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ymosax, Peaxmopre i asiaxocmiune memanoznaécmeo, Meduune memanoznaecmeo, Hosi memaanesi
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Microsoft Word, 3 HasBomw, 1110 CKJIAJa€ThCA 3 MPi3BUIA MEPIIOro aBTopa (JaTUHUIEID), HAIPUKJIAL,
Hotovchenko.docx.
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HuMu. BoHr MaroTh 0hOPMITIOBATHCS 34 II1A0JI0HOM, STKUI MOYKHA 3aBAHTAKUTH 3 CAUTY JKypHAITY, 1 MicTuTu 5—
7 inperciB PACS B pepaknii ‘Physics and Astronomy Classification Scheme 2010’. TekcTu craTeil MaloTh Ta-
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S30HHA CTPYKTYypa HiTpuAy AJIIOMiHiIO Ta HOTr0 TBEPAUX PO3UYUHIB
i3 Marmiem i Okcurenom

B. M. VBapos, M. II. MenbHUK, |IO B. Ky,upaBueBL M. B. ¥YBapos,
E. M. Pyneuxo, M. B. HemomkaJjeHKO

Incmumym memanogisuxu im. I'. B. Kypdomosa HAH Ykpainu,
0yave. Akademira Bepradcvrozo, 36,
03142 Kuies, Ykpaina

3a IOIIOMOT0I0 30HHHX PO3PAXYHKIB B paMKaX IMOBHOMNOTEHIiAJLHOTO JiHea-
PMB0BAHOI0O METOY mIpuegHaHUX miaacKkux xBuiab (FLAPW-MmeTony) omepsxamo
iH(opMaIiro Ipo eHepreTUYHY 30HHY CTPYKTYpy E(K) HiTpuay Aniominiio Ta
#ioro TBepaux pos3unHiB 3 OKcurenom i Maruiem. BeTaHoBeHo, 110 eHepreTH-
YHA 30HHA CTPYKTYypPa IIUX PO3UNHIB BKa3ye Ha iXHill MeTaiyHUH cTaH.

KarouoBi cioBa: 30HHI pospaxyHKU, eJIeKTPOHHA OyaoBa, HiTpua AgioMiHilo,
TBEPIi PO3UMHU.

Using the band-structure calculations within the FLAPW (the full-potential
linearized augmented-plane-wave) method, information about the energy
band structure E(k) of aluminium nitride and its solid solutions with oxygen
and magnesium is obtained. As established, the energy band structure of
these solutions indicates their metallic state.

Key words: band-structure calculations, electronic structure, aluminium ni-
tride, solid solutions.

Corresponding author: Viktor Mykolayovych Uvarov
E-mail: uvarov@imp.kiev.ua

G.V.Kurdyumov Institute for Metal Physics, NAS of Ukraine,
36 Academician Vernadsky Blvd., UA-03142 Kyiv, Ukraine

Citation: V.M. Uvarov, M. P. Mel’nyk, |Yu. V. Kudryavtsevl, M. V. Uvarov, E. M. Rudenko,
and M. V. Nemoshkalenko, Band Structure of Aluminium Nitride and Its Solid Solu-
tions with Magnesium and Oxygen, Metallofiz. Noveishie Tekhnol., 47, No. 1: 1-7
(2025).DOI: 10.15407/mfint.47.01.0001

© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2025. This is an open access
article under the CC BY-ND license (https://creativecommons.org/licenses/by-nd/4.0)


https://doi.org/10.15407/mfint.47.01.0001
https://creativecommons.org/licenses/by-nd/4.0
https://doi.org/10.15407/mfint.47.01.0001

2 B. M. YBAPOB, M. I1. MEJILHUK, 0. B. KYIPSIBIIER|ra iw.

(Ompumano 27 eepecns 2024 p.; ocmamoun. sapisnm — 14 aucmonada 2024 p.)

1. BCTYII

Vuikanapui BractusBocTi HiTpugy Astominiro AIN spobuiu fioro mocrart-
HBO MEPCIEeKTUBHUM JIJIA 3aCTOCYBaHHA Y HOBiTHiX TexHoJoTiax. Ile —
eJIEKTPOHHA KepaMiKa, IM0 XapaKTePU3YyEThCA SHAUHUM eJIEKTPOOIIO-
pom [1], rapHoI0 mienreKTpuuHOIO MittHicTIO [2], 3HauHOIO TBEpAicTIO [3] i
KoedimienTom TemmoBoro posinmupenua (KTP), 6nusbkum 1o KTP kpeMm-
Hito [4]. Kpim Toro, BiH € CTIiiIKMM 100 OKMCHEHHS Ta 3HOIIYBaHHI,
Ma€e 3HAUHY TeILJIONPOBiIHICTb, MOPIiBHAHHY 3 TEIJIONPOBiAHICTIO BHUCO-
KOIIPOBiIHMX MeTasiB, TakKuX aAK amiomiHin [5]. Ili BaacTuBocTi 36epi-
ratoTbea y mwriBkax AIN [6, 7]. 3ragani xapakrepuctTuku podaars AIN
imeasbHUM KaHIUIAATOM JAJIA BUKOPUCTAHHA B MiAKJIAAUHKAX IJIA MiK-
pOeJIEKTPOHIKHU.

Hitpun AntoMiHiro € i301ATOPOM 3 HIMPOKOIO 3a60POHEHOIO 30HO0I0. ¥
cHeKTpax onTu4yHOro morawmHaHHa AIN-IiBOK MiKpPOHHOI TOBIIUHUI
imenTUdiKoBaHO KiJbKa KOMIIOHEHT [8], BKJIouaroum eHeprii 4,5 eB i
4,8 eB, a Tako:k IiK 3 MaKCcUMAaJIbHOIO iHTeHcuBHIicTIO ITpu 6,2 eB. Ta-
KOJK 3apeecTpoBaHO HU3bKOeHepreTuuHuil mik mpu 2,8 eB B ogHoMy 3
mocraimxens [9]. HusbKoeHepreTHuHi 0COOJMBOCTI CIEKTPiB UacCTO
OB’ A3YIOTH 3 JOMIIIIKaMU, AKi ITOB’A3aHi 3 KUCHEM, TOJi AK KOMIIOHEH-
Ta 3 MaKCHUMaJbHOIO iHTeHCcuBHicTi0O mpu 6,2 eB mpunucyerbca 30y-
MKEHHIO BAJIEHTHUX €JIEKTPOHIB y 30HY npoBigHocTy AIN (mus. [8]i mo-
cunanua TaMm). Ile 3HaUEeHHA B JAaHUN MOMEHT IPUNHATO AK eKCIIepruMe-
HTaJILHO BU3HAUYEHA ITUPUHA 3a00POHEHOI 30HU HiTpuAYy AJOMiHif0.

