221> micaa 90000 mukriB HaBaHTaKyBamHuA [23] (6).

Fig. 1. Deformation relief of sensors’ surface: single crystal with orientation
<100> after 46000 loading cycles (a), single crystal with orientation <221>
after 90000 loading cycles (6).

JVUBUMH 10 KiJIbKOCTHY ITUKJIiB HaBaHTAKYBaHHS.

Cruig BigMiTHTH, III0 B MOAEJAX HAKONNUYEHHS HONIKOMMKEHHS, IKi
b6asyioTbea Ha 3axomi Illmima, 1m0 BuM3Hauae KPUTUYHI HAIPYKEHHSA
3CYBY, IIE€BHi BiIXMJIM Bif OUiKyBaHMX 3aKOHOMipPHOCTEH MOMKYTh OyTH
BUKJUKAaHI epexTamMu, AKi crocrepiraancsa, HaopuKJaag, B podorTi [24].
Ilig yuac HaBaHTa*KyBaHHA MOHOKPUCTAJIIB aJIlOMiHiI0 METO/OM PEHTIe-
HiBcbKOI Tomorpadii mocaiskyBaBcd Mpollec aKTuBallil KOB3aHHA Ha
paHHil cTaxii miaacTuuHOro fepopMyBaHHA.

ByJiio BuABIIeHO KOB3aHHA B cucTeMax 3 HeBeJduKuM paxkTopom Illmi-
Ia, B TOH Uac AK 3Ha4YHO OiibIle 3HaueHHA hparkTopa IlImina He 3abesme-
YyBaJIO aKTHBAIlil0 KOoB3aHH (TadJr. 1).

Ax BugHO i3 Taba. 1, y IpoBegeHOMY eKCIIePUMEHTI cIIocTepirajach ak-
TUBAIliA KOB3AHHS B cucTeMi 3 HaitbiabmmmM (paxropom IImixa (0,49 X), a
Tako:k B Tpetiii (0,34 X) i mecariii (0,15 X) 3a smauenuam paxropa IlImiga
crucreMax KoBs3auHa. Bigxwui Bif sakony IlIMiza moscHIOETHCS 0COOIMBOC-
TAMU PYyXY AWCJIOKAIIill B 3aJI€KHOCTL BiJl BBAEMHOI'0 PO3TAITyBAHHS ILJIO-
IITUHY KOB3aHHA Ta IJIOITUHY ITOBEPXHi KPUCTATY.

IHIMTMM YMHHMKOM, SKUHA BHOCUTH KOPEeKTHBH B mifo 3axkomy Illmina, €
KiJbKiCThL OJHOUACHO aKTMBOBAHUX CHUCTEM KOB3aHH, ITIO 3aJIEKUTH Bil
Kpucrajgorpadiunoi opierraii. Tak, KiJTbKicTh aK THBOBAHUX CHCTEM KOB-
3aHHA BILIMBAE Ha MOP(QOJIOTiio moBepxHi gepopMaItiitHoro peabedy.
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TABJINIIA 1. Paxropu IlImiga it akTuBOBaHi cucTemu 3cyBy [24].
TABLE 1. Schmid factors and activated slip systems.

ITnomuual Kyt misk naomuzoio koB3aH- | Hanpawm |Pakrop Illmina, X — axTu-
KOB3aHHS| H Ta [IOBEPXHEIO KPUCTANY |[KOB3AHHs] BOBAHA CHCTEMA KOB3aHHS

[101] 0,49 X
(111) 76 [110] 0,30
[011] 0,19
[101] 0,48
(111) 51 [110] 0,33
[011] 0,15X
[110] 0,34 X
@111) 86 [101] 0,24
[011] 0,1
[110] 0,28
(111) 21 [101] 0,20
[011] 0,06

B po6ori [25] mocaimsxyBasiucss MOHOKPUCTAIMN AJTIOMIiHiI0O YMCTOTHU
99,99% . Cragis 3apoAsKeHHs TPII[MHYN BUABUIACH iCTOTHO 3aJIEKHOIO
Big xpucrajgorpadiuHoi opieHTAaIlii; Ipyu YoMy He JIHINe HANIPYKEHHI B
HepPBUHHIN cucTeMi KOB3aHHS 3yMOBJIOIOTH ITell BILIMWB, ajie i HAIIPy-
JKeHHSA B KPUTHUYHIN i CIIOJIYUYHIA cumcTeMax KOB3aHHsA. BigmoBigwHi mo-
BEePXHEBi CTPYKTYpH IIOKA3aHO Ha pucC. 2.

Kpucranorpadivuicts gedopMariiiioro peabedy moeTHyeETbCI 3 HO-
ro paKTaJIbHICTIO, ITI0 BUABJIEHA K Ha MOHOKpucTaaax [26, 27], Tak i
Ha MOJIKPUCTANIYHUX IJIACTUUYHUX MeTajsax [28]. XapaKkTepHuUMHU pO3-
MipaMu CTPYKTYpP CMYT KOB3aHHSA BBasKaJiMcd Bigaji Mix JiiHiAMU KO-
B3aHHS Ta BUCOTHU CXOIWHOK KOB3aHHS (puc. 3).

Y momikpucradiuHUX MaTepidjax JoKaJjisoBaHa ILJIacTUYHA Tedop-
MAallisl TaKOJK OB’ sA3aHa 3 opieHTaIieio 3epeH [29, 30], aka xapaKkTepu-
syeTbes hakTopoMm IlImiga, a TakoK BILIBOM MesK 3epeH [31].

IITo cTocyeThCsA iHTEI' PAJIBHOTO ypaxyBaHHA KpucTajorpadiuaoi opi-
€HTallil y aHaJidi BTOMHOIO MONIKOAMKEeHHA IMOJIiKPUCTAJIYHUX MaTepi-
SLJIiB, TO il KiJIbKiCHI MOKa3HMKM BU3HAYAIOTHCS HAABHICTIO IIEBHOI TEK-
CTYPU B pes3yJabTaTi IJIaCTUUHOI AedopMalrii if TeMnepaTypHOTro BILJIXBY.

TekcTypa JUCTOBUX IIJaKOBAHUX aJIIOMiHiIOBUX CTOIIiB (pOPMY€ETHCA
B IpoIieci mpoKkaTyBauusd. € ABa BUAM aHi30oTpoIrii mpokaryBauusa. Ile-
PUIMHA BUMA BiTHOCUTHCS J0 KPUCTAJOTPA(PIiUHOI TEKCTYPHU Ta IIOJIATAE Y
mmepeBaKHill opieHTariii 6iabirocTu 3epew. [pyruit Tun mosasarae y ¢op-
MYyBaHHIi IIepeBaskHOI reoMeTpil 3epeH, OTPUMAaHHA HUMH I103J0BKHBOI
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Puc. 2. MHOKUHHE KOB3aHHS B MOHOKDUCTAJIaX aaoMinito [25]: moaBiiine KoB-
3aHH (a), moTpiiHe KoB3aHHA (6).

Fig. 2. Multiple slip in aluminium single crystals [25]: double slip (a), triple
slip (0).

dopmMu y HAIIPAMi Oci IIpoOKaTyBaHHA.

IlnacTuuna mepopMmaliisa Maiske IOBHICTIO BU3HAUAETLCA KPUCTAJIOT -
padiuruMu mapamerpamMu TekcTypu [32]. [as mimakyBaJbHOTO IIapy
TEeKCTypa MIoJIATae B IIepeBaKHOMY OPi€HTYBaHHI 3epeH BiAMOBiTHO 10
opienranii {112}<111>; gusa cromis 11e — opienraris {110}<112> [33].
JJis aHaisdy BILIMBY TEKCTYPU Ha mpoliec ()OPMYyBaHHA IMOJIIKPUCTAJIIB
BUKOPHCTOBYETHCSA PO3paxyHOK (parrTopa Teitaopa. PaxrTop Teitmopa
BU3HAUa€E 3BeJleHi HAIIPYy KeHHA 3CYyBY [IJd BU3HAUEHOI KpucTajorpadgiu-
HOI opieHTAaIlil, AKaA € pe3yJabTaTOM KpHCTaJIOorpadgivyHOol TEKCTYyPHU IIPOKa-

TyBaHHA.
Bigomo, m1o mporiec Bromu MeTasiB € cragiitauM. Ileprra cramgis, —
3apPOJKEeHHA BTOMHOI TPIIMIWHN, — € JIOKAJBbHOIO; TPIIlMHA 3aPOIKY-

€ThCA B HAHOIJIBIIT HaBAHTAKEHOMY KPHCTAJITI ITOOIM3Y KOHIIEHTPATO-
pa Hampy:KeHb. A TpUBaJiCTh iHKyOaIiiiHol cTafil BTOMU B I[bOMY KPH-
CcTaJiTi BIIMBae Ha TPUBAJIICTh iHKYyOAaIlifiHoi craxmii B misomy i 3aJe-
JKUTH Bil KpucTajgorpadiuyHoi opieHTallii «KpuTUUYHOTO» 3epHAa [34, 35].

IITo cTocyeTbcA BIJIMBY KOB3aHHA B cucTtemMax 3 (paxtopom Illmiza,
MEHIIINM, HiXK IePBUHHNII, I[iKaBe CIIOCTepPeKeHHs 0yJIo 3p006JIeHo B Po-
6ori [36]. ¥V momikpucranax 3 I'lK-r'paTHuIiero 3a MUKJIIYHOrO HaBaH-
Ta)KyBaHHA KOB3aHHA B IIEPBUHHIM cHCTeMi BUKJIMKAE MiIBUIIEHHA Ha-
NpysKeHHA 3CYBY Y BTOPUHHIN cucTeMi KOB3aHHA O KPUTUYHOTO 3HA-
YeHHS 3 BiATIOBiHOIO aKTHBAIlil0 KOB3aHHsa. KoB3auHsa y BTOPUHHIN cu-
CTEMi CyTTE€BO MOCUJIIOE iHTEHCUBHICTD MJIACTUYHOTO AeOopMyBaHHA B
nepBuHHIiN cucremi. TaKuM YnMHOM, II0SIBA BTOPMHHOI CCTEMH KOB3aH-
HA Ma€ icTOTHUH e(peKT Ha iHTeHCUBHICTHL (DOPMYyBaHHA CKJIAJOBUX JE-
dopmarnifinoro peabedy — eKcTpPy3ilt Ta iIHTPY3iii.
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a

Puc. 3. Jlinii xoB3auua n (a) i cmyru KossauH4a (6) (! — Bigmanp MiK 30HaAMU
KOB3aHHA, h — IMMpUHA 30HU KOB3aHHA) [ 26].

Fig. 3. Slip lines n (a) and slip bands (6) (! is distance between slip zones, # is
width of slip zone).

BararoochoBe HaBaHTa:KyBaHHS TaKOK IIPUBOAUTEL H0 (GOPMYyBaHHS
Ta PO3BUTKY HIedopmMarltiiinoro peabedy moBepxHi [8]. AxTuBaria cuc-
TeM KOB3aHHA y MOJIKpPHCTaJaX i MOHOKPHCTAJNaxX IIiJf ¥ac ABOBiCHOTO
HaBaHTAaKyBaHHA Ma€e CBOI 0COOJIMBOCTI.

B po6ori [37] cTBepA:KyEeThCA, IIT0 BTOMHA JOBrOBiUHIiCTEL 3a 6araToo-
CHOBOI'0 HaBaHTAKYBAHHA iCTOTHO BiApisdHAETHCS Bif Ti€l, 10 cmocTepi-
raeThCsd 3a HaBaHTAKYBaHHA «EKBiBaJIeHTHUMU» HANPYKEeHHIMU, BU-
3HAUEHUMHU 34 METOINKOIO, AKa BUKOPUCTOBYETLCS B iHKEHEPHUX PO3-
PaxyHKOBUX IIPOIeAypPax.

B mpoBenenux HaMu mocaimikeHHAX [38] mocaim:xyBaBesa gedopmalriii-
HUH pesbe( MOBEPXHi Ha ITIOBEPXHI MJIaKyBaJILHOTO ITapy aJIfoMiHifi0BOro
crony 2024T3. IIpoBemeno onTuuHe AOCIiI:KEeHHSA gedopMalliiimoro pe-
Jbe(y IMOBEPXHi 3a OMJHOBICHOTO IIMKJIIYHOIO HABAHTAKYBAHHS i KOMOi-
HOBAHOT'0 HaBaHTaKyBaHHS PO3TAroM i KpyueHHaAM. Ilig uac ogHOBiCHO-
My HaBaHTa’KyBaHHS CIIOCTEPiraJioch OJUHWYHE KOB3aHHA Yy KPUCTAJI-
TaX, OPi€HTOBAHUX HANOLIBIN CIIPUATINBO. 3a KOMOiHOBAHOTO HaBaHTAa-
JKYBaHHSA BUABJICHO O3HAKM KOB3aHHSA OiJIBIN HiK B OQHIN cuCcTeMi KOB-
3aHHA.

Ile nigTBepAKy€eThbCcA i po3paxyHkamu ¢arTopis IlImiga nadg Beix cu-
CcTeM KOB3aHHA, AK 3a PO3TATY, TaK i 3a CHiJIbHOI Ail po3TATY 38 KPy4eH-
Ham [11]. HaBemenwuit mpukaan KoMOiHOBaHOTO HaBaHTaKyBaHHS BKa-
3y€ Ha MOJKJIMBICTH OZHOYACHOI aKTHBAIlil cCTeM KOB3aHHS, IK B pe-
3yJbTAaTi il po3TATryBaJIbHOI KOMIIOHEHTH, TaK 1 KPYyUYeHH.
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OueBuAHO, IIT0 Ha aKTUBAITiI0 IEeBHUX CUCTEM KOB3aHHs BIJIUBAE i pi-
BeHb AiI0UMX KOMIIOHEHT HaIpyXeHb. [ledopmalniitinuit peabed mopep-
XHi Ipu bOMY BimoOpaskae MUCIOKAIIiMHUNA MexXaHi3M HOIMTKOIKeHHsT,
B TOMY YHCJIi B3AEMOJiI0 OUCJIOKAIIif PiBHUX CHUCTEeM KOB3aHHS Ta Bi-
noBigHe mepopMmarriiine 3MiITHEHHS.

3. BUCHOBRH

IIpoBemenuit orisam SOCIIiAKEHDb, B AKX HAKOINYEHHS BTOMHOTO IIOIII-
KOIKEeHHsA Ta BiAmoBigHe (OopMyBaHHSA W PO3BUTOK AedopMalliiiHOro
peabedy moB’a3aHi 3 KpucTramorpad)iuHOO OPieHTAI[I€I0 MOHOKPUCTATIB
i KpucTaJiTiB TEKCTYpPOBaHUX IIOJiKPUCTAJIIUHUX MaTEPiAIiB, BKasye
Ha HeoOXiAHICTH 1 MOKJIMBICTL ypaxyBaHHA Kpucrajgorpa@iyHux acie-
KTiB 3a4JIs PO3POOKM METOJiB OIiHKYM HAKOINYEHOT0 BTOMHOTO IIOIIKO-
mxeHHA. EdexT Kpucrasorpa@iunoi opieHTaIil MOHOKPHCTAJIIB i TeKC-
TYPU NOJIKPUCTAJNIYHUX MaTePiAJIiB € icTOTHUM, AK 3a OAHOBiCHOT'O Ha-
BaHTaXKyBaHHSA, TaK i 3a JBOBiCHOIO HaBaHTaKyBaHHA.

Hedopmartitinuii pesbed mHOBEepXHi, 3yMOBJEHUMN [Ai€l0 KOMIOHEHT
0araToochOBOT'O HaBAHTAMKEHHS, BigjoOparkae IIpoIec akTUBAIlil cucTeM
KOB3aHHA.

IlomanbIimi pmochmimsKeHHS, 3alJaHOBAaHI aBTOpaMHM CTaTTi, OYAyTh
CIIPAMOBAHI Ha yJOCKOHAJIEHHA IIPOIEypPU BU3HAUEHHS €KBiBaJIeHT-
HUX HAIPy:KeHb 0araTooChOBOT0 HABAHTAYKYBAHHA 3 YpaxyBaHHAM aHi-
30TPOIIii peaJbHUX KOHCTPYKI[IMHUX MeTaJliB.
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Effect of Heat Input During Welding on the Microstructure and
Mechanical Properties of the Heat-Affected Zone of MIL-A-46100
Armour Steel

0. A. Slyvins’kyy, V. V. Kvasnyts’kyy, I. A. Vladymyrskyi,
S. P. Bisyk", Ye. P. Chvertko, and V. L. Kovalenko

National Technical University of Ukraine
‘Igor Sikorsky Kyiv Polytechnic Institute’,
57 Beresteiskyi Ave.,

UA-03056 Kyiv, Ukraine

*National Defence University of Ukraine,
28 Povitrianykh Syl Ave.,

UA-03049 Kyiv, Ukraine

The paper presents the results of studies concerning the influence of the heat
input of gas metal arc welding on the microstructure and mechanical proper-
ties of the metal of the heat-affected zone (HAZ) of a high-hardness armour
plate made according to MIL-A-46100. Using the bead test method, the heat
input is varied in the range of 0.9-2.2 kJ-mm™!, and the distribution of mi-
crohardness inside the metal of the welded samples, the microstructure, and
the impact toughness of the HAZ sections are investigated. The studied steel
reveals a high sensitivity to welding heat. According to the microhardness
distribution, the entire metal of the HAZ, the width of which increased from
~25.0 to 28.0 mm with increasing heat input in the studied range of values,
is characterized by a lower hardness compared to the base metal. As estab-
lished, the lowest impact toughness is observed in the metal directly adjacent
to the weld of the overheating zone, which undergoes complete austenization,
grain enlargement, and further transformation of austenite with the for-
mation of lath martensite and bainite sheaves’ mixture under the influence
of the welding thermal cycle. An increase in the heat input is accompanied by
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a decrease in the martensitic component and, accordingly, an increase in the
bainite fraction in the metal of this part of the HAZ. In turn, this leads to the
impact toughness enhancement, but only for the values of welding heat input
of 0.9, 1.1, and 1.8 kJ-mm™. In the case of heat input of 2.2kJ-mm™, at
which the metal of the overheated area underwent the most significant sof-
tening, its impact toughness was significantly lower compared to the case of
welding with lower heat-input values and 30% lower than that of the base
metal. This effect can be explained by a modification in the morphology of the
carbide component of the bainite phase, with the gradual replacement of low-
er bainite by upper bainite, as well as the release of boron-containing carbide
particles along the boundaries of primary grains due to excessive slowing of
metal cooling in the overheated area. Thus, welding of the studied steel using
parameters ensuring high deposition rate with a heat input of about
2.2 kJ-mm™ can cause resistance degradation of the metal of the HAZ to brit-
tle fractures under the influence of dynamic loads, providing a negative im-
pact on the ballistic resistance and durability of its welded joints.

Key words: high-hardness armour steel, gas metal arc welding, heat-affected
zone, microstructure, microhardness, impact toughness.

B poborti mpeacTaBiieHo pesyabTaTH AOCHiAKEeHb BIJIUBY MOTOHHOI eHeprii ay-
TOBOTO 3BaPIOBAHHSA TOIIKOIO €JIEKTPOLOI0 V 3aXMCHOMY Tasi Ha MiKPOCTPYKTY-
Py Ta MeXaHiuHi BIaCTUBOCTI MeTay 3BapIOBAJIFHOI 30HU TEPMIiYHOT'O BILIUBY
(3TB) 6poubOBOI KpwuIli BHCOKOiI TBepmocTu, BuroroBimenoi 3a TY MIL-A-
46100. BukopuCcTOBYIOUM METOAY BaJMKOBOI P00, ITIOTOHHY €HEPTiio Bapiio-
BaJsu B iHTepBani sHavens 0,9-2,2 kllsx-MM L, gocigyBaaIn PO3IOLLI MIKDO-
TBEPAOCTY B METaJIi 3BaPHUX 3Pa3KiB, MiKPOCTPYKTYDPYy Ta MOKA3HUKY yAAPHOL
B’ a3kocTu minanok 3TB. [Mocaimixena KpuUIsd BUSBUIA BUCOKY YYTJIUBICTH 10
3BapIOBAJILHOTO TeIIa. BinmoBigHo 10 po3noaisy MikpoTBepaocT, BeCh MeTas
30HY TEPMiYHOI'O BILJINBY, IIIVPHUHA AKOI 31 3pOCTAaHHAM IOTOHHOI eHeprii B fo-
CIimKyBaHOMY iHTEepBasi 3HaUeHb 30iabIiuaacs Big 61usnko 25,0 go 28,0 mm,
Ma€e HMKYi 3HAUEHHSA TBEPAOCTHU, HiK OCHOBHUU MeTajsi. BcTamoBIIeHO, IO
HaWHWKYI IOKa3HUKY yJAPHOI B’SIBKOCTU Mae MeTas 0e310ocepesHbO IPUJIeT-
JIO1 o IIBa MiJISHKY IeperpiBy, AKUH Mif BIIJIMBOM TEPMiUHOTO ITUKJIY 3BapIO-
BaHHS 3a3HAE IIOBHOI ayCcTeHi3arii, yKpyIIHeHHS 3epHAa Ta MOJAJIbIIIOrO IIepeT-
BOPEHHSA ayCTEHITYy 3 (DOPMYyBAHHAM CYMIiIlli peTKOBOTO MapTEHCUTY Ta IIaKeT-
HOTO OelfHiTy. 3pOCTaHHSA IOTOHHOI eHeprii CyIpPOBOAKYETHCA 3MEHITIEHHAM
MapTEeHCUTHOI CKJIAI0BOI Ta, BiTIOBiIHO, 3pOCTAHHAM YacTKU OEHHITY B MeTa-
ai miei ginaaxku 3TB. B cBowo uepry 1me cupumumHdAe 30iMbIIEHHA yAZapHOL
B’SIBKOCTHY, ajie TiJIbKW IJid 3HAaYeHb moroHHoi eweprii y 0,9, 1,1 Ta 1,3
kllsx-Mmm L. YV BUnagKy IOTOHHOI eHeprii 3BapoBaHHA v 2,2 KI[s&-MM !, 3a AKol
MeTaJ OiJAHKY IIeperpiBy 3a3HaBaB HAMiCTOTHIINIOrO 3HEMIITHEHHA, HOTO yIa-
PHa B’A3KicTh BUABMJIACA 3HAUHO MEHIIIOI0, HidK AJI 3BapIOBaHHA 3 MEHIIINMU
3HAUEHHAMHU ITOTOHHOI eHeprii, Ta Ha 30% MEHIIO0I0, HijK Yy OCHOBHOTO METAJY.
IToxibuUit edpeKT MOKHA MOACHUTH 3MiHOI0 MOpP(doorii KapbigHoil cKiIamoBoi
OefiHiTHOI (ha3w 3 MOCTYNMOBUM 3aMillleHHAM HUKHBOTO OEHHITY BEpXHiM, a
TAKOK BUAIJIEHHAM B3IOB/K MEJK IePBUHHUX 3€PEeH YaCTUHOK OOPBMiCHUX Ka-
pbiniB uepe3 HagMipHe YHOBIJILHEHHA OXOJIOAKEHHSA METANy OiIAHKU Iepe-
rpiBy. Takum uumHOM, 3BapIOBAHHS AOCJiAKeHOl Kpulli Ha (DOPCOBAHUX PEIKU-
MaXx 3 IIOrOHHOIO eHepricio 6ina 2,2 kI»K-MM ! MOMKe COPUYMHATH AerPajalliio
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omipHocTy Metany 3TB moxo KpUXKUX PyHHYBaHbD il BIJINBOM JUHAMIUHMX
HaBaHTAXKeHb, I1T0 MATUMe HeTaTUBHUY BIJIUB Ha OaicTUUHY CTIHKiCTD i sKu-
ByUYicTb i1 3BapHUX 3 €THAHD.

KarouoBi ciioBa: 6poHBOBA KPUIST BUCOKOI TBEPAOCTHU, 3BAPIOBAHHSA TOITKOIO
eJIEKTPOIOI0 V 3aXMCHOMY Tasi, 30Ha TepMiuHOTO BIJIUBY, MiKpPOCTPYKTYypa,
MiKpOTBepIiCTh, yAapHa B’ A3KiCTh.

(Received 19 July, 2024; in final version, 24 July, 2024 )

1. INTRODUCTION

To date, high-hardness armour steels (HHAS) according to MIL-A-
46100 with a thickness of 3—20 mm are widely used in the manufacture
of welded hulls and turrets of light armoured fighting vehicles (AFVs)
with ballistic protection against small arms bullets and small calibre
projectiles [1]. In the state after quenching and low-temperature tem-
pering to a hardness of HB 4.77-5.34 GPa, these materials must meet
the requirements of ballistic resistance (resistance to penetration and
piercing under high-speed impact loads), durability (ability to resist
brittle fracture under repeated impact and explosive loads), processa-
bility, and weldability [2].

The required set of properties, with a limited carbon content
(£0.32% wt.) due to welding requirements, is provided by the
Cr—-Ni-Mo alloying system, microalloying with strong carbide-forming
elements (V, Nb, Ti) and minimizing the concentration of impurities
[1, 3]. In turn, to achieve maximum hardness and maintain a sufficient
level of toughness, the HHAS rolling technology involves the intro-
duction of high-temperature thermomechanical controlled processing
(TMCP) and rapid heat treatment by hardening, allowing an effective
control of the grains structure and dispersion of the carbide phase
[2, 4]. To implement high-speed quenching in the rolling mill, flow and
efficient use of alloying elements, boron microalloying is used. It is
known that the increase in steel hardenability is due to the ability of
boron segregated along the austenite grain boundaries to prevent the
formation of ferrite phase nuclei [5, 6]. According to Ref. [7], the ef-
fect of 0.001-0.003% wt. B on steel hardenability is equivalent to add-
ing 0.6% wt. Mn+0.7% wt. Cr+0.5% wt. Mo, or 1.5% wt. Ni to its
composition. Since the beneficial effect is realized exclusively by boron
atoms dissolved in the matrix and not bound in non-metallic inclu-
sions, its maximum content in high-strength quenched and tempered
steels is limited to 0.005% wt. and 0.02-0.05% wt. Al and
0.02-0.05% wt. Ti are added to their composition [7, 8].

The most common welding method used in the production of light-
weight AFVs is gas metal arc welding (GMAW) using low-carbon high-
alloyed electrode wires of the Cr—Ni—Mn system. This makes it possible



666 O.A.SLYVINS’KYY,V.V.KVASNYTS’KYY,I.A. VLADYMYRSKYI et al.

to obtain an austenitic—ferritic structure in the weld with high ductili-
ty and durability under impact loads applied outside the welded joints,
and not to use preheating and post-weld tempering to prevent cold
cracks [9]. Since the strength and hardness of the weld metal (WM)
formed in this way are significantly lower than those of the base metal
(BM), the required level of ballistic protection could be achieved by the
design of the welded components.

In contrast to WM, changes in mechanical properties caused by
structural and phase transformations in the adjacent heat affected
zone (HAZ) cannot be compensated by appropriate alloying through
welding materials, since the metal in this zone is not melted, but only
heated to various temperatures. Austenization and tempering are the
key processes in the formation of the HAZ metal properties of armour
steels, as well as for any other high-strength quenched and tempered
steels. According to the heating—cooling conditions, four typical re-
gions of HAZ are distinguished (Fig. 1): coarse-grained HAZ (CGHAZ),
fine-grained HAZ (FGHAZ), intercritical HAZ (ICHAZ), and subcriti-
cal HAZ (SCHAZ).

The most critical effects on the quality and serviceability of HHAS
welded joints are the weakening of SCHAZ metal, reducing its ballistic
resistance compared to BM [12, 13], and causing an embrittlement and
a tendency to slow fracture of CGHAZ metal due to the enlargement of
its grain structure and repeated quenching [9, 14]. At the same time,
the effect of the structure, hardness and strength of CGHAZ metal due
to it on its performance under pulsed impact loads is ambiguous. On
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Fig. 1. Peak temperature and hardness profile of welded quenched and tem-
pered steel, schematic adapted from Refs. [10—-12]: T is melting point; T is
temperature of the beginning of the collective recrystallization.
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the one hand, for the material of an armour barrier with a hardness in
the range of 4.50-5.60 GPa, there is a directly proportional relation-
ship between the hardness value and the resistance to penetration of
armour-piercing ammunition [15, 16]. In particular, in Ref. [11], it
was shown that the relationship between the hardness of the HAZ met-
al and its dynamic compressive strength under deformation with a rate
of 3-10% st can be characterized by a linear regression equation:

c = 3.21HV,, + 439.07, (1)

where c—dynamic compressive strength, MPa, HV;—hardness of the
welded joint metal measured by Vickers approach with a load on the
indenter of 98.1 N within the range 220-470 HV,.

On the other hand, as shown in Ref. [17] on the example of T-shaped
and L-shaped welded substructures, under conditions of impact loads
applied outside WM and HAZ, the initiation of brittle fracture occurs
in the CGHAZ metal near WM due to the localization of the plastic de-
formation and the low ductility of the CGHAZ metal.

The penetration of high-hardness thin sheet armour occurs by the
mechanism of ‘hard plugging’ under the so-called adiabatic shear,
caused by the localization of plastic deformation in an extremely narrow
micron-wide region. The metal in this region is intensively heated by the
heat generated during plastic deformation, but does not have time to
spread throughout the target volume [18, 19]. In turn, it is the struc-
tural factor providing a decisive influence on the material’s resistance
to deformation localization. In particular, according to Ref. [2], for
steels with final structure formed by martensitic transformation, strain
localization occurs in the areas of the hardest structural components,
such as carbide particles or transformation twins. Moreover, in
Ref.[20], it was shown that the size ratio of martensite packages and
carbide particles has the most significant effect on the brittle strength
of these steels.

Given that structural-phase transformations in HAZ metal occur un-
der non-equilibrium conditions of the welding thermal cycle, which
‘erases’ the structure created by TMCP and changes the set of BM prop-
erties, optimization of the welding parameters determining the permis-
sible values range of the HAZ metal cooling time is a relevant fundamen-
tal and technological issue. The minimum permissible values of the cool-
ing time at austenite transformation start temperatures of 800-500°C
are chosen to prevent excessive quenching and cold crack formation
within CGHAZ, and the maximum permissible values of the cooling time
are set to prevent excessive weakening of SCHAZ metal. The welding
heat input (see Eq. (2)) has a direct impact on the cooling time of the
welded joint metal sections, the value of which also determines the width
of the HAZ, its individual sections and the depth of penetration.
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The objective of the present study is to investigate the microstruc-
tural and mechanical properties under dynamic loading of HAZ metal
in MIL-A-46100 armour steel under study, and to determine the effect
of welding heat input on the performance of welded joints made of this
material.

2. RESEARCH MATERIAL AND METHODOLOGY

Experiments were based on the bead-on-plate test. GMAW bead deposi-
tion was performed on plate 8 mm thick. Chemical composition of the
base metal and electrode wire of 1.2 mm are summarized in Table 1.

As a protective gas, a mixture 98% Ar + 2% CO; was used. Welding
parameters are listed in Table 2. The welding was performed with ‘Ja-
ckle ProPULS 400’ automatic welder, stabilization of welding speed
was ensured by ‘ESAB Miggytrac B501’ tractor.

The dimensions of the plates, the design of the welding tooling, and
the sequence of beads’ deposition prevent the outside influence on the
free cooling of the HAZ metal. Samples for further studies of structur-
al, microhardness, and impact bending tests were cut in a direction
perpendicular to the axes of the welded beads (Fig. 2) by waterjet
method preventing additional thermal effects on the material.

Welding heat input, @, and time of cooling from 800 to 500°C, #s,s,
were determined using methodology ISO TR 17671 for the case of 3-
dimensional heat flow during welding of semi-infinite workpiece:

TABLE 1. Chemical composition (% wt.) of the investigated steel and filer metal.

Clsi|Mn] P | s [cr| Ni [Mo| Vv ]|Al|Ti[cu| B
Base metal: MIL-A-46100 Armour Steel
0.270.311.19 0.006 0.001 0.41 0.06 0.0830.0120.0320.0370.0140.0019
Filler metal: ESAB OK Outrod 16.95
0.070.806.90 0.020 0.010 18.7 8.20 0.20 - - - 0.20 -

TABLE 2. GMA welding process parameters (* is shown calculated values).

No. of |Welding| Arc | Welding | Heatin- | Cooling time Time above

bead |current voltage| speed v, put @, from 800 to temperature
run I,A U,V | mms?! | kJmm? 500°C ts;5,8 | 1000°C t-10, S
1 185 18.3 3.0 0.9% 4.8% 3.1%
2 200 20.8 3.0 1.1* 5.8% 3.7%
3 210 22.9 3.0 1.3* 6.9% 4.4%
4 295 28.4 3.0 2.2% 11.6* 7.5%
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| 8
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Fig. 2. Scheme of GMAW bead deposition and sample preparation for micro-
hardness measurements and Charpy impact tests: surfacing beads (1)—(4),
microhardness measuring direction (5), notches positions (6).

Q= 0.8%103, 2)
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where U—arc voltage, V, [—welding current, A, v—welding speed,
mm-s~!, To—initial plate temperature (20°C).

Time above temperature 1000°C, t¢.10, was determined for the
CGHAZ metal with maximum temperature of 1350°C using Eq. (4)
[21]:

t 2Q

=0.0"——F, 4
>10 }\‘(1350_7-(,)) ( )

where A—average thermal conductivity coefficient of the studied steel
within the range of temperature values of 1000-1350°C
(A=31.0J- m s 1. K1), Parameter t.1o serves as a conditional indicator
of the primary grain structure enlargement of CGHAZ metal as a re-
sult of the collective recrystallization process. However, the exact val-
ue of the complete dissolution temperature of fine-dispersed phases,
capable of blocking the migration of the intergranular boundaries, de-
pends on the chemical composition of the steel under study and may
slightly exceed 1000°C.

It is worth noting that the use of austenitic filler metal for welding
of high-hardness armour steels is a required step aimed at minimizing
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the risk of cold cracks formation. This creates certain difficulties when
setting the rational welding parameters, since high-alloyed austenitic-
electrode wire has a significantly lower thermal conductivity and lower
melting point compared to BM. In turn, the thermal power of the arc is
often not enough to ensure proper penetration of the parts being
joined. In particular, welding of 6—8 mm thick parts using parameters
corresponding to the beads 1-3 (Table 2) is possible only with double-
sided butt welds, with a gap between the parts of at least 2.5-3 mm.
For similar conditions, a single-pass butt weld requires significantly
more powerful welding parameters with a heat input corresponding to
the bead 4 (Table 2).

The microstructure of the samples was studied using a Neophot-32
optical microscope and a TESCAN VEGAS3 scanning electron micro-
scope (SEM).