3aJIe’KHO BiJl BUKOPUCTOBYBAaHMX KBAHTOBO-MEXaHIUHUX METOAIB PO-
3paxyHKYy, eHeprii mpamoi 3abopoHenoi souu aaa AIN BapiroioTbesa Bin
2,35 eB 1o 5,31 eB [10—-13]. B ogmomy 3 mocaim:xenn [14] 3 BuKopuc-
TaHHAM HaIiBeMIIipHYHOI MEeTOAM CHJILHOTO 3B’A3KY I Hei OyJio ofxe-
poxamo sHauenusa 6,2 eB.

3ouHa crpykTypa E(k) TBepaux posumHiB HiTpuay AstomiHito 3 OK-
curenoM i Maruiem cBiguuts [15], m1o HiTpHa AntoMiHito € i3osATOPOM,
TOAi IK OiJBIIiCTE 1OT0 OKCUIIiB MIPEACTABIEHO METAIaMMU.

B naniit po60Ti po3paxoByeThCS 30HHA CTPYKTYpPa TBEPAUX POSUUHIB
HiTpuny Antominiio 3 Okcurenom i Maraiem 3 MeToI0 BCTAHOBJIEHHSA 1X-
HiX eJIEKTPONPOBiTHUX BJIACTUBOCTEM.

2. METOOUKA ITPOBEAEHHSA POSPAXYHKIB

B poGori mpoBeneHO 30HHI PO3pPaxyHKU eJeKTPOHHOI OyJOBU HiTpUIY
AuntomiHiio Ta oTo TBEPAUX PO3UMHIB — MozesiB 3 Okcurenom i MarHi-
eM. EsremeHTapHi KOMIpKU JOCTiMKYBAaHUX CIIOJIYK IIPOHYMEPOBAHO Be-



30HHA CTPYKTYPA HITPUIY AJIIOMIHIIO TA IOI'O TBEPOIVX POSUYMHIB 3

Puc. 1. Enemenrapui komipku mHiTpuay Aaominio (K =1) Ta #ioro crmoayxk is
Marwniem (K = 2), a Takoxx i3 Maruiem i Oxcurenom (K = 3). Cucrema Koopau-
HAT € OJHAKOBOIO IJIs BCiX Komipok. Tyt i mani Ha pucyHKax K mmo3Havae aToM-
HY KOH(pirypairito.

Fig. 1. Conventional cells of aluminium nitride (K = 1) and its compounds with
magnesium (K =2), as well as with magnesium and oxygen (K =3). The co-
ordinate system is the same for all cells. Here and further in the figures, K
denotes the atomic configuration.

anunHamu K =1-3 (K — aTomHa KoH(pirypaiis) i maBemeHo Ha puc. 1.
CrpykTrypa K =1 6as3oBoro HiTpuay AJOMiHiI0O HAJIEKUTHh OO T'eKCcaro-
HaJMbHOI cuHTOHII 3 cumeTpiero P63mce (mpocTopoBa rpyma Ne 186) [16].
Teepauii po3unH 3 gomaBanuaM Maruiio Ha puc. 1 IpeacTaBIeHO eleMe-
HTapHOIO KoMipKooo K =2, Toai AK moxigua Bix Hel K = 3 MOAeIIOE PO3-
uuH i3 samimennam aromamu OKcuredy aromiB y camomy «Timi» AIN.

3oHHi pospaxyHKu BuKoHaHI B LAPW-nabau:xkenni [17] 3 rpagieHT-
HOIO alpoKcuMaIiieo eJeKTpornHoi ryctunu (GGA — generalized gradi-
ent approximation) B ¢dopmi [18]. dasa po3paxyHKY XapaKTEePUCTUK
eJIeKTPOHHOI CTPYKTYpPH CIIOJIYK BUKOPHCTAHO CKaJIAPHO-
penaTuBicTrcbKuil BapiaaT LAPW-metomgu [19].

TABJINIIA 1. ITonosxenns aTomiB y cTpyKTypi crory Al;N:Mg B uacTkax pe-
6ep exemenTapHoi Komipku (K = 2).

TABLE 1. The positions of atoms inside the Al:N:Mg-alloy structure in the
fractions of the unit-cell edges (K = 2).

| x | y z
Al 1/3 2/3 0,0
Al, 2/3 1/3 0,5
N, 1/3 2/3 0,381
N 2/3 1/3 0,881

Mg 0,0 0,0 0,0
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ITono:xeHHS KOMIIOHEHTIB aTOMiB y CTPYKTYPi JOCHiAKyBaHUX CIIO-
JYK 3aJlaBajiics 3 BUKOPUCTAHHAM OIlepalliii cuMeTpii mpuMiTHUBHOI Te-
KcaroHaJybHOI r'patHuili H i ganux, HaBegeuux y TabJu. 1. TyT Koopau-
HaTu aToMiB Amiominito Ta HiTporeny 3 immekcamu 1 i 2 Bimo6paskaiors
ctpykTypy AIN. CrpykTypa crory 3 Oxcurenom AI:NOMg (K = 3) moze-
JoBajacd NLIAXoM 3amimienHsa atromiB Hitporemy N aromamu Okcure-
"y O B KoMmipmi K = 2.

Pagitocu MT (muffin-tin) aromuux chep BuOupanuca 3 MipKyBaHb
Mimimisarii posmipiB miskcdepnoi obaactu II B mogudikarii K =1, axa
Mae HalilMeHIN 00’eM eJeMeHTapHOl KoMipKu. [JIg Bcix mpocTopoBuUx
KoHpirypamifi i Bcix atomiB mi pagitocu ckaamu 1,69 Bopa (1
Bop=5,2918-10" m). I1ig yac po3paxyHKiB XapaKTePUCTUK €JIEKTPOH-
HOI OyIOBU BCiX CIIOJYK BUKOPHUCTOBYBaJsiocss 168 TOUOK y He3BigHUX
yacTuHaX ixHiX Bpinaroenosux 3oH. [o6yTok pagitoca MT-cdhepu (Rms) i
MaKCHUMAaJIbHOTO 3HAUEHHA XBUJHLOBOTO BEKTOPA IJIACKUX XBUJIbD (K max)
BUOpaHO piBHUM ciMOM, a MaKCuMaJIbHE 3BHAUEHHA KBAHTOBOTO YKUCJIA —
=10 gna mapumiAJbHUX XBUJIb BecepeAuHi chep i [=4 B obunciieHHAX
non-muffin-tin-maTpuuyHUX €1€MEHTIB.

OckinbKu B jJiTepaTypi BicyTHA iH(popMallia mpo 3HAUEHHA ITapaMe-
TPiB rekcaroHaJbHUX I'DATHUIb, AKi HaJeKaTh A0 TBEPAUX PO3YUHIB
HiTpugy AnOMiHiI0, TO iX 6yJI0 PO3Pax0BaHO 3 BUKOPUCTAHHIM IIpOIle-
nypu Minimisarii npocTopoBoi cTpykTypu [19].