Microhardness analysis was performed using a Leco M-400 tester
with a load of 1.96 N (200 g). The distribution of microhardness was
determined in the cross-section of the samples, at a distance of 1.5 mm
from the face surface of the plate, on which the beads were deposited
(Fig. 2). The distance between adjacent points at which the microhard-
ness was determined was 0.25 mm.

Impact bending tests were performed at room temperature using a
KM-30 pendulum test rig with 55x7.5x8 mm samples having 2 mm
high V-shaped concentrator cut. The concentrator cuts were made from
the side opposite to the deposition face, and their tops were consistently
located near the metal of the test areas: CGHAZ, FGHAZ, ICHAZ, and
SCHAZ, respectively, as shown in Fig. 2. To compensate the influence of
possible structural microinhomogeneities, the impact strength of each
area was determined by averaging the results of three tests.

3. RESULTS AND DISCUSSION

The microhardness distribution in the studied samples with beads de-
posited using parameters 1-4 (Table 2) fits into the general trend: with
an increase in the heat input, the width of the HAZ and all its typical
areas increases, while the minimum hardness is observed in the transi-
tion region between ICHAZ and SCHAZ. In turn, the softening degree
of the metal in this HAZ region does not depend on the heat input val-
ue, but is determined by the alloying of the steel. For comparison, the
microhardness distribution in the HAZ of the beads deposited with
heat input of 0.9 and 2.2 kJ-mm™ is shown in Fig. 3.

Given the economical alloying of the studied steel, in particular, the
low total content of Mo, V, and Si, which can increase resistance to
tempering during heating [22], the recovery of microhardness to the
BM level, which averages to 488 HVy.2, occurs at a considerable dis-
tance from the fusion line. The total width of the HAZ increased from
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Fig. 3. Microhardness profiles of the heat-affected zones of the beads deposit-
ed on MIL-A-4610 steel plate with heat input of 0.9 and 2.2 kJ-mm™.

=~ 25.0 to 28.0 mm with heat-input increase from 0.9 to 2.2 kJ-mm™.

As can be seen, the HAZ areas that underwent austenization during
heating (CGHAZ and FGHAZ) did not harden to BM level during cool-
ing from the maximum temperatures: the maximum determined hard-
ness of the CGHAZ metal for heat input of 0. 9 kJ-mm™ is of 403 HV .,
and 303 HVy; for 2.2 kJ-mm™. This may be due to the relatively low (as
for armour steels) content of carbon and hardenability-enhancing ele-
ments (Mn, Ni, Mo). Thus, under the conditions of high-speed quench-
ing due to the specifics of welding thermal cycles, there is no formation
of a structure with hardness higher than that of BM in the areas of HAZ
adjacent to the fusion line, as observed in HHAS with a higher content
of carbon and solid solution strengthening elements [12].

The impact bending test results received on 3 specimens from each
HAZ area formed during bead deposition with heat input of
0.9 kJ-mm™ is shown in Fig. 4. With increase of the distance from the
fusion line, the values of impact work KV gradually increase. At the
same time, the sample with the concentrator applied in the CGHAZ
metal has the lowest impact toughness, even compared to the high-
hardness quenched BM. Therefore, further experiments on the effect
of welding heat input on the degradation of the HAZ mechanical prop-
erties were conducted for this particular area. The impact test results
of the CGHAZ metal of samples 1-4 (Table 2) are shown in Fig. 5.

It can be seen that an increase in the heat input from 0.9 to
1.8 kJ-mm™, which was accompanied by a decrease in the maximum
microhardness of the CGHAZ metal from 403 to 333 HVy.2, has an in-
verse effect on its impact toughness. That is, lower metal hardness
corresponds to higher values of impact work KV (Fig. 5). However, in
the case of the highest heat input of 2.2 kJ-mm™, at which the CGHAZ
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Fig. 4. Charpy impact energy measured at room temperature for HAZ areas of
sample 1 (Table 2).

metal of the studied steel underwent the most significant softening,
the impact work was significantly lower compared to the welding with
lower heat input and 30% lower compared to BM (19.59 J vs. 28.09 J).
The results of optical-microscopy studies revealed that BM has a fi-
ne-grained martensitic—bainitic structure with a predominance of the
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Fig. 5. Charpy impact energy data at the temperature of +20°C and maximum
microhardness values in CGHAZ of samples 1-4 (Table 2).
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Fig. 6. Microstructure of BM (a) of investigated MIL-A-46100 high-hardness
armour steel and WM (b) after bead deposition.

100 1m |

100 um

Fig. 7. Microstructure of CGHAZ of investigated MIL-A-46100 high-hardness
armour steel after bead deposition with heat input of: 0.9kJ-mm™ (a),
1.1 kJ- mm™(b), 1.3 kJ-mm™ (¢), 2.2 kJ-mm™ (d).

martensitic component (Fig. 6, a). In turn, the austenitic structure of
WM with a cellular—dendritic form of crystallites (Fig. 6, b) is due to
the used electrode wire (Table 1).

The final structure of the CGHAZ metal (Fig. 7) of all studied sam-
ples was formed by the shear mechanism of austenite transformation.
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In contrast to the background of the enlarged primary grains typical
for BM, a needle-like microstructure of lath martensite and bainite
sheaves mixture is observed. With an increase in the heat input, the
bainite fraction in the metal of these areas increases, so, the CGHAZ of
samples 3 and 4 (@ = 1.3 and 2.2 kJ-mm™!, respectively) demonstrates a
predominantly bainitic structure.

Figure 8 shows a comparison of SEM images of the CGHAZ micro-
structure in the samples 1 and 4 (@ =0.9 and 2.2 kJ-mm™, respective-
ly). It can be seen that, despite the increase in the time of the metal re-
maining at the temperatures of the development of collective recrys-
tallization in the studied areas of the CGHAZ (t.10 increased from 3.1
to 7.5 s), the average primary grains size was changed insignificantly.
Taking into account the chemical composition of the steel, this is prob-
ably due to the blocking the migration of intergranular boundaries by
carbides or carbonitrides of titanium and vanadium. Within the
CGHAZ, the grain size reaches a maximum of 70-80 pm for the sam-
ple1, and 90-100 ym for the sample 4. Obviously, such a slight en-
largement of the grain structure cannot cause a sharp decrease in the
impact strength of the CGHAZ metal of the sample 4.

It is worth noting that due to the specific shape of the penetration of
the bead test specimens and the corresponding configuration of the
HAZ (Fig. 2), regardless of the location of the notch, during the impact
bending tests, only crack initiation and development occurred in the
controlled zone, while the fracture area spread to other parts of the

Fig. 8. SEM images of the CGHAZ microstructure after bead deposition with
heat input of 0.90kJ-mm™ (a) and 2.2 kJ-mm™ (b); SEM HV: 20.0kV, SEM
magnification: 3700.
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HAZ or even along the WM. Thus, the obtained results characterize
the ability of the metal in the studied areas to resist fracture initiation
but do not allow assessing its resistance to fracture development. Nev-
ertheless, they make it possible to differentiate clearly the brittle
strength of individual HAZ areas under dynamic loading. Since impact
toughness characterizes the resistance of a material to local plastic de-
formations concentrated in small volumes around stress concentrators,
it is the most structure-dependent mechanical characteristic, which, in
addition to grain size, is significantly influenced by the size and mor-
phology of non-metallic inclusions and dispersed phase emissions.

The effect of welding heat input on the CGHAZ microstructure es-
tablished in this study is quite typical for welding of high-strength
quenched and tempered steels. An increase in heat input causes an in-
crease in time of cooling from 800 to 500°C ts,5, which also leads to an
increase in the bainite fraction in the martensitic—bainitic structure of
CGHAZ metal. In Ref.[23], it was shown for steel S1100Q that in-
crease in ts;5 leads to modification of the carbide component and bainite
phase morphology, with the gradual replacement of lower bainite by
upper one. In turn, the authors of Ref. [24] explain the sharp decrease
in the impact toughness in the case of prolonged cooling in the temper-
ature range of 800-500°C by the presence of the upper bainite domi-
nant structure with coarse particles of the carbide phase in CGHAZ
metal.

Another reason for the degradation of the impact toughness of
CGHAZ metal after welding with a heat input of @ =2.2 kJ-mm™ may
be associated with the release of carbide-phase particles along the pri-
mary grains boundaries. According to the results of in-depth studies
[25] of boron-containing steel, a decrease in the cooling rate from the
temperature of complete austenization and, accordingly, an increase in
the cooling duration, reduce the segregation amplitude of boron along
austenite grain boundaries due to the precipitation of boron carbides at
the boundaries, as this precipitation depletes the boron content. In
turn, as established in [6], the extensive precipitation of borocarbides
results in lower notch hardness.

Thus, the results of the present study indicate that the use of weld-
ing parameters with increased deposition rate and a heat input of
~2.2kJ - mm™ for the studied steel, although it allows increasing the
process productivity and reducing the total welding time, causes an
excessive reduction in the brittle strength of CGHAZ metal. In turn,
this effect will adversely affect the performance of welded joints under
high-speed shock-wave loads.

4. CONCLUSIONS

1. The dependences of the microhardness and impact toughness of HAZ of
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MIL-A-46100 high hardness armour steel on the heat input of gas metal
arc welding (GMAW) in the range of 0.9-2.2 kJ-mm™! were obtained.

2. Under the influence of GMAW thermal cycles, the studied steel
showed a high tendency to softening. In particular, even the area of the
HAZ metal that undergoes austenization during heating does not
harden to the BM 488 HV,.» hardness level after cooling: the maximum
determined hardness of the HAZ metal for heat input of 0.9 kJ- mm™ is
403 HV 2, and for 2.2 kJ- mm —303 HVy.».

3. Within the HAZ, the lowest impact strengths are found in the metal
of coarse-grained regions (CGHAZ), the structure of which consists of
a lath martensite and bainite sheaves mixture.

4. According to the impact bending tests results, an increase in heat
input from 0.9 to 1.3 kJ-mm™, accompanied by a decrease in the mar-
tensitic component fraction and, accordingly, an increase in the pro-
portion of bainite in CGHAZ metal, causes an increase in the average
impact work KV from 25.71 to 51.05J, with an average value of BM
impact work of 28.09 J.

5. It has been established that welding with a high deposition rate and
heat input of 2.2 kJ-mm™ can cause degradation of the CGHAZ metal
resistance to brittle fractures under dynamic loads, providing a nega-
tive impact on the ballistic resistance and durability of welded joints of
the steel. The probable reason for this may be due to the formation of
the dominant low-plastic upper bainite structure and the release of bo-
ron-containing carbides along the primary grain boundaries, due to the
increase in the cooling time of CGHAZ metal from the welding heating
temperature.
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8y [[opozoxcuuvka, 9,
04112 Ruis, Ykpaina

Hocmimxeno MexaHiuHi XxapaKTepUCTUKY, (ha30BUM CKJIA, 3aJIUIITKOBI MaKpoO-
cKoIriuHi HanpysKkeHHA Ta Tomorpadiro mosepxHi cromy Co—Cr—Mo—W, Buro-
TOBJIEHOTO 3a QIWTUBHOIO (CEJIEKTWBHOTO JIA3€PHOTO TOIJIEHHS IOPOIIKY —
CJIT) i nmuBapuoio (JIB) TexHoMOriaMu Ta MOAM(MIKOBAHOIO YJILTPA3BYKOBUM
ynapauM o6poosenuam (Y3Y0). BukopucTaHo OTHOKOHTAKTHUHN HOPMAaJIbHUHT
ymnapHo-HaBaHTasKyBaabHU peskuM ¥ 3YO0. IlokasaHo, 1110 MakpomedeKT, v
TOMY YucCIi feeKTr HeTIOBHOTO CTOIJIEHH A, IIOPY, 3HAUHA III€PCTKICTh ITOBEP-
XHi Ta BUCOKUU PiBEHD SAJIUIITKOBUX HAIIPYKEHDb POSTATY, K1 € HEBiy’eMHUMU
Hacaigxkamu 3D-ApyKY, epeKTUBHO yCYBalOThbCSI KOPOTKOILIMHHUM ¥Y3YO B
imepTHOMY cepefoBuIi. BcTaHOBIEHO B3a€EMO3aJIEKHICTh MidK MeXaHIUYHUMU
BiracTuBOCTAMU MoxudikoBanmx nmoBepxHeBux rmapiB CJIT i JIB 3paskis Ta
ixHiM CTPYKTYypHO-(a30BMM cTaHOM Iricias BmiamBy ¥3¥YO ympomosx 50 c.
EdexT sminmHeHHA TOBEPXHEBOr0O APy afUTUBHO BUT'OTOBJIEHOrO cromy Co—
Cr—Mo—W (y 2 pasu) 3ymoBIeHUU (HOPMYBAHHAM CTHUCKAJIBLHUX HAIPYKEHb
neprroro poxy (—600 MIIa) i maprencutHuM neperBopeHHaM. Cton Co—Cr—
Mo—-W, opepskaHMil 3a TeXHOJIOTi€I0 JIMBADHOTO BUPOOHUIITBA, MA€ MEHIITY
TBEPZAICTh AK y BUXigHOMYy craHi, Tak i micia Y3YO. Edexr sminnenua He me-
peBurtiye 1,7 pasy Ta JOCATAETHCS 3a PAXYHOK BUINOTO PiBHA HANPYKEHb CTHU-
cuenuda (—900 MIIa) i mogpibHenHA KapOigHOI CKJIaIOBOI.

Karouosi ciioBa: 3D-npyk, cejleKTUBHEe JIa3epHE TOIJIEHHS, YJIbTPa3BYKOBE
ynapue obopobaerHs, ctorr Co—Cr—Mo—W, cTpykTypa, (hpaszoBuii cKiaam, Mexa-
HiuHi BJIaCTHBOCTI.

The mechanical characteristics, phase composition, residual macroscopic
stresses, and surface topography of Co—Cr—Mo—W alloy fabricated using the
additive (selective laser melting of powder—SLM) and casting (CT) technolo-
gies and modified by ultrasonic impact treatment (UIT) are investigated. A
single-contact normal impact-loading mode of UIT is employed. As demon-
strated, the macrodefects, including defects of incomplete melting, pores,
significant surface roughness, and high levels of residual tensile stresses,
which are inherent consequences of 3D printing, are effectively eliminated
by short-term UIT in an inert environment. A correlation between the me-
chanical properties of modified surface layers of the SLM and CT samples and
their structural-phase state after UIT exposure for 50 s is established. The
strengthening effect of the surface layer of the additively manufactured Co—
Cr—Mo—W alloy (by 2 times) is due to the formation of compressive stresses
of the first kind (-600 MPa) and martensitic transformation. The Co—Cr—
Mo—W alloy obtained by casting technology has lower hardness both in the
initial state and after UIT. The strengthening effect does not exceed 1.7
times and is achieved due to a higher level of compressive stresses
(—900 MPa) and carbide component refinement.

Key words: 3D printing, selective laser melting, ultrasonic impact treatment,
Co—Cr—Mo—W alloy, structure, phase composition, mechanical properties.
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1. BCTY1II

IIporesyBaHHs € OOJHUM 3 HAWBAKJIMUBIIINX HAIPAMIB OPTOIEIWYHOI
cToMaToJIorii, aKuil mOB’sI3aHUI i3 3aMiHOI0 BiICYTHBOTO 3yba INTYydY-
HuUMU IIpoTe3aMu. Jlo HUX BifHOCAThCA 3HiMHI Ta He3HIMHI poTeau, Bi-
HipH, MOCTH, KOPOHKM, iMIJIaHTaTu Ta iHIime. Bimomo, IO KyBaJbHI
M’ 13U ITIeJIeNH JIOAUHYU MOMKYTh po3BuBaTu cuay A0 380—400 kr [1-3].
Tomy mys 3yOHOTO MPOTE3yBaHHA MAalOTh BUKOPHCTOBYBATHCS BHCOKO-
MiITHI MaTepidan, 10 IKUX, HacaMIepen, BiJHOCATLCA MeTajleBi CTOIIN.
Kpim 11poro, ¢isiosoriume cepesoBuille poTa JIOAUHNI MOKHA PO3TJIALA-
TU AK CBOEPIMHUI BapigHT aI'peCUBHOI €KOCUCTEMHU, B AKill 10 MeTale-
BUX CTOITiB, IO B3aCTOCOBYIOTHCSA B 3yOHOMY IIPOTe3yBaHHI,
npen’ ABJAAIOTHCA AY:Ke BHCOKI BMMOTM TAKOMK i CTOCOBHO KOpPO3iiiHOI
critikoctu. Koposiiine posunHeHHA MeTaJIy B POTi MOKe IIPU3BOSUTU SO
HAIXOMKeHHS B OPraHisM HeOaKaHMX XEeMiUHMX eJeMEeHTiB, IKi BU-
KJMKAaIOTh Cepiio3Hi amepriuni saxpopoBanHsa. OT0K, OCHOBHIMU KPU-
TepiaMu, AKMM MAIOThL BiAIOBiZaTH TakKi MaTepisam, € 6iocyMmicHicTs i
KOMILJIEKC HeOOXiMTHNX MeXaHIiuHNX i PisMKOo-XeMiuHIX BJIACTHUBOCTEIA.

Ha icTopuuHuii po3BUTOK MeTaJeBUX MaTepPiAJIiB OpTOIEeaNYHOI CTO-
MaTOJIOTi] BIJIMHYJIM HACTYIIHI HAaBaKJIMBIIITI YAHHUKMW: TEXHOJIOTiUHI
3MiHM KOHCTPYKIIiI 3yOHMX IIpOTe3iB, Iporpec B MeTaayprii ta sminu
BApPTOCTH JOPOTOIiHHUX MeTaJiB. 30Kpema, ynpomoB:x 20-ro cTomiTTsa
IIIUPOKOTO BXKUTKY HaOyBaIOTH CTONM HEJOPOTOIIiHHUX METaJiB uepes
3pOoCTaHHA I[iH Ha IIJIAXETHI MeTaJ U Ta iCTOTHe 30iJbITeHHA ToTped v
BUTOTOBJIEHHI MeTaJJOKepaMiuYHIX IIPOTEe3iB i KOPOHOK, a OCTAaHHIMU Je-
CATUJITTAMHK IIepeBara HAJacThbCA HIKeJIb-XPOMOBUM i K0OaJbT-
XPOMOBHUM CTOIIaM. 3aI0BiJbHI (pisMKo-MexaHiuHi BJacTUBOCTI i, roJo-
BHEe, HM3bKa BapTiCTh CHPUAJN IXHHBOMY HNIMPOKOMY 3aCTOCYBaHHIO,
0CO00JIMBO IJIs MeTaJIOKepaMivHUX IpoTesiB. B ;anuii uac IpomoHyeThC
BeJINKa KiJbKiCTh MapoK cToMaToJoriuHmX cTomiB Ha ocuHoBi Ni—Cr i
Co—Cr [4, 5]. Oguak cromu, 10 AKUX BXOoAuTh Ni, 3a3Buuail BUKJIUKA-
I0TH ajiepriuHi peakiii (IposaB MUTOTOKCUYHOCTH) [6—9]. ¥V 3B’aA3KYy 3
muM y O0arathbox mnuBigizoBanumx Kpainax Ni—Cr-ctomu Oyau 3amiHeHi
crormamu cuctemu Co—Cr [10-15].

3aBIAKM BICOKUM MeXaHiUHNM BJIaCTHUBOCTIM, 3a0BiIbHil 6iocyMmi-
CHOCTI, BUCOKiif 3HOCO- Ta KOPO3iliHii cTifikocTi cTronu Ha ocHOBiI Co—Cr
3HAUIIIN IITUPOKEe 3aCTOCYBAHHSA §¥ CTOMATOJOTIYHIM pecTaBpaliii i op-
TonequuHiA Xipyprii. Hanpukian, y cromaTosorii BOH BUKOPUCTOBY-
IOThCA JIJIS BUPOOHUIITBA 3YOHINX KOPOHOK, 3HIMHMX i He3HIMHUX IIPO-
Te3iB, MeTaJeBuX KapkaciB. TaxoK 3a3Buyai I[i CTOIIN 3aCTOCOBYIOTHCS
Y OPTOIIeANYHUX ITIJIAX, TAKUX AK 3aMiHa KOJIIHHOTO Ta Ta30CTETHOBOT'O
cyrJIob6iB, a TaKOK /I XipypriuHux iMILTaHTATIB.
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B pauwnii uac cronu cucrtemu Co—Cr, moB’as3ani i3 KIiHiuHIM 3acToCy-
BaHHAM, MOKHA PO3AianTHy Ha ABa ocHOoBHUX Tunn: Co—Cr—Mo i Co—Cr—
Mo—W. Xpowm, B IIepIiry 4epry, DoJinnrye onip Koposii, Mo BuauBae Ha
moApiOHeHHA 3epHAa Ta 3MilHeHHs MaTpulli. Ak mpasuio, Co—Cr—Mo-
CTOIIM MiCTATH AesAKi Byriieriesi exemenTu (He 6inbrre 0,35% ), i TBepmo-
CTOITHE 3MiITHEeHHS € OCHOBHMM MexaHizmoMm. IlopiBHaHO 3i cTomamm
Co—Cr—Mo, ctrormu Co—Cr—Mo—W, 110 micTaTe W, xapakTepusyiOThCS
MEHIIIOI0 TOBITMHOIO OKCUIHOT'O IIapy HiJ Yac mpoIlecy BUPOOHUIITBA,
IIT0 BaXKJIMBO IJIS MeTaJloKepaMiuHmx 3yOHmX mporesdis. Kpim Toro, W
XapaKTepua3yeThCA HUSbKUMU 3HAUEHHAMU KoedillieHTa TeIJI0BOT0 Po-
smupenssa (4,1:10° K™ sza remmeparypu y 298K i 7,1.10° K™ — gua
2673 K) Ta KoedimieHnTa TepTa, DOMIIITYIOUYN 3HOCOCTIHKiCTh MaTepiaay
mpore3y [16—18].

TpaguilifiHo AJIsg BUTOTOBJIEHHSA 3yOHMX MPOTE3iB 3i CTOMIIB Ha OCHOBI
Co—Cr 3acTOCOBYyeThCS JIMBAPHA TEXHOJIOTiA abo IIITaAMIOBKA; ajie CTiii-
KicThb IUTUX 3yOHUX ITPOTE3iB CKJIAMHOI (DOPMU BUABIAETHCA IPU IIHOMY
HeIOCTaTHBO BMCOKOM. KpiMm Toro, 1me TpygoMicTKUil mpoiiec i3 Oara-
ThMa eTanaMu, Ha SKUX MOKYTh BUHUKHYTH Pi3Hi BiAXWauW Big 3agaHUX
napameTrpiB. I HaBiTh AKIMO MII[HICTHL CTOMATOJIOTiYHMX pPecTaBpalliid,
oImep;KaHUX IIJACTUYHOIO medopmaliieio, Moxke OYTH JOCTATHLO BHCO-
KO0, TUM He MEeHIII OJlep:KaHHs CKJIATHUX (OpM TAKUM CIIOCO00M yTPY-
nuaeno. Takoxx cronu Co—Cr Baykue miggar0ThCA JUTTIO, HidK JOPOTOITiH-
Hi cTomM, Yepes IXHIO BUIITY TEMIEPATYPY TOIIJIEHH, i BOHU TipIe mif-
IaloThCA MOAAIbIIIOMY 00POOJIeHHIO 3aBIAKY CBOii1 TBepaocTi [19—-21].

11106 BupimuTu npobjemMu, IpUTaMaHHI TPAAUITiAHUM TEXHOJIOTiIM,
B JAHUI Yac YCIIIITHO OCBOIOETHCA BUTOTOBJIEHHS OPTOIEINYHUX BUPO-
0iB 3a TeXHOJIOTi€I0 aAUTUBHOTO BUPOOHUITBA (AB), SKa YMOKINBIIOE
CTBOPIOBATHY TPUBUMIipHi 06’eKTH moIIapoBo 3a oxuH erar [22—26]. Be-
JUKa KiJIbKiCTh HOCIHimKeHb CBiIUMTh, IT0 mporenypa AB sabesmeuye
eeKTUBHY Ta IMBUAKY TEeXHIKY IJd ITMMPOBOTO IPOEKTYBAaHHA Ta BU-
poOHMIITBA OioOCYyMiCHMX MeTaJIeBUX KapKaciB A CKJIALHUX 3yOHUX
OPOTE3iB 3 IMOJINMIEHNMU BJIACTUBOCTAMU, TAKUMHU SIK MiIlTHICTh, JOBIO-
BiuHicTsh i cTifikicTs M0 diziomoriunoi Koposii. Cepen aguTUBHIX METO-
IiB came TexHiKa cejeKTuBHOrO JasepHoro tomienHa (CJIT), aky 6yso
IpeICTaBJICHO HEIOJaBHO, IIPHUBEPHYJIA iHTEpeC MOCHiITHUKIB Y BCHOMY
CBiTi O BUTOTOBJIEHHS 3yOHUX MeTaJIeBUX KOHCTPYKITii, TAaKUX AK 3yOHi
iMIIaHTaTH, KOPOHKM, MOCTH Ta ITPOTE3Hi I'PpynH 3i CKJIAIHOIO IreoMeTpi-
eto [27—-30]. Hocaimxennsa Tako:x mokasainu, 1o Co—Cr-mpoTesu, BUTO-
roBaeHi CJIT, maroTs JgimImny cTifikicTh 10 Koposii Ta BuIlly MilfHiCTE mO-
PiBHSIHO 3 ITpOTE3aMU, BUTOTOBJIEHUMHY 3BUYAHIMY METOIaMU JIUTTS.

CJIT — 1e mpotieaypa afuTUBHOTO BUPOOHUIITBA, KA JA€ 3MOTY APY-
KyBaTu MeTaJIeBUHi KOMIIOHEHT 0e3IlocepeqHbO 3 CUCTEeMHU aBTOMATHU30-
BAHOT'O MPOEKTYBAHHSA MIJISIXOM IITBUAKOTO TA TOUHOTO CTOILJIEHHS IPio-
HOTO MEeTaJIEBOTO MOPOINKY B IMapyu IOTYKHIM JIadepHUM IITpOMeHeM
(puc. 1). Ila mocaizoBHiCTE TPpUBa€ AOTH, JOKU aBTOMATUYHO He cop-
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Puc. 1. ITpunanunoBa cxema CJIT-mpunTepa [33].
Fig. 1. Schematic diagram of the SLM printer [33].

MY€ETBhCSA TBEP/A TPUBUMipHA CTPYKTYypa 3a/aHol KOH(piryparlii 38 moBHi-
CTIO po3ToIIeHoro Mmetaay. OCKiJIbKY OCTaHHIM IIap MaTepidANy mig Jac
TAKOr0 BUPOOHUIITBA 3HAXOAUTHCA Y 30BCIiM iHIIIMX TePMOIMHAMIUHUX
yMOBax, Hi’K HHKUe PO3TAIIlOBaHi 1apu, To c)opMOBaHa MOBEPXHA II0-
Tpebye icToTHOro MOAM(iKyBaHHA. TOMYy MOZATKOBO 3aCTOCOBYIOTHCS
pisHi MeToaM MexaHiuHOTO OOPOOJIEHHS, Y TOMY UMCJi YJIbTPa3BYKOBa
yoapHa i, Koau 0e3lmocepeqHbO B mpoilieci 3D-IpyKy ogHOUYACHO 3 (o-
PMYBaHHAM KOXKHOTO ITTapy MaTepiany yaapHuii 00MKOBUI iHCTPYMEHT
00po0b.sie f1oro moBepxHIO [31].

TexHOJOTifA YILTPA3BYKOBOTO yaapHOro o06pobsenua (Y3YO0) moxxe
BUKOPHUCTOBYBATHCA He TiJIbKU Oe3mocepeaHbo mig uac 3D-APYKY, a Ta-
KOJK i B AKOCTi OKpeMoro eramny (II0OBepXHEBOT0) ITOCT-00p0OIeHHA IOTO-
BUX BUPOOiB [32]. Ase onTumanbHi pe:kumu Y 3YO CTOCOBHO CTOITIB CH-
cremu Co—Cr—Mo (ocobauBo i3 BMmicTom W) He BimmpaiiboBaHO y TOBHIi
Mipi, IIT0 BUMAarae JOAATKOBUX MOCJIiI/KeHb.

MeTo0 maHOi poOOTH € HOCTiMKeHHA BIJIMBY iHTEHCHUBHOI yJIbTPAa3-
BYKOBOI yapHOIl il Ha MiKPOCTPYKTYPY Ta MeXaHiuHi BJaCTUBOCTI 1O-
BepxHi 3paskis crony Co—Cr—Mo—W, ofep:KaHUX JUTTAM Y BaKyyMi Ta
CeJIEKTUBHUM JIA3€PHUM TOILJICHHAM HOPOIIKY (3D-IpyK).

2. METOJUKA ERKCIIEPUMEHTY

Ilepiry cepito 3paskiB OyJ0 OJep:KaHoO 3a TEXHOJOTIEI CeJIeKTHBHOIO



684 C. M. BOJIOIITKO, A. IT. BYPMAK, 1. A. BTIAIIMMUPCHEKWM Ta in.

JasepHOro tomieHus Ha 3D-mpunTtepi Alfa-150D kommanii TOB «Amu-
THUBHI JIasepHi TexHoJOrii YKpaiHu» y BUTJIAII MOHOJITHOTO Ky0y po3-
mipamu B 1x1x1 cm®. TexHiuHi XapaKTepUCTUKYN BUKOPUCTAHOTO IPHUH-
Tepa HaBezeHo B [32]. Ipyry cepiio 3pasKiB ofep:KaHoO 3a TEXHOJIOTi€IO
JuBapHOro BupobHUITBa (JIB) 11maxoM BaKyyMHOTO JUTTA Y (hopmi 1u-
JiHAPUYHOTO 3JIUBKA AigMerpoM v 10 MM i TOBIITMHOIO ¥ 5 MM 3 HACTYI-
Hoo roMorenisarieio 3a 1220°C yrposoB:K 4 ToauH i rapTyBaHHAM Y BO-
ny.

XeMiUHMH CKJIaJ IBOX Cepiil 3pasKiB BU3HAUEHO METO0I0 PEeHTIeHO-
¢II00pEeCcIeHTHOI aHaIi3u Ta HaBeJeHo B Ta0. 1.

JocaimxeHHA MiKPOCTPYKTYPH IIPOBEAEHO 3a JOIIOMOIOI0 METAaJIor-
padiuHoro TPMHOKYIAPHOro MiKpocKoma iScope 1S.1053-PLMi 3i 36i-
apineHHAM %100, x200 ta x500 pasiB. /s 1boro moJripoBaHi 3pasku
crorry Co—Cr—Mo migmaBaiy eJeKTPOJiTHUYHOMY IaBJIEHHIO B CIIUPTO-
Bomy posunui 15% H2S04, 5% HNOs, 2% HCI. IIlaBieHHA IPOBOSUIN
3a Hanpyru y 9 Bi cunu crpymy y 350 MA ympozos:x 10—-15 c.

BurkopucTtoByBaBcA TaKOM pPaCTPOBUU eJIEKTPOHHUN MiKpPOCKON
(PEM) TESCAN Vega3 SBH SEM 3 eHeprogucnepciiiHuM aHaJjisaTo-
poM. B pexxumi 3fi0MKU ITOBEPXHi 3pasKiB NPUITBUIITYBaJbHA HAIpyra
cramoBuia 20 kB, s6inxbmienns crarosuao 1000, 5000, 20000 pasis.

YiabTpasByKoBe yaapHe 00pobjeHHs mpoBoguaocda Ha npuiani Y3I'-300
B aT™Moc(epi aprouy ympomoB:k 50 ¢ 3 aMILTiTymoI0 ¥ 25 MKM 32 METOAMKOIO
[34]. Bubip pe:xumy 00po0JIeHHS I'PYHTYBABCA Ha pe3yIbTaTaxX IoIIepeTHix
JIOCJTiI:KeHb 3 OTJIANY Ha MaKCUMAaJIbHII e()eKT 3MiITHeHHs TOBepXHi [35].

s o6pobieHHSA BUKOPUCTAHO OAWH IMUJIIHAPUYHUIN OOMOK disgMer-
poMm y 5 MM i3 3araprosauoi Kpui II1X 15, AKkuit ogepKye CBOIO €eHepriio
BiJ yJILTPa3BYKOBOT'O PYIIOPa, CTBOPIOE IIOBTOPIOBAHI HOPMAJIbHI yaapu
110 3pas3Ky, PO3MIIIIeHOMY B TPMMAaUi Ha OMMOPHOMY AUCKY, TaK IO 3pa-
30K 3a3HAae€ JIMINE CTUCKAJBLHOI (0CchoBOI) medopmarlrii 6e3 pamidaarbHOTO
posmupenHusa. I1a cxema oTpuMaja Ha3By «OJHOKOHTAKTHUI HOPMAJb-
HUH yoapHO-HABAHTAKYBAJILHUMN PEKUM» (IIO3HAUNMO MOT0 IK PEeKUM
N). Boiiok KoImBaeThCa Yy BUCOKOUacToTHOMY mismasoHi (1,5 kI'm). e
IIPUHITAIIOBO Bifpi3HAE€ BUKOPHCTAHY METOOUKY OOpPOOJIEHHS BiJ MEHIII
iHTeHCUBHOrO pekuMy [32], B AKOMY 1 00podaenusa 3D-TpyKOBaHOTO
crony Co—Cr—Mo—W BHKOPHCTAHO YAAPHY T'OJIOBKY 3 CiMOMAa CTPUIKHEe-

TABJINIIA 1. Xemiunuii cKIa1 JOCTiIKYBAHUX CTOMIB.

TABLE 1. Chemical composition of studied alloys.

Meton Bwicr, % Bar.

omepansa Co | Cr [Mo| W[ C [si|[Fe [Ni| cd [ Al
CIAT  Ocmosa 27,32 6,18 5,28 <0,1 0,7 <1 <0,1 0,02 <0,
JIB Ocmosa 24,76 5,76 6,1 <0,1 1,2 <1 <0,1 0,02 <0,
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momiOoHMMU OOMKaMM, sKa 34iMCHIOE CTOXACTUYHI KOJMBAHHS B 3a30pi,
YTBOPEHOMY MiK KiHUMKOM PYIIOPY Ta IIOBepXHelo 3paska. Kpim Toro, y
IBOMY PeXUMi TpuMau 3pasKa 3AiliCHI0Oe 00epTaJbHO-IIOCTYIATbLHUMN
PyX, i 3a TaKUX yMOB OOHMKHM 3/[ifICHIOIOTH IIOBTOPIOBAHI KOB3HI yIapH IIo-
BepxHeIo 3paska. BigmoBizHo, Taka cxeMa o0poOIeHH Mae Ha3BY «KOB3-
HUIi/3CyBHUM 6araToOOMKOBUH PEKMM» YIAPHOTO HaBaHTaKeHHA (I103-
HAYMMO HOTO K PERUM S).