3. OBI'OBOPEHHA OJEP;KAHUX PE3SYJIBTATIB

Crpykrypu eHepretuunux 30H E(k) Hitpuny Amtominito AIN HaBemeHo
Ha puc. 2. Buano, mo cam uHiTpung Aarominio (K =1) npeacraBieHuit
izomaTopom. 3abopoHeHa 30HA eHepPTrifi (Egs,p) YV CTPYKTYpPi HiTpHIY
Anominio cranoBuTh 4,2 eB, € IpaMoI0 Ta 30cepeaKeHo0 B Toulri I
BpinmtoenoBoi 3oHuU. Opep:kaHe 3HAUEHHS Kg,p, BUABUJIOCSA IOMIiTHO
MEHIIIIM 3a eKCIepuMeHTAaIbHO Bu3Haueme 6,2 eB i BimoOpaskae sara-
JIBHY TEHJeHIIiI0 3aHMKeHUX 11 BeJIMUNH, AKUX OJlep:KaHO B 30HHUX PO-
dpaxyHKax (quB. Berym). OnHi€0 3 MOKINBAX IPUYUH IIHOTO MOYKHA
BKasaTU Ha TOH QakKT, 10 OiJbIITicTh 30HHNX PO3PAXyHKIiB HE OMUCYIOTH
KOPEeKTHO 30yI:KeHi KiHIleBi cTaHU eJeKTPOHiB, SKi HPOABIAIOTHCA B
eKCIlepIMeHTaX.

BHecKu eJIeKTPOHHUX CTaHiB aTOMiB y 3arajbHy cTpyKTypy E(K) mia
BEPXHiX BaJ€eHTHUX 1 HMIKHIX BAKAHTHUX 30H BUABJIAIOTHCA B 3HAUHIN
mipi pisammu. B creii BajmeHTHOI 30HU (TouKa ') mepeBaskamTh €JIEKT-
pouni cramu aromie Hirporemy. Ixms cumerpia mos’ssama 3 N2p-
eJeKkTpoHaMu. [[HO cMyru mpoBigHOCTH HiTpuay Ajfominito y Touri I
copMOBaHO TiOpUAM30BAHMMHU CTAaHAMHU AK aToMmiB HiTporemy, Tak i
aromamu AnoMminiro. CuMeTpiro X cTaHiB B OCHOBHOMY 3YMOBJIEHO S-
eJIEKTPOHaMU aTOMiB 000X COPTiB.

BHeceHHsa B KpucTaJdiuHy r'paTHuUIio Hitpuny Amntominito AIN aTomis
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Puc. 2. Exepreruuna 3ouHa crpykrypa E(k) mitpuay Anrominio AIN. Pagirocu
KPYsKKiB IPOIOPIiiiHI BHECKAM eJIEKTPOHHUX CTAHiB ATOMiB y 3arajbHy CTPY-
ktypy E(k). O6paui mapamerpu npunacyBaHHsA circle size (cz) ymomxJIuBHIN
oGy AyBaTU HAOUHO-NOPiBHAJNBHY KapTUHY PO3TOAIIiB eHepriii y o6epHeHOMY
npocTtopi k-BeKTOpiB. ¥V peasbHOCTI 3a OMHAKOBUX 3HAUEHb CZ Pagilocu KPYiK-
KiB y cmeKTpi craniB aTromiB HiTporeny maiors 6yTu 36inbiieHi B 5 pasis. Tyt i
Ha puc. 3 Er — monokenusa @epmi-piBaa.

Fig. 2. The energy band structure E(k) of aluminium nitride AIN. The radii of
the circles are proportional to the contributions of the electron states of atoms
to the overall structure E(k). The selected fitting parameters for circle size
(cz) allowed for the construction of a visually comparable depiction of energy
distributions in the reciprocal space of k-vectors. In reality, at identical val-
ues of cz, the radii of the circles in the spectrum of nitrogen-atom states
should be increased by a factor of 5. Here and in Fig. 3, Er denotes the Fermi-
level position.

Marwuiro #1 OKcureHy IpUBOJUTE [0 iCTOTHUX 3MiH y cTpyKTypax E(K)
(puc. 3). Ile mpoABAAEThCA Yy BiICYTHOCTI B IXHBOMY CKJIafi 3a00poHe-
HUX E€HEePreTUYHUX 30H, AKi BiIOKPeMJIIOIOTHL BAJIEHTHI Ta BaKaHTHI
eJeKTpoHHi cTaru. OcTaHHA 00CTaBMHA IBHO BKAa3ye Ha Te, 1[0 TBEPAMI
posuuH HiTpuay Antominito 3 Maruiem Al;N2Mg i itoro okucHeHna popma
Al;NOMg e meramiuaumu.

IIpore, mpAMa eHepreTUYHa IiJIMHA, JOKaJIidoBaHa B iHTepBasi A—I
Bpinmtoenosoi 3oumu, npucytHa B cuekTpi E(k) oxkcuny Al.NOAI (puc.
3). i smauenna BusHauaeThca AK Egap =0,25 eB. Ilinunaa Menmoi Be-
auanEu Ega.p2=0,23 eB € HenpsaMorio, 10 BiATIOBifae eIeKTPOHHUM IIe-
pexomam Mik Toukamu BpinrtoenoBoi 3o K — A—I" 3a yuactio ¢oHO-
HiB. ¥ BUNAAKY NPaKTUUYHOI peasisailii okcumy, 1o o6roBOpoeTLC, 3
aJIOMiHieM MaJi 3HAUEHHA WX MILJINH MOKYTh BKasyBaTH Ha HaMiBI-
POBiAHMKOBI BJIaCTUBOCTiI OOGrOBOPIOBAHOIO OKCHUAY 3 aJIOMiHieM 3a pa-
XYHOK IIiABUIIIeHOI HMOBipHOCTH 30yIKeHHA BaJIEHTHUX €JI€KTPOHIB y
CMYTYy IIPOBiTHOCTH.
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Puc. 3. EHepreTuuna 30HHA CTPYKTypPa TBEPAUX POSUMNHIB HiTpuAy AMoMiHil0 3
Maruiem Al;N;Mg (ctpykTypa K = 2), Oxkcurenom i Maruiem AILNOMg (K = 3),
Oxcurenowm i Amrominiem Al,NOAIL[15] (ananor K = 3 Ha puc. 1).

Fig. 3. The energy band structure of solid solutions of aluminium nitride with
magnesium Al:N:Mg (structure K = 2), with oxygen and magnesium Al,NOMg
(K =3), and with oxygen and aluminium Al;NOAI [15] (analogous to K =3 in
Fig. 1).

4. BUCHOBKH

1. HiTpun AnfomiHiio € i3o1ATOpOM i3 po3paxoBaHOIO IPSIMOIO eHepre-
TUYHOIO IIJIMHOIO BeamumHow y 4,2 eB, posramosanor B Touri [
BpinnatoeHoBoi 30HU. B cTesi BaaeHTHOI 30HU ITepeBaKaloTh eJIEKTPOHHI
crauu aromiB Hitrporeny, mos’asani 3 N2p-enekrponamu. [lHO cmyru
mpoBigHOCTH HiTpuUAy AuoMiHiI0 chopMOBaHO IepeBaykHO TiGpUAM30-
BAHUMU S-CTAHAMHU aTOMiB 060X COPTiB.