IlopiBHANLHE JOCTiMKEeHHA eHEePreTUKU IPOIlecy IJsd IBOX CXeM Ha-
BaHTaKeHHs, mpoBeaeHe B [36], cBigUuTh, 1110 pesKUM S IPUBOAUTEL IO
3MeHITIIeHHA I'YCTUHU BKJIaAEHO] eHeprii Ta il HepiBHOMipHOTO po3mo/Ii-
Jy 1o 3pas3kKy. Hac ymapy t 0yB omimenuit ax 2,13 +£1,05 Mxc B pexumi
Ni3,83+1,31 mkc B peskumi S. ITikoBa rycTrHA IIOTYKHOCTH, BBeJeHA
3a OJIMH yAap OO 30HU KOHTAKTYy, B peKuMi N IOMIiTHO mepPeBUIIYE TaKy
B pexxkuMmi S. 3oxpema, y pexxmmi N BoHa 3MiHIOETBHCA Bim 61,0 mo
244,2 MBt/cm?, a B 7-KOHTakTHOMY pexkmmi S — Bixm 64,7 10
88,1 MBT/cm? 3a 0fHAKOBUX YMOB 00POOJIEHHS.

Pexum N paginie gyasa o6podaerus crony Co—Cr—Mo—W He BuUKopucC-
TOBYBaBCH.

[ peHTr'eHiBCBKMX MHOCIiIKeHb BUKOPHUCTAHO aAudpaxToMeTep
Rigaku Ultima IV (Bunpomizenns CuK,). ¥Yci peHTI'eHOCTPYKTYPHI I0-
CHiMKeHHA IPOBOAUINCS AJIS IIOBEPXHEBOI ILJIOMINHY, 10 OyJja Imepie-
HINKYJAAPHA HAIPAMKY 3D-IPYKYy 3paskiB i HaOmpAMKY IIPOKATKMH.
YMOBU TpoOBeAeHHS MOCIiMKeHb: iHTepBaJ KyTiB — 20 =20°-120°,
Kpok stiomku — 0,04°, yac BUTPUMKH B TOUIi — 2 ¢, TPUBAJIICTEL 3HOM-
Ku ogHOro 3paska — 90 xB. AHaIi3y ofep:KaHNX PEHTT'eHiBChKUX CIIEK-
TPiB i MpoBeeHHA KiJbKicHOI Ta AKicHOI (hadoBOi aHasi3u 3AificHEHO 3
BUKOPUCTAHHAM IIporpaMHoro 3abesmnevenuda PDXL miskHapomHoi 6a3u
mauux audpariii ICDD (PDF-2) ta Bigkpuroi 6asu kpucramorpadiu-
Hux paaux COD. BusmaueHHs BeJIWYNHUN HAIPYKEHb IEPIIOr0 POAY
mpoBexeHo meroaom siny 3a merogom Side-inclination 3a amiHo0 KyTO-
BOT'0 MOJIOKeHHA nudpakiliinoro makcumymy (102) Ta 3HaueHb KYTiB
vy =0°,-10°,-20°, -30°, —40°.

Kinbkricauii BmicT €- Ta y-das B JOCTIAKYBAaHNX 3pa3Kax BU3HAUEHO
3a ¢opmyaoio Saude Ta Gillaud [37]:

I{HIK
(200)
Ve =1 oo 100 (1)

(200) (101)

O6GpoOKY omep:KaHMX CIEKTPiB IPOBEJEHO 3 BUKOPUCTAHHSIM IIPO-
rpamuoro 3abesneuenusa Rigaku Residual Stress Analysis.

Mexamniuni BmactTuBocTi 3paskiB Co—Cr—Mo—W pocaim:xyBajucsa me-
TOZOI0 IHCTPYMEHTAJbHOTO iHIeHTYBaHHS 3 BUKOPHUCTAHHIM YHiBepca-
JBHOTO MiKpo/HaHOTBepaomipa «Micron-Gamma» [38, 39]. Bumpooby-
BaHHA OPOBOAUINCH iHAeHTOpoM BepKoBmua 3 HaBaHTakeHHAM y 50
cH, mBuakicTs HaBaHTa'KeHHA cTaHoBua 5 cH/c. Ha moBepxHi KoKHO-
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T'0 3pasKa IPOBOAUIIN IIIiCTh MipAHb 3 KpokoM vy 50 MKM. B mporieci Bgas-
JIIOBaHHSA iHJIeHTOpPa B IOBEPXHIO 3pa3dKa PeecTPYyeEThCA Oro nmepeMiieH-
HSA 3 HAHOMETPOBOIO PO3AiJILYOIO 34aTHICTIO BiJHOCHO IIOBEPXHi 3pas3Ka, a
Pes3yJabTaT IPeACTABJISAEThCA Y BUTVIALL HiArpaMu iHIeHTyBaHHA.

Oninku chopmMoBaHOTOo pesbedy moBepxoHb 3pas3kis Co—Cr—Mo, oze-
piKaHUX 3a TEXHOJOTIEI0 CeJIEKTUBHOTO JJa3ePHOT0 TOILJIeHHS, 10 Ta ITic-
JIs YABTPA3BYKOBOTO YIAPHOT'O OOpPOOJIEHHS HMPOBEAEHO 3a JOIIOMOTOIO
inrepdepenriiinoro mpodimomerpa «Micron-beta» [40]. Ilpuman mae
3MOTr'y 0e3KOHTaKTHOIO METOM0I0 PeecTpyBaTu Tomorpadiro moBepxHi Ta
po3paxoByBaTH IIapaMeTpu IepcTKocTu. IJid KiabKiCcHOI OIiHKY BUKO-
PHUCTOBYBaJIMCS CTAHAAPTHI mapamerpu Iepctkoctu R, ta R,, AKi Bu-
3HavaucA 3a 7 6azoBuMu JiHigAMET JoB:KMHOO ¥ 1000 MKM, piBHOMIipHO
po3TaIIOBaHUMHU B MeKaX 3apeeCTPOBAHUX MiJTHOK MOBEPXOHb 3pPasKiB
Ha Biggauaiy 100 MxM ogHa Big ogHOI.

3. PE3YJIBTATH TA IX OBTOBOPEHHSA

Ha pucyuky 2 npencTaBiieHo MiKpocTpyKTypy JIB-cromy Co—Cr—Mo—W
y BuXimHomy craHi (a, 0, 0) Ta micasa Y3YO (s, ¢, ) 3a TaHUMU ONITUYHOL
Ta PACTPOBOI eJIEKTPOHHNX MIKPOCKOIIili. ¥ BUXiTHOMY CTaHi criocTepira-
€ThCSA TUIIOBA JeHAPUTHA MiKPOCTPYKTYpPa, AKa CKJIAZAETLC 3i CBITIINX i
TeMHUX TiNAHOK (puc. 2, a, 6) — aycreHiTHOI MaTpumi y-hasu (I'IIK-
TBepAuil po3dunH Xpomy, Momioneny i Kap6ony B KobaJsbTi) Ta e-(hasu 3
I'IIII-rpatuaumnero. domaBamasa Boabdpamy mo ckiaany cromy Co—Cr—Mo
crabimisye e-pasy y BUIIAAL OJOBrUX IPAMHX CMyT. BijblIicTs cMyr -
MapTEeHCUTY ITPOXOIATH Yepes I[iJIi 3epHa BiJ ofHiel MerKi 3epHa 110 iHIIoi.
IlepenbauaeThes, 110 115 £-(pa3a YTBOPIOETHCS B Pe3yIbTaTi MapTEeHCUTHO-
I'0 aTePMiYHOTO IePETBOPEHHS ITi/T Uac 3arapTyBaHHA y Boay. ¥ [41] moBi-
JIOMJISIETBCA, 1[0 MAPTEHCUTHE NEPETBOPEHHS Y — € Y 3arapTOBAaHUX CTO-
nax Co—Cr—Mo, ofep:KaHNX 3BUUANHNM CIIOCOOOM JIUTTS, 3aJ€KUTH Bif
po3Mipy 3epHa i MoKe OyTH IPUAYIIIEHO 3a PO3Mipy 3epHa MeHIITe 90 MKM.

MiKpocTpyKTypa TaKOK CKJIaZaeThcA 3 0JOKOBUX Kapbimis (puc. 2,
0) tunty M23Ce, AKi BUmIIAIOTHCA, SK IPABUJIO, IO MEXKaX 3epeH i B MikK-
IeHIPUTHUX 00JIaCTAX, a TAKOK Ha KPUCTATIUYHUX Aed)eKTax iHIIuX TH-
miB, TaKUX AK Je()eKTH IIaKyBaHHSA, OTMCJIOKAIll Ta Mexxi moxmimy ¢as
v/e. ¥ minomy Kapbigm M 23Ce € HAMIOIMBIN BAXKIUBOIO BTOPUHHOKO (ha300
y cromax Co—Cr i ocHoBHuMM 3acoboMm smimHeHHs. Twum, posmip Ta
00’eMHa yacTKa KapOigy s3ajie;kaTh BiJl yMOB TBepIHEHHS, a TAKOXK Bif
XeMigHOro ckJiany. BBaskaeThcsd, II0 MeXaHiYHI BJACTHUBOCTI MOMKYTHb
OyTH IOJiNIIeHi HIJIAXOM TEPMiUHOTO 00POOJEHHS 3a JOIIOMOI'OIO JIIC-
epCciliHOTO TBePAiHHsA, TOOTO PO3UNHEHHA KPYIIHOI KapbigHoi ciTku i
YTBOPeHHA APiOHUX BUAiJEeHL miJ uac crapinus. Hanpukaan, 3a manu-
mu [42] micaa Tepmiuroro 06pobimenua cromy cucremu Co—Cr—Mo (cra-
pinusg 3a 815°C yupomos:k 4 roguH, posunHernHs 3a 1120°C yopomos:x 1
roauHM) maacTuHYacTi Kapbigum MasCe mpuiiMmanau 6iabIn OKPyTay (op-
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MY Ta YACTKOBO PO3UMHAINCSA Yy KOOAJIBTOBOMY PO3uMHi (y BiZCOTKOBO-
My BUpPasKeHHi 3MmiHa BMmicTy KapbigiB — 3 9 mo 1,76% 3a o6’emom 3i
30iJIBIIIEHHAM Yacy TepMiuHOT0 00p0o0ieHH 10 6 roamm).

KinpKicTh i posmip xapbigiB MOMKYTL OyTH 3MiHeHi TaKOK iHTEHCUB-
HOIO IIJIACTUYHOIO Ae()OpMalli€io, HaIIPUKJIAL IMJISXO0M BOJIOUIHHSA APOTY
[43] a6o moBepxHEBOTO MexaHiuHOrO cTUpanHsa (SMAT-mporec) [44].

Y maHiii po6oTi 3 1i€t0 MeTOI0 3acTOCOBYEThCA ¥Y3Y O, AKe BUKINKAE
moApibHeHHA CTPYKTYPHUX cKaamoBux crony Co—Cr—W-Mo (puc. 2, 8,
2) i KapbigHUX BumijgeHs (puc. 2, e), aki Ha0yBaioTh 0iJabIIT OKPYTJIOL (o-
pMmu. B pesyabTaTi 3MeHIIeHHS 06’ €MHOI YacTKU KapOiZiB MOKe CIIpus-
TH MiJBUINEHHIO ILJIACTUYHOCTH METaJIy, OCOOJIMBO HOro IIOBEPXHEBOrO
mapy.

Y8
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Puc. 2. MikpocTpyKTypa moBepxHi 3paskis JIB-cromy Co—Cr—Mo—W y Buxignomy
cradi (a, 0) Ta micasa Y3VYO (8, 2) — onTuyHA MiKPOCKOITisA; KapOigHi BUIIIEHHST ¥
Buxigaomy craui (0) ta micas Y3YO (e) — pacTpoBa eJIeKTPOHHA MiKPOCKOIIisA.

Fig. 2. The microstructure of the surface of CT Co—Cr—Mo—W alloy samples in
the initial state (a, 6) and after UIT (8, 2)—optical microscopy; carbide precip-
itations in the initial state (0) and after UIT (e)—scanning electron microscopy.
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ITpodosicenns puc. 2.

Continuation of Fig. 2.

Ha Bigminy Binx JIB-3paskiB, MicIieBe TOILIEHHS Ta IIBUIKE TBEPHiH-
Ha, sukankane CJIT, minmimisye meeKTu Ta MOPUCTICTD i cIIpuse omep-
JKaHHIO IIiJILHOTO MATEPiAJy 3 OSHOPiAHOMIO APiOHO3€pPHUCTOI0 MiKpPO-
cTPYKTypoio (puc. 3, a). Cepenuiii poamip 3epHa 3pasKiB, BUTOTOBJIIEHUX
CJIT, € MeHIINM, HidK IJd JUTHUX 3Pas3KiB, OCKiJIbKHU CTYMIiHb II€PEOX0-
gomxenHda mig uac CJIT sHauno mepeBuUIIye Iieil MOKasHUK AJd JIB. 3a
Jiteparypuumu ganumu y cromi Co—Cr—Mo B mporlieci #ioro cuHTe3u 3a
aIUTUBHOIO TeXHOJIOTielo (opMyeTheAd HecTabinbHa oxHOMGAasHA Y-
CTPYKTypa 3 BeJINKOIO KiJIbKICTIO ABiMHMKIB 3a PaXyHOK IIIBUIKOIO TEI-
JIOBiABeIeHHSA HABKOJUIIHIM moporrkom. Takmit epeKT € crernudiaHoo
ocobsuBicTio Mmetony CJIT. 3pasku CJIT He MaOTh AeHAPUTHUX BUIIi-
JIeHb; IJIA HUX XapaKTepPHOI0 € KOMipuacTo-IJIacTuHUYacTa MOP(OJIOTia
(puc. 3, 6—2).

BinbIin JOoKJaIHO CTPYKTYPY Ta XeMIiUHUM CKJal IpoaHaIisoBaHO 3a
momomoroio PEM i eneprogucnepciiinoi (EDX) anarisu (puc. 4, a—e). 11i
CIIOCTEPEeKeHHA MIOKA3yIOTh, ITI0 PO3Mip KOMipOK 3HaXOAUTLCS B MeKax
~ 10 mxM. Beepenuni pisHOOpieHTOBaHMX KOMIpOK i 3a iXHiMu mMe:xkaMu
XeMiuHnii CKJaJ BifmoBigae 00’eMHOMY 3 HE3HAUYHUMMU BapidIigMMU KOH-
menTpartiit Co ta Cr B mesxkax 1-2% wmac. (Tabi. 2). B o01acTsax eBTeKTH-
Ku (puc. 4, d) cmocrepiraerbed migBuieHa KoHieHTtpamia Mo ta W i,
BimmoBigHo, 3MmeHIreHa Co ta Cr, Ak 3a3HauyaoTh aBTopu [45].

BceepenuHi KOMipoK BUABJECHO NiMAHKK po3MipoMm y 300 HM, B AKUX
crocrepiraerecs HaaBHicTh KapOony (puc. 4, 8) B KinbkocTi = 20% mac.
(taba. 2) i, BiZzmoBigHO, 3MEHITyeThCA BMicT iHIMUX emeMeHTiB. CTOCOB-
HO HaABHOCTHU KapbixiB y 3paskax cxaany Co—Cr—Mo, BUTOTOBJIIEHUX 3a
aIVuTUBHOIO TEXHOJIOTi€I0, OJHO3HAUYHOI BiAmoBigi moku Hemae. B [46]
BusiBJaeHO KapOoH y CKJIaAi IIbOTO CTOIY, ajie aBTOPY BBAKalOTh, IO Iie
— BaJUIIKHK BiJ IMiATOTOBKM 00’€KTiB JOCHiMMKeHHS 4O MeTagorpadiu-
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Hol aHaxisu. [[1a 6GioMeguUYHMX CTOMIB HAABHICTHL KapOifiB € MpPUHITH-
OOBUM IIUTAHHAM, OCKIJIBKM BOHM KOPHCHI IJIs IIiIIBUINIEHHS 3HOCO-
cTifikocTu.

Xoua Kap0igu MOMKYTh I'PATH ABOSKY POJIb IIOJ0 MiITHOCTH Ta ILJIAC-
TUYHOCTH: Ti 3 HUX, AKi 3HAXOAATLCA B 00’eMi 3epHAa, BigmosigaabHi 3a
OUCIIePCiHHO-3MiITHIOBATLHIN e(PeKT, a 3epHOMEsKOBi KapOigu, HaBmIa-

Puc. 3. Mopdosioria nosepxHi 3paskiB cromy Co—Cr—Mo—W, oxep:kanux CJIT,
Yy BUXiTHOMY CTaHi 3a JaHWMM OIITUYHOI MiKpocKomii (a, 6) Ta pacTpoOBOi eJieK-
TPOHHOI MiKpocKorii (8, 2).

Fig. 3. Surface morphology of Co—Cr—Mo—W alloy samples obtained by SLM
in the initial state according to optical microscopy data (a, 6) and scanning
electron microscopy (8, 2).
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KM, MOXKYTH OYTH IMKiAJUBUMU y CEHCi MOHMKEHHSA ILJTACTUYHOCTHU Ta
KOpOo3iiiHol cTifikocTr. B mamomy mocirig:keHHI He MOKHA BUKJIIOUUTH
HaSABHICTh HEBEJUKOI KiJILKOCTH APiOHOAMCIEPCHUX KAapOiJHUX BUIIi-
JeHb BCepeIrHiI KOMIPOK; BOJZHOYAC, PO3TPIiCKYBAaHHA MeKaMU 3e-
peH/cy63epeH abo0 iHINMX TOITKOAMKEHb BHACJIZOK iHTEeHCHBHOI mJac-
TUYHOI JedopMallii He BUABJIEHO.

Ax BimoMo, Ha ropu30HTAJBHIN mMoBepxHi mix uac 3D-aApyRy dopmy-

8 2

Puc. 4. Mopdosoris (a, 8, 0) Ta xemiuni ckaagu (0, 2, €) JoOKAIbHUX 00JacTei
noBepxHi 3paskiB cromry Co—Cr—Mo—W, ozep:xauux CJIT, y BuxizHomy crani,
HosHaueHuX Ha 300paskenHsx (a, 8, 0) i HaBemenux Ha ciexTpax (0, 2, e) Biamo-
BigmoO.

Fig. 4. Surface morphology (a, 8, d) and chemical compositions (6, 2, ¢) of local
areas of Co—Cr—Mo—W alloy samples obtained by SLM in the initial state indi-
cated in the images (a, 8, ) and provided in EDX spectra (6, ¢, ), respectively.
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0

ITpodosicenus puc. 4.

Continuation of Fig. 4.

IOThCS JOPiKKM PO3TOIY HAINiBIUJIIHAPUYHOI (hopmu (puc. 5, a, 8), 1110
3YMOBJIEHO IIPOIIECOM CKAHYBAHHSA JIA3€PHOTO IIPOMEHS II0OBEPXHEIO ITIa-
py mopomky [26]. BogHopas, MmakpomederkT, y ToMy UmHcIi gedeKTu
HEIIOBHOT'O CTOILJIEHHS, IIOPH, 3HAYHA IIIePCTKiCTh IOBEPXHI Ta BUCOKUH
piBeHBL BAMUINKOBUX HAIPY:KEHb PO3TATY € OCHOBHUMHU IIpOoOJIeMaMu,
AKi raJpMyIOTh PO3BUTOK 1 IIMPOKE 3aCTOCYBaHHSA CTOMATOJIOTIUHMX
KOHCTPYKIIili, Oflep:KaHiX 3a TeXHOJorieio 3D-IpyKy, OCKiIbKY 3HAU-
HOIO Mipoi0 MOHMIKYIOTH IXHIO BTOMHY I0BroBiuHicTh. Came TOMY B na-
HUH Yac 3aJIUITKOBI TedeKTH Ta HAIIPY KEeHHA B OCHOBHOMY YCYBaIOTLCS
MOZAJBIINM TEPMiUHMM 00po0JeHHAM i MexaHiuHo0 gedopmairiero. Ha
pHCcyHKax b, 0, 2 TOKa3aHO AK BUKOPUCTAHUNA OJHOKOHTAKTHHUI HOpMa-
JbHUHN yaapHO-HaBaHTAKyBaJabHUI peskuM Y3YO BmamsBae Ha Mopdo-
JIOTiI0 TIOBEPXHi ¥ YMOMKJIMBJIOE 3MEHIITUTH HETaTUBHUU BIJIUB BUIIlE-
mepepaxoBaHUX UNHHUKIB.

PesynbraTn MiKPOCKOIIIUHMX OOCJiAKEeHb IIOKa3ajl HasgBHICTHL He-
GeKTHOI CTPYKTYpPH IOBEPXHi 3pasKa, BUPOOJIEHOTO 3a TeXHoJaoriero 3D-
IPYKY, III0 CIPUYNHEHO YyMOoBaMu ()OPMYBaAHHS OCTAHHBLOTO ITIapy MaTe-
pigny. dKicTh mOBepXHEBOTO IIapy 0e3IIocepeSHLO BIIMBAE HA €KCILIY-
aTaIliiiHi BJaCTUBOCTI TOTOBUX BUPOOiB, a MiKPOCKOIIIUHI JOCiI3KeHH
Ial0Th 3MOT'Yy JUIIEe AKiCHO OI[iHUTU peabed moBepxHi. [1d KiabKicHOI
OIIiHKUY pesbedy IOBEePXHi, 110 PopMyeThea mig uac 3D-IpyKy, i aHaTi-
31 e()eKTUBHOCTU 3aCTOCYBAHHSA YJILTPA3BYKOBOTO YIapPHOT'O 00P00JIeH-
HA IJad Moan(piKyBaHHA IIOBEPXHEBUX IIapiB MPOBENEHO MTOCJIiAKEeHHA
rTomorpadii moBepxoHb 3pa3KiB y BuxigHomy craHi (copmMoBaHOMY ITi
yac 3D-IpyKy) Ta HicJasa IpoBeIeHHS YIbTPAa3BYKOBOT'O yIapHOTO 00po-
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TABJINIA 2. Xemiunwuii ckaan obiacreil, mo3HaueHUX Ha puc. 4, a, 8, 0 (1 —
BcepeauHi 010Ky, 2 — MixK 6oKamMu, 3 — KapOiHe BKIIOUeHHA, 4 — eBTEKTUKA).

TABLE 2. Chemical composition of the areas indicated in Fig. 4, a, 6, 0 (1—
within the block, 2—between the blocks, 3—carbide inclusion, 4—eutectic).

Enement Kinekicts, % Mmac.
O6sacTb aHaIi3M 1 2 3 ‘ 4
Cr 27,562 26,44 21,77 26,07
Co 60,72 62,13 48,69 57,43
Mo 6,11 5,8 4,82 8,33
w 5,64 5,63 4,93 8,17
C - - 19,79 -

OJeHHsA. 3apeecTpPoBaHi MiAAHKM IOBEPXOHb MAIOTL  ILJIOIIY
1100x800 mxMm? Ta mpencTasieHi y ofHAKOBOMY MacinTabi Ha puc. 6.

Ha mosepxwui 3paska mig uac 3D-ApyKy GOPMYIOTHECS JOCTATHLO HEpi-
BHOMIipHIi mopiskKu poaromy (puc. 6, a), axki maioTh BucoTy y 25—30 MKM
ra mupurHy y 40—60 MKM, 1110 JOMipHO 3 JiAMETPOM JIa3€PHOTO IPOMEHSI
(45 mxM™m). TakoK caig BimsHAUMTH, ITTO MiK ZOPiKKaMU 3aJIUMIAI0OTHCS
3amaJuHU 3 TOCTATHHO FT'OCTPUMHU KYTaMU, AKi € KOHIIEHTpPaTOpaMu Ha-
OpysKeHb i MOKYTb iCTOTHO MOHUSUTHA BTOMHY JOBTOBiUHICTH I'OTOBUX
BUPOOiB.

ITapamerpu mrepcTkocTu moBepxHi cronmry Co—Cr—Mo—W 6eamocepe-
HBO micia 3D-ApyKy cTaHoBAATh: R,=7,3 MKM i R, =22,2 mkMm. Ilicasa
YIBLTPA3BYKOBOT'O YapHOTO 00PO0JIeHHA cepefHi 3HAUSHHS IIapaMeTpiB
IIIePCTKOCTU IIOBEPXHi 3paska, omepsxkanoro 3a texuosorieo CJIT, sme-
HITYIOTBCSA Ta CTAHOBJATL: R,=2,1 MKM i R,=6,7 MmKM. B pesyiabTarTi
IJIacTUYHOI medopmariii BimOyBaeThCs YAaCTKOBE B3alIOBHEHHS 3amaluH
MiXK JOpisKKaMM TOILIEHHS; iXHS BHCOTA 3MEHINYyeThCa A0 5—10 MKM B
MerKax 3apeccTPOBaHOI HiMAHKY moBepxHi. Cuain BigsHaumnTH, 10 B IIiJI0-
MYy peJibe( MOBEPXHi MeIio 3TIaAKyeEThCA, MEPCTKICTh MOBEPXHI 3MeH-
IIYETLCS TA YaCTKOBO 3HMKAIOTh 3allafWHN MiK JOPiKKaMHU TOILJIEHHS,
ajie He OCTATOYHO. 3 HaBeIeHUX Pe3yJbTaTiB MOKHA 3POOUTH BUCHOBOK,
o nraxoM Y3YO B aproHi MokHa HiBeJIOBATH BUXIAHY IIEPCTKiCTh
aIUTUBHO BUTOTOBJIEHOI'O 3pa3Ka Ta 3MEHIINUTH TeXHOJIOTiuHi medeKTu
peabedy moBepxHi crony Co—Cr—Mo—W.

Ha pucyury 7, a noxasamo nudppaxtorpamy CJIT-spaska (1). Pede-
Kcu KyOiuHmx Ta opropoMOiuHuX KapbimiB Xpomy tuiry M 23Ce He BUSIB-
JIEHO Y T'PaTHUISIX TBEPAOT0 PO3UNHY Ha OCHOBI KOOAJIBTY, MOMKJINBO, 34
PaxXyHOK MaJIol KiJIbKOCTH Ta BMCOKOI AUCIEePCHOCTH. BuaHO, IO cIIoC-
TepiraioThCs JHUIe MiKKU JudpaKitii Big MeTaleBoro KobaabTy, IO BKa-
3y€e Ha Te, IO KOMIIOHEHTU YTBOPIOIOTH i3 ITMM MeTaJIOM TBepAUil po3-
yuH. 3rifHO 3 JaHNMHU KiJIbKicHOI ()a30Boi aHaIisu, IIpeACcTaBJICHIMU B



BIUIVB IHTEHCUBHOI VJILTPA3BYKOBOI VIIAPHOI I HA MIKPOCTPYKTYPY 693

Puc. 5. Mopdooris mosepxui CJIT-spaskis crony Co—Cr—-Mo—W y Buxignomy
craHi (a, 8) ta micasa Y3YO (6, 2) i3 pisHuM 301i1bI11eHHAM (OITHYHA MiKPOCKOIIif).

Fig. 5. Surface morphology of SLM Co—Cr—Mo—W alloy samples in the initial
state (a, 8) and after UIT (6, 2) with different magnifications (optical microscopy).

Tabia. 3, y-hasa BUABAAETHLCA ¥ KOHITeHTPAIlii 6in3bK0 95% . BpaxoBy-
ouu (asoBi JidrpamMu Ta XxapaKTepUCTUKU KOXKHOT'O MeTany, AKui Had-
BHUH y 3araJbHOMY CKJIAJi CTOIY, IIiJIKOM OUE€BUIHO, 1[0 IPiOPUTETHIM
€ YTBOPEHHS TBEePJOT0 PO3UMHY Ha OCHOBi KobanbTy. IlomiOHicTh aToM-
HuXx pagirocis, — 0,125 uam (Co), 0,13 um (Cr), 0,139 am (Mo)i 0,137 um
(W), — a Tako:k KybiuHa CTPYKTypa CIPUAIOTHL BUCOKiMl PO3YMHHOCTI.
KinpkicTs e-(pasu y BuximHomy crasi He nepesuinye 5% .

IIix vac ¥Y3YO (puc. 7, a) BinOyBaeThcA 3MiHa iHTeHCUBHOCTEH nud-
PaKIifHNX MaKCUMyMiB KOKHOI 3 mux (as (2): Bix y-dhasm — 3MeHITy-
€ThCsd, a Bif e-pasu, HAaBIMAKKU, — 301abInyeThesa. OCKiIbKYM eHeprisa me-
dexriB nakyBanua B 'T[K-xo6anbTi Mae qy:ke HU3bKe 3HAUEHHS Ta CTa-
HOBUTH 0mu3bK0 10—50 Mm% /M2 [47], MoKHA BBasKaTH, IO HiL Yac iH-
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Puc. 6. Tpusumipna Tonorpagia nosepxHi 3paskiB Co—Cr—Mo—W: y Buxinuo-
My craHi nicaa 3D-gpyky (a), micid yabTpasByKOBOTO YIAPHOTO 00POOJIeHHA

(0).

Fig. 6. Three-dimensional surface topography of Co—Cr—Mo—W samples: in
the initial state after 3D printing (a), after ultrasonic impact treatment (6).

TeHCHBHOI mjaacTuuHOi gedopmailrii BimOyBaeThbca MapTeHCUTHE (dha30Be
nepeTBopeHH . B pesyabrari KinbKicTs e-(hasu csarae 90% .

Ha pucyHKy 7, a IOKa3aHO TaKOK Pe3yJabTAaTH PEHTI€HiBChLKOI ITud-
paxii gima JIB-spaska y Buxignomy ctati (3) Ta micaa Y3YO (4). B ga-
HOMY BUIAAKY, MAaTepPisaa, 00pobJeHi Ha TBePAN PO3UNH i 3arapToBa-
HUi, MicTuTh gudpakiiiiai mikuy e- i y-das, i cuiBBigHOIIIEHHA €/ CKJIA-
mae 75/20. Haapui miku HamesxaTh Kapoimam CrzsCe i CroCs, ame Kijab-
KicTs ix He mepesuiiye 5% (puc. 7, 6). ITliku, Axi BKas3yoTs HA BUiJI€H-
HA o-pasu, BigcytHi. Ilicaa ¥Y3YO0O kapauuaabEUX TpaHchopMalriit da-
30BOTO CKJIQAy He BimOyBaeThCs; HEI0 3pOCTae KiJbKicTh y-hasu 1o
~27% #MOBipHO 3a pPaxXyHOK 3BOPOTHBOI'O MAPTEHCUTHOI'O IIEPETBO-
peuusd, i Ha = 2% 3MeHITYeThCA KiIbKicTh Kapbigis (TadJ. 3).

3a [aHWMU PEHTT'eHOCTPYKTYPHOI aHaIi31 MeToA00 siny BusHaUeHO
piBeHB 3aNUITKOBUX MaKPOCKOIIIYHUX HAIPYsKEHb IIePIIoro pony (puc.
7, 8). ¥ BuxigHomy craHi (pikcyeThbcsa HaABHICTL HANIPYKEHb PO3TATY,
ki micasa dacTrocyBamua Y3YO0 3MiHIOIOTHCA Ha HAIPYKEHHS CTUCHEH-
Hd, BeanunHa akux aiaa CJIT-zpaskis ctramoButh —600 MIla, a gaa JIB-
s3paskiB nmepeBuinye —900 I'Tla. Ax Bigomo, ImigBUINEeHHS PiBHSA HaAIPy-
JKeHb CTHCHEHHSA Yy IIOBEePXHEBOMY IIIapi MaTepifaay € OOJHUM 3 BaKJIM-
BUX YNHHUKIB 3MiIlTHEeHHS, ITiABUIIEHHA TPiMIMHOCTIAKOCTH Ta BTOMHOI
minzmocT. B manmomy pasi BHacmaizok mii Y3VO el UMHHUK € OiJIbIII
3HaunMuM AJid JIB-3paska, Hixk gaa 3D-IpyKoBaHOTO CTOIY.

Tunosi migarpamu iHmeHTyBaHHSA Ta MiKpodoTorpadii copmoBaHUX
BimOuTKiB iHgeHTOpAa, 3apeecTpoBani aasa 3paskiB Co—Cr—Mo—-W (CJIT
ta JIB), HaBemeHo Ha puc. 8 myisa BuxigHoro ctany Ta micida Y3YO. Buwmi-
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Puc. 7. Iudpaxrorpamu 3paskisB cromy Co—Cr—-Mo—W go ta micaa ¥Y3VYO (a),
omepsxauux CJIT (1, 2) ra JIB (3, 4), kapbigu Crz3Cs Ta Cr2Cs y JIB-3pasky 1o (5)
Tta nicaa Y3YO (6) (0), HanpyKeHHs IIepIoro poay (8).

Fig. 7. XRD patterns of Co—Cr—Mo—W alloy samples before and after UIT (a),
obtained by SLM (1, 2) and CT (3, 4), Cr23Cs and Cr2Cs carbides in the CT sam-
ple before (5) and after UIT (6) (6), residual stresses (8).

PIOBaHHA MeXaHIUHNX BJACTUBOCTEN 3pasKa y BUXiJHOMY CTaHi, 1110 OyB
BUTOTOBJEeHUM 3a TexHOoJorieto CJIT, mpoBoguancs miciis momnepesHbOrO
MOJIipYBaHHSA OJIA BUKJIIOUEHHS BILIMBY IIIEPCTKOCTH IIOBEPXHI Ha one-
psKaHi pe3yabTaTH.

Amnajisza it 06po0ka mgisgrpaM iHZeHTYBaHHS OJId BU3HAUEHHSI TBEPIOC-
T Ta KOHTAKTHOTO MOJYJIA HIPYsKHOCTH ITPOBOAUJINCSA 32 METOIUKOIO,
HaBezeHOI0 B pobori [48]. Ilix yac po3paxyHKY TBEPAOCTU AJIS BUKJIIO-
YeHHsS BILIUBY (QOpMH iHAEHTOpa BUKOPHCTOBYBaJim MeTOAUKY [49].
Ognepsxani pesyIbTaTH HaBeIeHO B TAa0. 4.

¥ Buxigmomy crani TBepaicts CJIT-3paskis cranoButh = 4,71 I'la i
micasa 50 ¢ Y3VYO spocrae o sHaueHHa y 9,89 I'lla. TobTo edeKT 3MiIl-
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TABJIAIA 3. Bumicr y- # e-das y 3paskax crony Co—Cr—Mo—W y Buxinnomy
crani Ta micaa Y3VO.