2. BHeceHHA B KpUCTAJIiIUHy I'paTHUIIO HiTpuny Amntominito AIN aTomir
Marwuiro i1 OKcureny IpuBOAUTE IO BigcyTHOCTH B cTPYKTYypi E(k) 3ab60-
POHEHUX eHEePreTUYHUX 30H, IO BiJJOKPEMJIIOIOTH BAJE€HTHI Ta BaKaHTHI
eJeKTpoHHi cranu. OcTaHHA 00CTaBUHA BKa3ye Ha Te, 10 TBEPAUM PO3-
yuH HiTpugy Amiominito 3 Maruiem Al:N:Mg Ta itoro oxucHena opma
Al;:NOMg e meramiuaumu.

3. Y cuextpi E(k) okcugy Al:NOAI € mpsima eHepreTuyHa MIiJINHA BeJIH-
YnHOI0 Ega.p1 = 0,25 eB, smokanisoBana B imTepBaii A—I' BpinnrioerHoBoi
souu. lllimnHa MeHI101 BeUInHYU Ecap2 = 0,23 €B € HempsaMoio Ta Bifmo-
Bilae eJeKTPOHHUM IiepexoJaM MisKk ToukamMu DBpijiioeHOBOI 30HU
K — A-T 3a yuacTio ()oHOHIB. ¥ BUNAAKY MPAKTUYHOI CUHTE3U OKCULY
AI;NOAI magi sHaueHHA IUX HMIIJIWH MOYKYTh BKasyBaTH Ha H0ro HaliB-
MIPOBIAHUKOBI BJIACTHMBOCTI 3a PaxyHOK ITIiBUIIEHOI HMOBipHOCTH 30Y-
MKeHHA BaJIEHTHUX €JIEKTPOHIB y CMYTy IPOBiAHOCTH.
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Formation of Dissipative Surface Structures during Friction
Interaction of Solid Bodies in an External Magnetic Field

M. M. Svyryd, V. I. Dvoruk, O. O. Mikosyanchyk, O. Y. Sydorenko,
and V. M. Borodiy

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

The method of formation of the dissipative structures (DS) consisting of wear
products obtained during the frictional interaction of solid bodies in a mag-
netic field (MF) is presented. A physical model of the local influence of MF on
the mechanism of formation of the wear-surface DS of a ferromagnetic (steel
45) paired with a diamagnetic (glass) during sliding friction without lubrica-
tion is presented. The parameters of the movement and fixation of wear
products on the worn surface depending on the direction of MF are deter-
mined. As established, the intensity of wear is subjected to the physical laws
of the impact of MF on the magnets, which are on the path of its magnetic
lines through the actual contact surface.

Key words: magnets, friction, magnetic field, nanostructure, wear products.

IIpencraBieHo MeTOAWMKY (DOpPMYBaHHS AumcunatTuBHuUX cTpykryp (IC), 1o
CKJIQIAaIOTHCSA 3 IMIPOAYKTiB 3HOCY, OJlep:KaHUX IIiJ yac (PpUKITiiiHOI B3aemMozii
TBepAuX Tin y marHerHomy mouii (MIT). BubynoBaHo ¢disuunuii momesns JioKa-
abuoro BrauBy MII Ha mexauism popmyBanua [[C 3HoITyBaHOI MOBEpPXHIi (e-
pomarHeTuka (Kpuiid 45) y mapi 3 gisMaraeTukKoMm (CKJIOM) i yac TePTsa KOB-
3aHHA 0e3 3MalllyBaHHsA. BusHaueHO mapaMeTpu mHepeMillleHHA Ta (Qixcaiii
IIPOALYKTiB 3HOCY Ha 3HOIIIyBaHil moBepxHi 3ayexHo Bix Hanmpamky MII. Bera-
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HOBJIEHO, IO iHTEHCUBHICTH 3HOIIYBAHHS IiAIMOPAAKOBYETHCA Gi3UUHUM 3a-
KoHOMipHOCTAM BiiuBy MII Ha MarHeTuku, AKi 3HaXOAATHCA Ha ILIAXY IIPO-
XOIKeHHSA HOoT0 MarHeTHUX JIiHill uepe3 (aKTUUHY ILJIOITY KOHTAKTY.
Karouori croBa: MarHETUK Y, TEPTSI, MarHeTHE 0JIe, HAHOCTPYKTYpPa, IPOAYK-
TY 3HOIITYBAHHA.

(Received 25 October, 2023, in final version, 14 October, 2024 )

1. INTRODUCTION

Any structure used in mechanical engineering is designed to perform a
specific job of transmitting forces and loads. Therefore, it is always in an
unbalanced tense state. This causes the need for additional energy costs
with further reflection in the change of surface topography under the
action of deformation components [1-3]. In this regard, energy support
of the structure is necessary to ensure appropriate operating parameters.

The most stable and not subject to premature changes method of such
support is the use of an external static magnetic field (MF). The energy
state of the specified field practically does not change over time. It is sta-
ble in terms of internal parameters, but it has different effects on mag-
nets in the area of its influence. With regard to such a design as a tribo-
mechanical system, the action of the MF manifests itself in a change in
the atomic structure of the magnets from which its triboelements are
made, as well as the components of the specified structure. This is inevi-
tably reflected in the conditions and parameters of the formation of dis-
sipative structures (DS) in the zone of frictional interaction, which, in
turn, ambiguously affect the structural components of magnets.

The effect of MF on the deformation parameters and wear products
(WP) of the surface is most conveniently detected in sliding friction
without lubrication.

From the energy point of view, the tribomechanical system refers to
an open type relative to the environment, from which energy is sup-
plied by mechanical, chemical (interaction with the environment),
thermal (both from friction and from the outside) method, as well as
activation using an external magnetic field in combination with the
Earth’s magnetic field (0.0005 T). The energy conditions of such a sys-
tem are characterized by an increase in entropy, due to the contact
spots of the actual contact surface (ACS), developed in the process of
frictional interaction.

The basis of the conducted research was the development of a physi-
cal model of the tribomechanical system, which takes into account the
location of its energy flows relative to the ACS. Research technology
using a ferromagnetic—diamagnetic friction pair, in which the latter is
transparent to the passage of light, and its characteristics are close to a
completely solid body, is presented in the work [4]. This makes it possi-
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ble to monitor the process of formation of DS in the air, as well as the
influence of MF on the placement of WP in the zone of frictional inter-
action, which depends on the structure of protective tribological films.

The mechano-physicochemical process of the surface-film formation
mechanism is determined in the scientific works of B. I. Kostetskyi [5],
according to which, during friction, wear particles are dispersed with
their subsequent sintering in the ACS zones.

At the same time, the geometric sizes of the particles acquire a wide
spectrum of fractions from dozens of a micron to hundredths of a mil-
limetre [6], from which their conglomerate clusters are subsequently
formed (Fig. 1): the larger the size, the lower the surface energy of the
particles during deformation of the conglomerate. Nanoparticles (up
to 10 nm) in such a conglomerate have a higher surface energy[7].