TABLE 3. The content of y- and e-phases in Co—Cr—Mo—W-alloy samples in the
initial state and after UIT.

BwicT, % Bar.
®daza
CJIT CAT+V3Yy0 | JIB | JB+V3Y0
v-asa 95 10 20 27
e-(hasa 5 90 75 70
Cr23Cs + Cr2Cs - - 5 3

HeHHSI CTAaHOBUTH mpubausHo 2 pasu. 3a ganumu [32] za 50c¢c Y3VO 3
BUKOPUCTAHHAM KOB3HOI'0/3CYBHOT'O 0araTo00MKOBOTO PEXKUMY yHap-
HOTO HaBaHTaXeHHA e(DeKT 3MiITHeHHA cKIazae = 1,3 pasy, a MaKcuMa-
JbHUN edeKT 3MinmHeHHA He mepeBulnye = 1,6 pasy. aa JIB-spaskis
BUXiHe 3HaueHHs TBepJaocTu € MeHIHuM 3a = 3,91 I'lla i micaa Y3YO
3pocTae 10 = 6,79 I'Tla, To6T0 B = 1,7 pasy. Moayas IOura € 6JausbKum
0 3HaueHb, XapakTepHux s Kodanabry (210 I'Tla), i Bumum gasa JIB-
3paskiB mopisuano 3 CJIT.

fAx sasmauamocs, cronu cucteMu Co—Cr—Mo, aK i aycreHiTHI Heip-
JKaBiliHI KPUILi, BIZHOCATHCS OO0 MaTePiAdIiB 3 HU3BKOIO eHepricio maede-
KTiB makyBaHHA. 3 IIIM IIOB’A3aHi 0COOJIMBOCTI KiHEeTUKHU Ta MeXaHi3ZMy
(dazoBux TpaHCcPHOPMAI[IN ¥ TAKMX CTOIIaX, 30KpeMa 3a 3BUYAMHUX Ta iH-
TeHCUBHUX mnactuyamx naedopmarniii (ITI0). CrocoBHO HeipskaBiitHMX
aycreHiTHUX Kpuib cucrteMu Fe—Cr—Ni y pamkax 1miei poboTu iHTepec
MAaloTh JOCHim:KeHHS (opMyBaHHS medopmariitHoro mapreucuty (M)
BHacaigok 11T/ mpumBuaimerumu Kyabkamu [50—53] i1 Y3V O [564].

VY HeipskaBitinux kpuilsax [IM BUHUKAae He 3a paxyHOK HalIPYyKeHHA, a
3aBOAKM iHTEHCHUBHIlN IJIACTHMUHIiI Teuii. 3azBuuail micas Taxoi gedop-
MaIllil BUHMKAE OBa TUIIM MAPTEHCUTHOI CTPYKTYPH: I'eKcaroHajbHa &
(TOLII) abo o (OIIK). MoskamBa i Taka mocaifoBHICTb (hadoBoi TpaHChO-
pMmarii: y —> ¢ —>a. Mexanisamu gedopMaliiHOro 3MiIlTHeHHS IIOBepPXHI
abo o0’eMy ayCTeHITHHUX KPUIbL 3 HHU3bKOIO eHepricio medeKTiB Mmaxy-
BaHHSA 3YMOBJIEHI TaKUMHU IIpoIlecaMu, AK (popMyBaHHS ABIMHUKIB, I10-
IpiOHeHHS 3epeH i 30iabIITeHHsa I'YCTUHN UCJIOKAILil, a TaKoK JedopMa-
IMiAHUM MAPTEHCUTHUM IIEPETBOPEHHSAM 3 0-ayCTeHiTy B &- abo o-
MapreHcuT. BimmoBigHo mo Teopii [55], 3apoaKu o.-MapTEeHCUTY BUHHUKA-
IOTh ¥ MiCIIAX mepeTuHy cMyT &-hasu. CTPYKTypa BepXHbOI OBEPXHi i
yac II1]] € pe3ysbTaTOM CUJIBHO JIOKAJi30BaHOI Teuil uepes cMyru 3CyBY 3
MIOAAJBIITUM YTBOPEHHSAM IIOIIEPEUHNX BEJIUKOKYTOBUX MEXK, ITI0 3yMOB-
JIIO€ icTOTHE MOAPiOHEeHHS 3ePeH ayCTeHITy 40 HaHOPO3MipHOI0 MacIITa-
oy (7—20 um).

s croniB cuctemu Co—Cr—Mo mocirimxeHHAa KiHeTUKY Ta MeXaHia-
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Puc. 8. Mikpodororpadii BifouTkiB ingenTOpa (@—2) Ta TUNIOBI JiArpamu inje-
aryBanusa (0) spasdkiB Co—Cr—-Mo—W, BUTOTOBJIIEHUX 34 PIBSHUMM TEXHOJOTisA-
MU, AJA BUXigHOTO cTany Ta micas ¥Y3YO.

Fig. 8. Microphotographs of indenter imprints (a—2) and typical indentation
diagrams (0) of Co—Cr—Mo—W samples manufactured by different technolo-
gies for the initial state and after UIT.

My opmyBauusa [[M mmoB’s13aHi B OCHOBHOMY 3 BILJIMBOM HEiHTEHCHUBHUX
medopMamiiHUX BIJIMUBIB, TaKWUX K XO0JoAHe (rapAde) IPOKaTyBaHHS
a00 po3TAr y po3spuBHUX MarmHax [56—60]. ¥ mux poborax BcTaHOBJIE-
HO, 110 y cTortax Co—Cr—Mo HaBiTh 3a BiJHOCHO HeiHTeHCUBHUX Aedop-
Malliii cmoctepiraetbcsa ¢opmyBanua M (e-pasum), 06’emMHA YacTKa
AKOTr0 3pocTae 3i 36iabienHam crynenda medopmartii. Ileit edekT mosc-
HIOETHCA CAMOBILJIBHUM YTBOPEHHAM HOBUX Micllb 3apoaKiB [IM 3a miac-
TUYHOI AedopMallii y MicI[ax IepeTuHY CMYT 3CyBYy. 3a3HAUYAE€TLCA Ta-
KOJK, IO IPUCYTHICThL aTEPMiYHOTO £-MapPTEHCUTY CIPUAE PO3BUTKY &-
MapTeHCcUTy ngedopmarniiiHol npupomu. POopMyBaHHS €E-MapTEHCUTY
CIIPUSAE IMOJIINIIIEHHIO 3HOCOCTIMKOCTH 3a PAaXyYHOK 3MEHIIIeHHA KiJTbKOC-
THU CUCTEM KOB3aHHA.
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TABJINIIA 4. Cepenni suauenua TBepaocTu (Hir), KOHTAKTHOTO MOIYJIA IPY-
skuocTu (E) Ta poskum sHaueHb (% ).

TABLE 4. Average values of hardness (H1r), contact modulus of elasticity (E),
and scatter (%).

CJT, suxiguuit CJIT + Y3YO0 JIB, Buxiguunii
cTaH cTaH

Hir, I'lla 4,71(%7,3) 9,89(%14,6) 3,91(%7,6) 6,79 (%8,5)
E,TTla 181,2(%3,7) 183,9(%7,7) 209,4(%6,4) 199,7(%4,2)

3pasok JIB+¥Y3VO

Braus ¥Y3VYO ak Bapisuty 111 moBepxHi Ha MiKpOCTPYKTYPY Ta BJa-
ctuBocti cuctremu Co—Cr—Mo BuBuYeHo y poborax [32, 35]. ABTopu
nepimoi po6otu mociimxkysanau crora Co—28Cr—6Mo micasa smauy ¥Y3VYO
y pexxkumi Oaratob6oitkoBOoro o0pobisenHs. 3a momomoroio ITEM y v-
MaTpUIli BUABJIEHO HaA3BUYaNHO TOHKI e-cmyru [IM, 1110 mepeTuHAaOTh-
¢ MiK co0010, a KiJIbKiCTh AKMX 3POCTae 3i 30iJIbIIIeHHAM TPHUBAJIOCTH
00pobisieHHA. 3MinHeHH cTony micasa Y3VYO e pe3yabTaToOM CIiJILHOTO
BILJINBY BCiX IPOAYKTiB MoxudikyBaHHA y-(asu, a caMme, BeJIUKOI Kijb-
Koctu ckymueHb Jlomep—Korpesna Ta xaotuunux nAedeKTiB HaKyBaHHS
B momuHi {111}, a TakoK MiKpPOABIMHUKIB i HAHOABIMHUKIB Ta TOHKHUX
€-IIACTUH, AKi mepeTrmHaoThcsaA. OgZHAK PO3MIp y-3€peH MATPUILi ITPaK-
TUYHO He 3MiHIOEThCA. ABTOPHU HAaHOI poOOTH IPUNYCKAIOTh, IIJ0 I'eHePY-
BaHHSA HEIOBHICTIO IEPETBOPEHOT0 MAapPTEHCUTY IIEPEIIKOIKAE 3CYBY
Kpishb MeKi ABIiHUKIB i MoKe OyTH IPUUYNHOI HPUTHIUEHOTO IIOAPio-
HeHHSI 3epeH y moBepxHeBoMmy Imapi cromy Co—28Cr—6Mo B mporieci
Y3VYO0.

Astopu [32] gocaiguau crom Co—27,3Cr—6,2Mo—5,3W. Beramosie-
HO, II[0 MaKCUMAJLHII e(eKT 3MiIlHeHHA cTony B 1,5 pasy BHACIIZOK
Y3VYO0 symoBieHuit GopMyBaHHAM Y IIOBEPXHEBOMY IMapi CTHCKAJILHUX
HaAIIpyKeHb IepPIIoro Poay, 30iabineHHAM BMicTy e-hasu ([[M) Ta 3me-
"ieaaaM poamipy OKP. Ilomasnbiie 36igbINIEHHS TPUBAJIOCTH 00POO-
JIeHHs IPU3BOAUTH M0 HiBeloBaHHA edeKTiB saminuenHa. KigpKicTs ¢-
¢dasu 36iabIIyeThC Big 5% 00 95% 3a paxyHOK MapTEHCHUTHOTO IIepeT-
BOPEHHA, CTUMYJIOM IJs SKOTO € iHTeHCHMBHA IJIacTHUYHA AedopMallis
mixg yac BoiauBy ¥Y3¥YO.

B mamiii poboTi TakoyK MexaHisMH 3MillHEeHHsS 3pasKiB BHACJIiTOK
¥Y3VYO0 icroTHo 3aje:kaTh Bim (aszoBOro CKJIamy Ta CTPYKTYPHU, AKi BU-
3HAYAIOThCA TEXHOJIOTieI0 IXHLOTO ofep:KaHHA. ¥ BuUnagky cromy Co—
Cr—Mo—W, ozep:xamoro 3D-IpyKoM, OCHOBHOIO IIPUUYNHOIO 3MiITHEHHS
€ mepebir MapTeHCUTHOT'O IIEPETBOPEHHSA Y —> €, IO OIOCEPEIKOBAHO
OiTBEPAKYEThCA JaHUMU PEHTI€HOCTPYKTYPHOI aHajisu, MiKpoCTpy-
KTYPHUX OOCHiIKeHb 1 HaHoiHZeHTyBaHHSA. OCKiILKY 3aCTOCOBAHO OJ-
HOKOHTAKTHUH HOPMAaJbHUM yAapHO-HaBaHTAKYBAJbHUU PEXUM
Y3VYO0, na Bigminy Big [32, 35], mocaraerbcs OiibIT icTOTHe 3MilTHEHHS
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crony Co—Cr—Mo—W, ozepsxanoro 3D-gpykom. CKopiIll 3a Bce, TaKMUi
edeKT 3yMOBJICHUN He TiJILKKU 0COOJMBOIO BUXiTHOIO MiKPOCTPYKTYPOIO
Ta MapTeHCUTHUM II€PETBOPEHHAM, a M AUCIEPI'YBAHHAM 3€peH, dKe
TIOJIETIIIYEThCA 34 BiICYTHOCTH HEIIOBHICTIO II€PETBOPEHOr0 MapTEeHCHU-
Ty.

IITo cTocyernhesa JIB-3paskiB, To sminHeHHa BHACTAIZOK ¥Y3YO 3yMOB-
JIeHO He (ha30BUMU IEPETBOPEHHAMH, 4 JUCIIEPI'YBAHHAM KapOiaiB i ¢o-
PMYyBaHHAM BUCOKMX 3aJUITKOBUX MaKPOCKOIIIUHNX HAIPYKEHb CTIHC-
HeHHs y nmpunoBepxHeBomy mrapi (—900 I'Tla). B pesyabraTi mocaraeTnb-
cs MEHIINU piBeHb 3MiIITHEHHS MOPiBHAHO 3 aAWTHUBHO BUTOTOBJIEHUM
CTOIIOM, AKWI O TOTO K MAae€ i OiJILIII BICOKEe II0OYATKOBE 3HAUCHHS TBep-
IOCTH.

4. BUICHOBRKH

1. Hocaimsxerno BuauB Y3YO B iHepTHOMY cepemgoBHUINI Ha MeXaHiuHi
XapaKTepUCTUKM, (ha30BUU CKJAJ, 3aJUINKOBI MAaKPOCKOMIUHI HAIIPY-
JKeHHsa Ta Tomorpadiio moBepxHi crory Co—Cr—Mo—W, BUTOTOBIEHOTO
3a aJlUTUBHOIO Ta JJUBAPHOIO TexHoJoTisgsMu. BecTaHoBieHo B3aemo3sale-
JKHICTh MK MeXaHIUHMMU BJIACTUBOCTAMU MOAM(iIKOBAaHUX ITOBEPXHE-
BUX IIIApiB Ta IXHIM CTPYKTYpPHO-()A30BUM CTAHOM MicJd OJHAKOBOI'O
OTHOKOHTAKTHOT'O yIapHO-HABAHTAKYBAJIHLHOTO PEKUMY TPUBAJICTIO ¥
50 ¢ 3 aMIIiTYy10I0 Y 25 MKM.
2. EdpexT sMinmHeHHA afUTUBHO BUroToBJaeHOoT0 cTorty Co—Cr—Mo—W B 2
pasu 3ymMoBJeHUIl (GOPMYBaHHAM Yy IIOBEPXHEBOMY IIapi CTHCKAJILHUX
Hapy:KeHb mepiroro poxy (—600 MIIa) i 36inbpimenHaM BMicTy e-(asu 3
10% mo 90% 3a paxyHOK MapTEHCUTHOI'O IIEPETBOPEHHS, CTIMYJIOM JIJI
SAKOrO € iHTeHCHUBHA IJacTUUHA Aedopmallid mig vac BoiauBy Y3YO.
3. Cron Co—Cr—Mo—W, ozep:kaHUii 3a TEXHOJIOTi€I0 JHUBAPHOrO BHUPOO-
HUITBA, Ma€ MEHIITY TBEPAiCTh, K Y BUXIJHOMY CTaHi, Tak i micaa Y3YO,
i wmicTuTh y cBOeMy CKJami, Kpim y- # e-das, Tarkox Kapbiam
CrgsCe + Cr2Cs. EdexT sminuenns He nepesurye 1,7 pasy i gocAaraerbes
3a paxXyHOK BHMCOKOTO PiBHS Hampy:KeHb ctucHeHHA (—900 MIIa) i TBep-
JTOPO3UMHHOTO 3MiITHEHHS 34 PAXYHOK HOAPiOHeHHS KapbimHol cKJamo-
BOI.
4. ITokasano, 110 KopoTKomanuue ¥Y3YO y 3HauHill Mipi ycyBae Mmakpo-
IedexTH, y TOMYy YKCJai HedeKTH HEeIOBHOTO CTOILJIEHHS, IIOPH, 3HAUHY
IIIEePCTKiCTh IMMOBEPXHIi, AKi € HeBig eMHUMU HaCIigKaMMU aguTUBHOI Te-
xHoJiorii. Takum umzaoM, Y3YO Moxke OyTHM BUKOPHCTAHE OJA 3MEH-
IITeHHA MIePCTKOCTHU MOBepXHi MeanuHuX BupoO6iB 3i cTomy Co—Cr—Mo—
W, BUTOTOBJIEHUX CEJIeKTHUBHUM JIA3€PHUM TOILJIEHHAM ITOPOIIKY, OCKi-
JbKY YMOKJIMBJIIOE MiHIiMi3yBaTH TeXHOJIOTiuHI medeKTu pesbedy mo-
BepxXHi.