Materials formed in the parameters of nanoparticles are characterized
by significantly better physical properties compared to monolithic metal:
magnetic, surface energy, anisotropy, etc. [8]. Particles of micron-sized
materials can be compared to near-surface atoms, therefore, in such sys-
tems, excess surface energy appears, which leads to the appearance of a
highly defective state of individual nanoparticles. Nanoparticles of fer-
romagnetic metals Fe, Co, Ni and alloys oxidize very quickly in normal
atmospheric conditions, so they are protected by a coating comparable in
thickness to the size of the particles themselves [9].

Thus, in the conditions of the applied research technology, it is nec-
essary to take into account the chemical activity of nanoparticles, as a
drawback of nanoclass materials.

In the conditions of sliding friction, a wide range of WP fractions is
formed, but particles larger than 500 um are filtered out due to the ac-
tion of centrifugal forces, as well as the presence of filters in lubrica-
tion, fuel and hydraulic systems.

2. STATEMENT OF THE PROBLEM AND OBJECTIVE
OF THE RESEARCH

The primary parameter that characterizes the conditions of operation
of a tribomechanical system is the presence of DS in the contact zone
capable of ensuring that it performs the relevant technical functions
[10]. The determining factor in the formation of DS is the presence of a
donor of its elements with the necessary properties. Donor elements
must be subject to directed movement in the contact zone under the in-
fluence of external energy flows. During sliding friction without lu-
brication, the worn surfaces are subjected to the directed action of aux-
iliary energy flows and the deformation component in the unstable
structure of the ACS.

The purpose of the study is studying the regularities of the for-
mation of dissipative surface structures during the frictional interac-
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tion of solid bodies in an external magnetic field, which will contribute
to increasing the wear resistance of the tribosystem.

The research hypothesis is based on the restoration of triboelements
in the process of frictional interaction due to the formation of nano-
coatings from wear products on their surfaces under the directed ac-
tion of the energy flow of the external MF.

3. MATERIALS AND RESEARCH METHODS

Two materials are used in the studied tribomechanical system: the first
is a sample made of martensite-hardened ferromagnetic steel 45, the
second is a counter-body made of diamagnetic glass. Using a solid
transparent substance (glass), it is possible to monitor the kinetics and
mechanism of wear and formation of DS on the surface of the ferro-
magnetic sample (Fig. 1). Tribological studies of the sample on the
counter-body were carried out at a relative displacement speed of
V=0.1m/s and a normal load of 1 N per sample area of 7.56 mm?. The
topography of the surface of steel 45 is shown in Fig. 1, on which pre-
sent a significant deposit of a conglomerate of iron oxides [11].

Formatted during the relative movement of triboelements, WP are
located in the gaps between their surfaces, forming DS from conglom-
erates that fill the depressions of the roughness on them.

3.1. Determination of Tribological Characteristics of Ferromagnetic WP
Depending on the Direction of Influence of MF on the ACS Zone

The effect of MF and its direction in the process of friction without lubri-

Fig. 1. Friction surface of steel 45 in dynamic mode when moving on glass
without the influence of a magnetic field.
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Fig. 2. Scheme: configuration of the magnetic field of the magnet used in the
experiment (from the hard drive) (a), passage of ML through a bipolar mag-
net, glass and the body of a ferromagnetic sample (b).

X

cation was studied according to the method [4] on the tribological com-
plex. The sample was placed in positions (A or B, Fig. 2, b) in such a way
that the magnetic lines (ML) crossed the friction plane perpendicularly.
The results of determining the intensity of wear during tribocontact
without lubrication of steel 45 on glass under conditions of sliding
friction according to the finger-plane friction scheme are shown in Fig.
3 (curve 1). In the same Figure, the curves characterizing the influence
of the change in the direction of MF from the sample (MF-SN curve) and
into the sample (MF-N'S curve) on the wear intensity are presented.
Therefore, in the position of sample A (Figure 2), MF, which is directed
into this sample and corresponds to MF-NS curve (Fig. 3), contributes to
the minimum value of the intensity of wear. The position of sample B on

12

10 -]

2 4 6 & 10 15
I, km

Fig. 3. Intensity of wear of steel 45 during friction sliding on glass: curve 1—
friction, without the influence of MF, MF-SN with SN direction, MF-NS with
Ngsreferral.
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the pole of SN magnet (Fig. 2) reflects the direction of MF from the sam-
ple in which the intensity of wear increases (Fig. 3, curve MF-SN).

The curve 1 is characterized by the greatest intensity of wear due to
the action of the created oxide conglomerates (Fig. 1) [11] and rapid
oxidation of FeO, Fe 03, Fes04. The activation of oxygen in the contact
zone is due to the following factors: increased energy state of the sur-
face of iron nanoparticles, saturation of the contact zone with para-
magnetic oxygen, which under the influence of MF concentrates in ar-
eas of the ACS.

Thus, the ferromagnetic sample forms a layer of nanoparticles of
ferromagnetic DS based on iron oxide Fe3;04 between the surfaces of
triboelements.

E’/ s
errgmagn
| By
g =
! Ferromagnetic =
=
™
p—— |
Glass Diamagnetic
S : —
N vy vV N

Internal MF

Fig. 4. Profilogram of the friction track on the glass (see Fig. 2, plane B) and to-
pography of the surface with the direction of the external MF in the direction of
the SN glass (a), the scheme of the location of wear products in the directed MF
on the pole SN corresponds to plane B of Fig. 2 (b), scheme-model of the transi-
tion zone of friction between the sample and the glass in the resulting MF (c).
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3.2. Physical Model of the Mechanism of Tribomagnetic Contacting

The influence of MF on the formation of the structure under the action
of dynamic loads and deformation movements is perceived by different
materials individually. The passage of MF through a ferromagnetic
medium significantly increases its induction due to the peculiarities of
the structural structure of the crystal lattice and the presence of a sig-
nificant number of free electrons, which by their excitations create an
internal MF, which is much larger than the external MF. Due to this,
the magnetic susceptibility of the material (y) increases, which in Fig.
4, ¢ in the 1-2—-3—4 zone is represented by the concentration of ML,
both in the metal and in DS zone. Since the ACS contact is always char-
acterized by an elevated temperature up to the level of welding bridges
due to a significant deformation component between the protrusions of
the interacting surfaces.

However, above the Curie temperature, the ferromagnetic proper-
ties changes dramatically to paramagnetic. Such structural transfor-
mations are formed in the areas of ACS during the relative movement
of the surfaces even under insignificant loads and velocities.

At the same time, taking into account that the magnetic susceptibil-
ity of a ferromagnet is always significantly greater (ym~>> 1) than that
of air (ym < 1), therefore MF is concentrated in the sample at ACS tran-
sitions, which in the total area are realized on the plane of 0.1% of the
total contact, on which ML are formed into a dense magnetic flux, the
value of which is the sum of the ACS points of the contact (shown on the
example of one touch ACS (Fig. 4, b) in the volume of space 1-2—-3—4).

So, at the point of contact 3—4 in Figure 4, ¢ between steel and DS,
the direction of MF does not change, however, a change in the specified
direction is observed around the contact areas. This happens due to a
decrease in the strength of the magnetic flux, as well as a smaller value
of the magnetic permeability of paramagnetic air compared to a ferro-
magnetic. The change in the direction of the magnetic field can occur
not only around ACS zones, but also near them [12]. If we take into ac-
count that the contact planes occupy 0.1% of the working plane, then a
significant magnetic potential is concentrated on them [13], which can
reach up to 30 Wb instantaneously. At the same time, DC are formed
under the influence of a significant magnetic flux (Fig. 4, b, zone 1-2—
3—4), as well as the surface energy of nanoparticles. Small ferromag-
netic particles (1-100 um) are attracted to the glass and are located on
the surface in the form of a track of magnetized conglomerates, which
mechanically ‘are smeared’ in the direction of movement of the sample
across the glass surface (Fig. 4, a)[14].

The directional MF affects the relative displacements of WP of the
ferromagnetic, which at the transitions between the friction surfaces
change their direction and location relative to the rough surface of the
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Fig. 5. The friction surface: on the glass at SN pole (a), on steel 45 in the di-
rection of SN magnetic field (b), x100.

steel [14]. At the same time, the density and direction of ML changes
depending on the magnetic permeability of the ferromagnetic material
(u>>10%-10°).

The ML direction vector and the magnetic susceptibility of steel and
glass in their own way affect the location of the WP in the contact zone
and around it.

Thus, the movement of the magnetized WP creates a DC on the sur-
face of the model counter-body—glass (Fig. 4, a). The wear products of
ferromagnetic steel 45, kept in the contact zone. They are pressed to
the glass by the directed field from the ferromagnet (Fig. 4, b, ¢, zone
1-2, Fig. 5, a) and, forming into conglomerates on its surface, reduce
wear and the coefficient of friction [15]. At the same time, the surface
of the sample is characterized by structured DS and the presence of lo-
cal thin deposited zones (Fig. 5, b).

If the direction of the magnetic field is changed to the opposite, i.e.
from NS pole of the magnet to the sample (Fig. 2), on which the near
end will form SN pole, and the opposite one will take on the value of
NS, then the character of the friction surface (Fig. 6, a) will take the
form of curve MF-NS (Fig. 3).

In this position, WP are accumulated not only near the sample, but
are also drawn into the contact zone, while the wear is reduced by ap-
proximately 2.5—3 times, compared to the wear (curve MF-SN, Fig. 3).
This is explained by the forced retention of PW by the directed flow of
the magnetic field (zone 1-2-3—4, Fig. 6, b), which is directed into the
body of the ferromagnetic from the surface of the steel 45.

At the same time, there is a significant decrease in the coefficient of
friction to the level of 0.07—0.1 is observed. On the friction surface of
the sample, WP is held by MF, followed by their dispersion to the fin-
est fractions on the sample (Fig. 7, a). Larger particles (size 10—20 um)
repeatedly enter the friction zone and contribute to increased wear re-
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External MF

Glass Diamagnetic

Fig. 6. Profilogram of the friction track on the glass (plane No. 3, Fig. 3) and
topography of the surface with the direction of the external MF in the direction
of NS glass (a), the scheme of the location of wear products in the directed MF
near NS pole corresponds to plane No. 3 of Fig. 2 (b), scheme of the transition
zone of friction between the sample and the glass in the resulting MF (c).

sistance [13]. Considering that WP conglomerates are oxides created
under the influence of high local temperatures and pressures, they de-
posited on the glass, which is accompanied by the formation of protec-
tive oxide films on it (Fig. 7, b).

Further operation of the tribomechanical system during friction
without lubrication on NS pole is accompanied by the formation of DS
on the metal sample (steel 45). The dynamics of this process is shown in
(Fig. 8), from which it can be seen that initially continuous protective
films are formed (Fig. 8, a—c). After that, they are divided into sepa-
rate areas, which are located on a significantly smaller plane (Fig. 8, d,
e). This process ends with peeling of these films from their areas, and
the appearance of dark oxide zones in their place, as well as powder
from the products of their dispersion.

This mechanism of tribomagnetic contacting is subject to the laws of
oxidative wear. When applying an external magnetic field directed from



18 M. M. SVYRYD, V.I. DVORUK, O. O. MIKOSYANCHYK et al.

Fig. 7. Appearance of the friction surface on NS pole: on the sample (a), on
glass (b). The speed of friction is 0.1 m/s, normal load P =0.1 kg, x90.

NS pole toward the surface of the sample, dense oxide-type tribological
films prevail [15] due to the presence of paramagnetic oxygen, which is
drawn into the zone of frictional interaction by the magnetic field.

Thus, the process of formation of surface films with structural ad-
aptation under the influence of MF consists in the gradual formation
of DS, which, under the influence of the magnetic plastic effect, re-
duce their strength and increase the deformation component up to
15% [16, 17].

3.3. Analytical Substantiation of the Results of Tribological Research

Friction conditions are realized in the process of molecular-mechanical
interaction in the surface layers of contacting bodies. The density of
the energy balance is concentrated in the thin surface layers, therefore
the properties of the deep layers of the material differ significantly,
both structurally and energetically.

As the load increases, ACS, which takes part in the process of fric-
tional interaction of the surfaces, expands, but its value does not ex-
ceed 0.1% of the total contact area. Energy costs are spent on overcom-
ing the deformation components of the surface layers and creating an
intermediate film with a defect-free structure at a minimum thickness
[19]. In the contact zone, DS (Fig. 8, a) [20] are constantly being devel-
oped, which are sprayed on the friction surface, forming protective
structures on it (Fig. 8, b—e). Further enrichment of the surface film
with a fine fraction of DS ferromagnetic steel (Fig. 8, f) together with
paramagnetic oxygen initiates chemical reactions, as a result of which,
under the influence of frictional deformation and elevated tempera-
ture, different phase iron oxides are formed.
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Fig. 8. Step-by-step formation of a protective oxide film on the surface of steel
45, when rubbing against a (model) counter body—glass, x500 (photos taken
in dynamic mode).

Determination of phase changes of the friction surface under the
influence of MF was carried out by the method of quantitative phase
analysis of the formation of the percentage content of the a-Fe phase in
the ferrite-pearlite structure of steel 45 before and after exposure to
MF (Table 1).

Depending on the direction of the field, changes in the atomic struc-
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TABLE 1. Phase composition, texture coefficient and lattice periods of steel
45 after friction in a magnetic field.

Quantitative phase composition (% by mass),
texture coefficient t and period of the crystal
N Mate- lattice phases (nm) Direction of MF
O-| rial |a-Fe ferromagnetic |f.c.c./y- Fe paramagnet- (Fig. 2, b)
component ic component
a, nm % mass | a, nm ‘ T | % mass
1 St45 0.2868 59.36 0.3701 0.48 40.64 N
2 St45 0.2866 52.11 0.3693 0.49 47.89 N/S
3 St45 0.2867 73.42 0.3694 0.40 26.58 S
4 St45 0.2871 100 Without MF
5 St45 0.28708 100 Without MF
Volume-centred Cubic face-centred lat-
crystal lattice tice

ture of steel 45 are observed in the zone of its active deformation and
the effect of high temperature in the process of friction on the glass
(Table 1).