PoboTy BukoHaHo B paMKax mgep:;koOiomxerHoi Temu Ne 2701¢ Harrio-
HAJLHOTO TEeXHIUHOTO yHiBepcuTeTy YKpaium «KuiBcbKU mOIiTeXHiU-
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Hui imctutyT imeni Iropsa Cikopebkoro» «HaykoBi ocHOBU yIbTpPa3By-
KOBOI yZapHOl Ta afuTHUBHOI TEXHOJIOTifl BUTOTOBJIEHHS BHMCOKOHAaBAaH-
raxkenux gperasueii BIIJIA 3 mokpaleHoio majabHICTIO» (IepsKpeecTpa-
miztami Ne 0124U0001001) i Bizomuoi Tematuku HAH Yikpainou (mep:x-
peectparmitiamit Ne 0123U102368).
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Influence of Deformation Processing Modes on the Structure
and Mechanical Properties of a High-Temperature Titanium
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To determine the kinetics of phase transformations, a calculated CCT-
diagram for a titanium alloy of the Ti—Al-Zr—Si—Mo—Nb—Sn alloying system
is obtained. The study of the structure and mechanical properties of the heat-
resistant alloy of the Ti—Al-Zr—-Si—-Mo—Nb-Sn alloying system, which are
obtained at different temperatures after thermodeformation treatment, is
carried out. As established, the deformation treatment carried out in the up-
per part of the area of the existence of (a+fp)-phases made it possible to in-
crease the strength of the material at the room and operating temperatures
and, that is especially important, to increase significantly the plasticity of
the material, allowing only a slight decrease on average in its yield strength
during short-term tests. As also found, a greater degree of deformation de-
stroys hard silicide layers, distributes silicides more uniformly, increases
both the strength and plasticity of the alloy, and slightly reduces the heat-
resistant properties at 600°C.
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3 MeTOI0 BUBHAUEHHS KiHETMKU (ha30BUX IEePETBOPEHDb OEPIKAHO PO3PaxXyH-
koBy CCT-misirpamy Ijisi TUTAHOBOTrO CTOILY cucTemu Jier'yBanus Ti—Al-Zr—Si—
Mo—Nb—Sn. IIpoBenesHo DOCTiIKeHHS CTPYKTYPHU Ta MEXAaHIYHMX BJIACTUBOC-
Tel, OlepPKAaHUX 3a PIBHUX TeMIIepaTyp, KapOMilITHOTO TUTAHOBOT'O CTOITY CHC-
Temu JieryBaHHs Ti—Al-Zr—Si—Mo—Nb—Sn micas Trepmomedopmariiiinoro o6-
pobaenHs. BecranoieHo, 1o medopMmaitiiiie o6pobieHH, sKe 0yJIo ITPOBEIeHO
y BepxHi#l yactuHi obsactu icuyBaHHA (0+fB)-has3, YMOKIUBUIO 30iIbITUTH
MinHicTh MaTepisgnay 3a KiMHaTHOI Ta pob0oUOl TEMIEpaTyp, a HAWIOJIOBHIiIIIeE,
icTOTHO 30iNBININTH IJIACTUYHICTH MAaTepidyy, BOZHOYAC JOIIYCTUBIIHN JIUIIE
He3HaUHe cepelHe MOHMKEeHHI MeXXi IIMHHOCTY MaTepiAy mif Yac KOPOTKO-
TPUBAJNX BUIPOOYBaHb. BCTaHOBIEHO TAKOXK, IO OinbmIuil cTyniHb medop-
MyBaHHSA PYHHYE CYILIbHI curinmuaHi mpomapku, 6iybI1 piBHOMipHO po3Iozi-
Jsie CUIITUAY, TiABUINYE AK MIiIlHICTh, TaK i MJIACTUYHICTH CTOIY, aJjie AeIo
IIOHMIKYE JKapoMinHi BaacTusocTi 3a 600°C.

KarouoBi cioBa: :xapoMiliHUiT TUTAHOBUIL CTOII, (hasoBe MePETBOPEHH, Aedo-
pMartifine o0po0OIeHHA, CTPYKTYDPA, (hada, MexaHiuHi BIaCTHUBOCTI.

(Received 09 April, 2024, in final version, 26 June, 2024 )

1. INTRODUCTION

Titanium alloys combine high specific strength, characteristics of re-
sistance to fatigue and crack propagation, etc. [1, 2]. However, the de-
velopment of new heat-resistant construction materials is an urgent
task in connection with the growing requirements for engine assemblies
being designed. Promising alloying elements, which increase the heat
resistance of a-titanium, include such a B-stabilizer as silicon [3—5]. The
solubility of silicon in a-titanium is rather limited and is of 0.31-0.54%
in the temperature range of 750—-860°C [6]. Silicide-strengthened tita-
nium-based alloys are attractive promising materials with high struc-
tural efficiency for widespread use due to their significant specific
strength and stiffness, good high-temperature properties, and fracture
resistance. The main problem of such alloys is the near-zero plasticity in
the cast state at room temperature, due to which their practical applica-
tion is significantly limited [7].

An effective way to increase the complex of physical and mechanical
properties of semi-finished products and products made of titanium al-
loys, along with alloying and heat treatment is thermodeformation
treatment (TDT). It is known that such alloys deformed in the B-area
have a lamellar microstructure and exhibit higher resistance to high-
temperature creep and higher impact toughness. However, this ad-
vantage comes at the expense of lower ductility and thermal stability,
leading to ‘beta brittleness’ and ‘structural heritability’. During (a+f)-
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deformation, the material is usually heated and processed by 30—50°C
below the B-transition temperature [8—11]. Therefore, when choosing
the thermomechanical mode of deformation, it is necessary to determine
the average values of the permissible degrees of one-time deformation of
cast ingots at different temperatures, as well as the influence of the de-
gree of deformation on the main structural components and mechanical
properties of the material. Setting the optimal thermomechanical pa-
rameters of the deformation process consists in choosing the initial and
final temperature and determining the maximum permissible degree of
deformation in the given temperature range. However, it is essential to
know the a«>B-titanium transformation temperature, which for multi-
component titanium alloys can vary depending on the content of the al-
loying elements [1].

One of the main approaches for calculating equilibrium state dia-
grams is the CALPHAD (Calculation of Phase Diagrams) method [12],
which is based on a comparative analysis of calculated data with experi-
mental information about phase equilibriums in the system and thermo-
dynamic properties of phases. The thermodynamic properties of each
phase are described by a mathematical model, the parameters of which
are calculated by minimizing the difference between the calculated val-
ue and its experimental value, taking into account all coexisting phases.
After that, it is possible to recalculate the phase diagram and thermody-
namic properties of the phases included in the system. Using the known
rules of additivity [13-15], the isothermal transformation diagram con-
structed in this way can be easily converted into a thermokinetic trans-
formation diagram for continuous cooling (CCT).

2. RESEARCH MATERIALS AND METHODS

E. O. Paton Electric Welding Institute, N.A.S. of Ukraine already has
extensive experience in obtaining ingots of both industrial and the latest
heat-resistant titanium alloys by the method of electron beam remelting
(EBR) [16-18]. Pre-mechanically processed EBR ingots 110 mm were
used for further deformation treatment (Fig. 1).

To investigate the presence of internal defects such as non-metallic
inclusions, as well as pores and leaks in titanium ingots, the method of
ultrasonic defectoscopy was used. The study was carried out with an ul-
trasonic flaw detector UD4-76 (Ukraine) using the echo-impulse method
with a contact version of control.

To analyse the content of alloying elements in the obtained ingots,
optical emission spectrometry (ICP-OES) was used on an ICP 6500 DUO
inductively coupled plasma spectrometer from Thermo-Electron Cor-
poration (USA). The results of chemical analysis (Table 1) show that
the distribution of alloying elements along the length of the ingots is
uniform.
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a b

Fig. 1. EBR ingots J110 mm (a) and manufactured deformed semi-finished
products (b) from the heat-resistant alloy of the Ti—Al-Zr—Si—Mo—Nb—Sn sys-
tem.

TABLE 1. Chemical composition of the alloy of the Ti—Al-Zr—Sn—Si—Mo—Nb
system.

Average chemical composition, wt. %
Al Zr Si Mo Nb Sn Ti
6.2-6.9 5.0-5.5 0.5-0.85 0.5-0.8 0.5-0.8 1.5-2.5 base

Cast ingots were heated for rolling in an electric resistance furnace
to a temperature of 1050°C with the time required for heating. The in-
gots and semi-finished products were rolled on a Skoda 355/500 rolling
mill.

Samples were cut from the obtained deformed semi-finished prod-
ucts to study the microstructure and mechanical properties of the ma-
terial at different temperatures. To reveal the microstructure of the
samples, etching was carried out in a reagent consisting of a mixture of
hydrofluoric and nitric acids in the following ratio: 10% hydrofluoric
acid (HF), 30% nitric acid (HNOs) and distilled water. Metallographic
studies were performed by optical and scanning electron microscopy
methods using a Neophot-32 optical microscope and a JEOL Super-
probe-733 raster microanalyzer. For mechanical tensile tests at 20 and
600°C after deformation treatment, a universal electromechanical ma-
chine UTM-100 with a maximum load of 100 kN and a deformation
speed of 2.5 mm/min was used.

3. RESULTS AND DISCUSSION

According to the given CALPHAD method, a calculated CCT-diagram
was obtained for the heat-resistant titanium alloy of the Ti—Al-Zr—
Sn—Mo—Nb-Si alloying system (Fig. 2). The diagram shows the initial
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Fig. 2. Calculated CCT-diagram of the heat-resistant titanium alloy of the Ti—
Al-Zr—-Sn—Mo—Nb-Si system.

temperature of p—(a+p) transformation (21050°C) and the final tem-
perature of P—a-transformation (900...880°C) at cooling rates of
100...0.01°C/s.

The experimental cast alloy of the Ti—Al-Zr—Mo—Nb—Sn—Si alloy-
ing system belongs to the near-o alloys, the main structural compo-
nents of which are lamellar a-phase and a small amount of residual -
phase [19]. However, the final structure of near-a-titanium alloys is
formed in the process of hot deformation treatment and the type of
structure does not undergo significant changes during the subsequent
heat treatment.

It was established that the CCT-diagram of a heat-resistant alloy of
the Ti—Al-Zr—Si—Mo—Nb—Sn alloying system, carried out under dif-
ferent regimes, quite significantly changes the morphology of the
metal structure. The rolling process was the same in all cases, so the
difference in structural parameters is caused only by the temperatures
at the end of the deformation process (Table 2).

Titanium alloys deformed in the lower part of the (o+p) area have a
mostly equiaxed microstructure [1]. This type of microstructure shows
higher ductility and fatigue properties, but lower high-temperature
properties and lower impact toughness. Increasing the heating tem-
perature in the area of (a+p) phase reduces the volume fraction of the
equiaxed o-phase and improves the high-temperature properties, but
creates the risk of reduced plasticity and insufficient thermal stabil-
ity. Therefore, the question of how to develop a material with a good
combination of strength, heat resistance, and plasticity remains an un-
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TABLE 2. Temperatures of TDT and thus obtained structures of the alloy of
the Ti—Al-Zr—Sn—Si—Mo—Nb system.

Final temperature .
No of TDT The obtained structure

1 T([}e(oﬁ.[}))_mooc globular—lamellar

2 T (B—>(0+p)-150°C close to equiaxed

of the ‘basket

3 T (a+p)—>a)-50°C weaving’ type

solved problem for along time.

A study of the mechanical properties at room and elevated tempera-
tures of the cast and deformed material, the rolling of which was car-
ried out in several passes with intermediate heating in the temperature
range from 1050°C to the temperature T p)—100°C and a total final
compression of = 70%, that, in our opinion, ensured the formation of
an optimal microstructural composition (Table 2). Since the use of this
group of alloys is expected at operating temperatures up to 600°C,
tests at elevated temperatures were also performed at 600°C.

The data of mechanical tests are shown in Fig. 3. Deformation treat-
ment, which was carried out at a temperature of T¢_@+p)—100°C, made
it possible to increase the strength of the material both at room and
working temperatures, and most importantly, to significantly increase
the plasticity (by almost 25 times), while allowing only a slight average
decrease in the materials’ yield strength during short-term tests.

If we compare the mechanical characteristics of Ti—(6—7)Al-(2—
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Fig. 3. Tensile mechanical properties of the cast (1) and deformed (2) alloy of
the Ti—Al-Zr-Sn—Si—Mo—Nb system at different temperatures: 20°C (a) and
600°C (b).

3)Zr—(1-1.5)Si and Ti—(6—7)Al-(3—5)Zr—(1-1.5)Si—(2—4)Sn alloys of
the basic Ti—Al-Zr—Si alloying system, which obtained in the previous
work of the authors [11], it is possible to conclude that additional al-
loying of Mo, Nb, and Sn with a decrease in Si content leads to an in-
crease in plasticity at room temperature, but to a significant decrease
in heat resistance at operating temperatures of 600-700°C. Therefore,
unlike the previously developed alloys intended for gas turbine engine
blades, experimental alloys of the Ti—Al-Zr—-Sn—Si—Mo—Nb alloying
system can be recommended for the manufacture of gas turbine engine
compressor discs.

Experiments were also conducted to reveal the influence of the degree
of deformation on the structure and properties of the deformed alloy.
Rolling of the alloy of the Ti—Al-Zr—Sn—Si—Mo—Nb system was carried
out from 1050°C to the temperature T +p)—100°C in several passes
with intermediate heating’s and a total compression from 50 to 90%.
Thus, in the microstructure of the deformed alloy, the a-phase is present
in both globular and lamellar forms, but the share of the equiaxed a-
phase prevails (Fig. 4).

A greater degree of deformation increases both the strength and plas-
ticity of the alloy at 20°C, but slightly reduces the heat-resistant proper-
ties at 600°C (Fig. 5). The deformation texture is formed and is especial-
ly noticeable at a lower degree of compression = 50% (Fig. 4, a, b).

At 90% deformation, the structure of the alloy becomes more fine
and homogeneous (Fig. 4, ¢, d). Greater deformation also allows the
destruction of continuous silicide layers and provides a more uniform
distribution of silicides (Fig. 6).

At a temperature corresponding to T p-.+p)—100°C, both the B-phase
and the remaining a-phase take part in deformation. The shape of the
o-plates changes and they are located along the direction of the metal
flow. Further deformation of the a-phase is accompanied by globulari-
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Fig. 4. The structure of the heat-resistant alloy of the Ti—Al-Zr—-Sn—Si—Mo—
Nb system, deformed at a temperature of T@—@py—100°C (light microscopy):
a, b—e=50%;c, d—e=90%.

zation—the separation of a-plates into individual particles—globules,
as a result of which the share of the lamellar a-phase in the alloy de-
formed by 90% is decreased (Fig. 4, c, d).

The electron-microscopy study showed (Fig. 6) that, in the structure
of the rolled alloy, there are separate large silicides distributed along
the boundaries, between a-plates, and there is a fairly large amount of

20 1000 20
12009 1160 1103 L18 181 r1g
] 1041 r16 8004 765 1g9 [18
10001 618 621 14
11.2 L12 e
% )
£ 800 f10
= u 1 L8
© 600 1 1 L6
]
400 [o
Lo

S
b

Fig. 5. The influence of the degree of deformation (1—50%, 2—90%) on the
structure and mechanical properties at different temperatures of 20°C (a) and
600°C (b) of the heat-resistant alloy of the Ti—Al-Zr—Sn—Si—Mo—Nb system.
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e

Fig. 6. Electron microscopies of the deformed alloy: transmission (a, b—
£ =50%; ¢, d—e = 90%) and scanning (e, f—e = 90%, tensile fracture surface)
ones.

dispersed silicides in B-layers too, in the middle of the a-phase grains,
on dislocations. The segregation of silicides at the boundaries of grains
and o-plates restrains their growth, while dispersed silicide particles
in the grains and plates themselves increase strength. At a higher de-
gree of deformation =90%, the Ti—Al-Zr-Sn—Si—Mo—Nb alloy has
smaller a-grains and plates, while dispersing and a more uniform dis-
tribution of silicides occurs (Fig. 6, c, d).

It was earlier established that additional doping with zirconium in
the experimental alloys [11, 18, 20] affects significantly the solubility
of silicon in titanium and, accordingly, the release of silicides that
changes the size of the grains and plates of the a-phase, as well as both
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mechanical and heat-resistant properties. The dislocation substructure
formed in the deformed state intensifies the disintegration of the solid
solution with the release and uniform distribution of dispersed sili-
cides. This contributes to obtaining high strength and fluidity at
600°C.

The fracture during stretching of the deformed alloy is mainly in-
tragranular and pitted (Fig. 6, e, f). The tensile fracture surface of the
Ti—Al-Zr-Sn—-Si—Mo—Nb alloy with a mixed globular—lamellar struc-
ture also contains a small part of intergranular fracture along the a-
grain boundaries, and chipped facets in areas of the lamellar a-phase.
Most of the fracture surface consists of small pits, at the bottom of
which many dispersed silicides < 1 pm in size remain. The deformation
ridges pass along the boundaries of a-grains or plates, where B-layers
are located.

4. CONCLUSION

A calculated CCT-diagram of the heat-resistant titanium alloy of the
Ti—Al-Zr-Sn—Mo—Nb—-Si alloying system was constructed, which
made it possible to determine the temperature of the a«<>p-phase trans-
formation for thermal deformation.

It was found that the best ratio of mechanical properties, namely,
9% relative elongation and a high level of strength both at room tem-
perature (1135 MPa) and at an operating temperature of 600°C (750
MPa), is demonstrated by TDT, which was carried out at a temperature
of T(Bﬁ(mg))—lOOoC.

The globular-plate structure with dispersed silicides formed in the
Ti—Al-Zr—-Sn—Si—Mo—Nb alloys after rolling at a temperature of
T@—w@p)y—100°C with a degree of deformation of 90% ensures high
strength and plastic properties at 20°C and 600°C. Therefore, hot de-
formation processing of these materials is recommended to be carried
out with a degree of deformation of at least 70%.

It was established that the high heat-resistant properties of experi-
mental alloys of the Ti—Al-Zr—Sn—Si—Mo—Nb alloying system are pro-
vided both by solid solution strengthening based on the a-phase and by
dispersed silicide particles. Thus, the mechanical properties of these
alloys, obtained during short-term tests at different temperatures, al-
low us to recommend the Ti—Al-Zr—Sn—Si—Mo—Nb alloy system for the
manufacture of experimental disks of gas turbine compressors.
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