In addition, under the influence of MF under conditions of magneto-
striction, the parameter of the crystal lattice decreases in comparison
to without MF a =0.28708-0.2872 nm to a =0.2866—0.2868 nm

The crystal lattice is formed from magnetically dependent elemen-
tary particles that are part of each atom. According to the Pauli prin-
ciple, the spin of an electron (atom or molecule) in the quantum me-
chanical state always appears near the source of rotation [21]. Elec-
trons occupy only specific discrete orbital positions around the nucle-
us, creating the atomic shell. The closer the electrons are to the nucle-
us, the stronger they are attracted to it, so more energy is needed to
move them to other orbits.

The orbital closest to the nucleus can accommodate only two elec-
trons with oppositely directed spins, which provides them with differ-
ent quantum states. In the absence of an external magnetic field, the
electron spins of the same level compensate for the total electric
charge. The influence of the magnetic field directed parallel to the spin
magnetic moments reduces the potential energy of the electron com-
pared to the opposite direction of the field. As a result, the first elec-
tron will be in an energetically more stable state than the electron
paired with it [22].

Since entropy AS is always positive, MF increases the energy of the
system. The placement of the electron at the appropriate level must
satisfy the condition of minimum potential energy. Due to this, the or-
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bital radius decreases: the more energy a common pair of electrons has,
the closer they must be to the nucleus of the atom, which, in turn, con-
tributes to reducing the distance between lattice nodes. What, in par-
ticular, is indicated by the results of the analysis of the a-Fe phase
composition (Table 1).

When the temperature increases (T > 0 K), the internal structure of
a real crystal differs significantly from the ideal one. Defects can dis-
rupt both the short- and long-range order of the crystal lattice (Fig. 8,
e, f). The appearance of defects in a real crystal is explained by ther-
modynamic factors.

The stable state of the system is characterized by the minimum
Gibbs energy: AG=AH — TAS at a certain concentration of defects in
the crystal structure (depends on the material and environment). A
certain amount of energy (AH) is spent on heating a defect-free crystal,
which increases its Gibbs energy, which indicates the formation of de-
fects on the friction surface (Fig. 8, d, e¢). Therefore, the enthalpy fac-
tor does not contribute to an increase in the number of defects. On the
other hand, single vacancies in lattices (concentration of vacancies
=102 per 1 mole of substance) lead to a decrease in the total energy of
the system and an increase in the entropy AS of the crystal. This is due
to the presence of a significant number of nodes of the crystal lattice,
where vacancies of this type can appear. The mathematical relation-
ship between entropy and the probability of the formation of a vacancy
is expressed by the formula S = EInW, where W is the probability of the
formation of a single vacancy, which is proportional to the number of
nodes of the crystal lattice of a given type, k is the Boltzmann con-
stant. That is, the entropy factor (TAS) at a temperature above 0 K
leads to a decrease in the Gibbs energy of the crystal and contributes to
the formation of defects in the crystal structure. Bearing in mind that
it far exceeds the enthalpy factor, in which the energy is spent to form
a single vacancy, the overall quantitative entropy parameter domi-
nates, increasing the entropy of the crystal.

Since the temperature in ACS zones significantly exceeds point A1l
(Fe—C state diagram), there is a change in the micro- and macro-
structure of the steel, in particular, as a result of ferrite (a-Fe)—
pearlite (o-Fe+ FesC) hardening the structure becomes martensitic.
However, the energy state of the martensitic structure is lower than
that of austenite (y-Fe) [20]. The transition of a-Fe to y-Fe begins when
the steel 45 is heated to about 810°C and continues up to a temperature
of about 1450°C, where the austenite structure is maintained. This in-
dicates a significant energy advantage of the free energy in y-iron over
o-iron, which depends on the temperature level.

During the frictional interaction of surfaces in ACS zones, a sharp
increase in temperature and high-speed deformation of the surface
layer occur in an instant. The rupture of the zones during the move-
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ment of the surfaces leads to their rapid cooling by removing heat into
the metal matrix and the environment, which is accompanied by the
creation of a structure with a tetragonal crystal lattice—martensite.
Under the influence of MF and the processes of cooling and defor-
mation of the rough steel surface, a more energy-intensive structure of
austenite (y-Fe) is formed in it at the level of Ra parameters.

When the magnetic field direction is changed, the ratio of the phase
composition on the friction surface changes and the largest proportion
of y-Fe is observed in the bifurcation zone of ML at the position of sam-
ple B (see Fig. 2, b) (Table 1, position No. 2, N/S f.c.c./y-Fe=0.49),
which indicates the most unstable structural state of the surface under
the influence of the energy of the external MF.

Bearing in mind that friction is the relative movement of triboele-
ments, and MF is imposed on both of their materials, it is necessary to
create conditions under which the mechanical and chemical interaction
of surfaces would have the least impact on the tribosystem. Investigat-
ing the kinetics of the formation of tribomagnetic films on friction
surfaces, we come to the conclusion that the dynamics of the gradual
build-up of surface films must be formed under the conditions of the
influence of MF on a single material. That is, with a significant differ-
ence in the magnetic susceptibility of MF materials. Diamagnetic
(glass) reduces the effect of magnetic field on the contact zone when
paired with steel. The chemical interaction of iron with oxygen occurs
in three stages. First, iron oxide FeO is formed, which contains 22.7%
oxygen and also has the ability to dissolve in iron. Further accumula-
tion of oxygen forms iron oxide Fe;O; with an oxygen content of
30.06% . A mixture of FeO and Fe;O3 in MF has paramagnetic proper-
ties. The next stage takes place with the use of atomic oxygen to create
Fes;04 oxide, which contains 27.7% oxygen and acquires ferromagnetic
properties in MF. Mechanochemical processes during rubbing of steel
and glass under the influence of MP cause active deformation of the
surface and accumulation of oxygen in the contact zone, which signifi-
cantly affects the formation of surface protective films, the presence
of which, according to the classification of B.I. Kostetskyi, corre-
sponds to oxidative wear.

When the external MF is removed, the wear products are removed
from the zone of frictional interaction. Under such conditions, steel
wear occurs by the mechanism of friction without lubrication by the
smooth surface of the glass.

The scientific novelty of the article lies in the disclosure of the wear
mechanism of a ferromagnetic sample paired with glass (diamagnetic
material) under the directed action of an external magnetic field. The
effect of MF on the structural hierarchy of nanocoatings on the glass
surface was determined. The basis of the structural transformations is
the directed effect of MF on the deformation component, the mecha-
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nism of the formation of WP and the formation of servo-vital films of a
thin structure of tribological origin.

Practical Significance: monitoring of worn surfaces and restora-
tion of the tribomechanical system; creation of conditions for reducing
the wear of the tribomechanical system during operation.

4. CONCLUSIONS

1. An improved physical model of magnetic influence on the contact
zone is characterized by the location of wear products around the fric-
tion zone and opens up the possibility of using them in the wear process
to change the mechanism of formation of tribological protective nano-
coatings. The location of nanocoatings is observed at the transitions
between environments and materials of different magnetic nature
along the direction of the magnetic field lines. On the basis of the anal-
ysis of the mechanism of impact of MF on the contact zone located per-
pendicular to the passage of the lines of force, the process of placement
of wear products on the surface of the glass in the direction of MF from
the sample to the glass in SN pole is considered.

2. The direction of the magnetic field affects the ratio of the phase
composition of the friction surface, and the largest fraction of y-Fe is
observed in the bifurcation zone of the magnetic field lines (N/S
f.c.c./y-Fe=0.49), which passes during an unstable state of the surface
structure under dynamic by changing the energy of the external MF.
In this way, the parameters of the crystal bed are reshaped from vol-
ume-centred o-Fe to face-centred y-Fe (zone of the austenite struc-
ture). The rearrangement of the crystal bed takes place due to the rapid
heating of the friction surface at the points of ACS with subsequent,
rapid cooling (more than 1000°C/s) of the contact zone and the influ-
ence of the mobility of dislocations when the electronic structure
changes under the influence of MF. The created formation of a finely
dispersed structure significantly increases the tribological parameters
of the surface.

3. The conditions of influence of MP on the tribological properties of
ferromagnetic materials require further research.
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Mechanical Alloying of Equimolar TiC—VN and TiN—VN Blends

N. M. Bilyavina, V. V. Kuryliuk, V. V. Dibrov, and A. M. Kuryliuk

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

The investigation of step-by-step sampled products of mechanical alloying
(MA) of two equimolar mixtures of TiC—VN and TiN-VN sintered with high-
energy ball mill is conducted implicating number of methods of x-ray diffrac-
tometry (x-ray phase analysis, x-ray structural analysis, investigation of
crystallite sizes and microstresses in the crystal lattice, etc.). As shown, the
crystal structures of VN, TiN, and TiC undergo significant structural trans-
formations during MA treatment. Specifically, part of the vanadium or tita-
nium atoms migrate from their localization to tetrahedral pores under the
impact load and part of those atoms leave their positions in the lattice and
form separate clusters in the reaction zone of the milled powder. These pro-
cesses lead to substantial accumulation of crystallographic point defects in
phase structures presented by vacancies in metal sublattices of VN, TiN, TiC
and substitutional atoms of vanadium or titanium in the crystal lattice.
Overall, the increase of the portion of mentioned point defects is accompa-
nied by the increase of microstresses in phases. Substantial portion of accu-
mulated vacancies and some fraction of the vanadium- and titanium-atoms’
clusters formed in the reaction zone of the milled powder create precondi-
tions for further formation of mutual solid substitutional alloys. As shown,
the impact of the MA treatment is decreased in the VN — TiN — TiC series
that can be explained with such phase characteristics as dissociation energy,
elasticity modulus, and thermal conductivity. The MA-activated dispersed
(crystallite size up to 20 nm) powder mixture of TiC—VN acquired in the work
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may be recommended as alloying additive for medical titanium composites to
increase the functional characteristics.

Key words: mechanical alloying, carbide, nitride, crystal structure, x-ray
diffraction.

3 BUKODPUCTAHHAM KOMILIEKCY MeToniB PeHTreHoBoi pudparTomerpii
(PentrenoBoi (aszoBoi amajisu, peHTI€HOCTPYKTYPHOI aHaisdW, BU3HAUCHHS
po3MipiB KpHCTANITIiB i MiKpOHANIPYKEeHb y KPUCTAJIUHIN I'PATHUIIL TOIIO)
IIPOBEJIEHO JOCTiMKeHHs IIOKPOKOBO BiliOpaHMX MPOAYKTIB MexXaHOXeMiuHOI
(MX) cuHTe3Uu yV BUCOKOEHEPTeTUYHOMY IIJIaHEeTAPHOMY MJINHI JBOX eKBiMOJIsa-
paux cymimteit TiC—VN i TiN-VN. B pesyasrari mokasaso, mo B xoxi MX-
00pob6senHA KpucTtaniuui ctpykTypu VN-, TiN- i TiC-das 3a3HaioTh icTOTHUX
CTPYKTYPHUX IIEPETBOPEHD, a caMe, IiJ Ai€i0 yJapHOro HaBaHTAYKEHHS B CTPY-
KTypax ¢as uacTuHa aromiB Bamamiio uu To Turany mepemimiyerbes 3i cBoix
MOJIOXKEHb Y TeTpaeApUYHi MOPH, a YaCTHHA 3a3HAUYEHUX aTOMIiB 3aJIUIIIAE Bif-
moBigHiI r'paTHUNi 3 POPpMYyBaHHAM OKPeMUX KJacTepiB y peakiiiiniil soni
mauHa. I1i mpoliecu BeAyTh 10 iCTOTHOTO HAKOMMUEHHS B CTPYKTypax das Tou-
KoBUX He(eKTiB y BUIIAAI BakaHciii y MetasieBux migrpatuuiax VN, TiN,
TiC i1 y Buraaai sanypenux y Kpucraiiudi rpaTauili aromis Tutany uu To Ba-
Hafgio. 30iIbIITeHHA JOJIi 3a3HaUeHNX TOUKOBUX Ae(eKTiB CYIIPOBOMKYETHCS
30iybIIeHHAM y (azaxX MiKpOHAIPY:KeHb. B 1ioMy HasgBHicTL BeJauKOi moJi
HaAKOMMMYEeHUX BaKaHCill i meBHOI MoJi KJyiactepiB aromiB Bananio Ta Turany,
chopMOBaHUX y PeaKIifiHill 30HI MJIMHA, CTBOPIOE IEPEIYMOBU AJIA IIOAAJH-
IIIOT0 YTBOPEHHA B3a€EMHUX TBepAUX pPo3uuHiB 3amimenHsa. IlokaszaHo, 110
cTymiab BIinBy MX-00pobseHHs sMeHIyeTbed B pAxy VN — TiN — TiC, mro
IiJTKOM MOACHIOETHCA TAKMMHU XapaKTePUCTUKAMU MUX (a3 AK BeJIUUYNHA eHe-
prii gumcomiArmii, MOAYyJab HNPYKHOCTH Ta BEJIUYMHA TEPMIUHOI IIPOBiZHOCTH.
Opepsxana B poboti MX-akTuBOBaHA ApiOHOAMCIIEPCHA (PO3Mip KPUCTATIITIiB —
1o 20 um) cymimt TiC—VN moke 6yTH peKOMEHI0BAHOIO B AKOCTI JieT'yBaJIbHOI
I00aBKY [JIA MOJINIIIeHHA QYHKIIOHAJIFHUX XapaKTEPUCTUK CTOIiB MeIUUHO-
O TUTAHY.

Karouosi c1oBa: MexaHoxeMiuHa cHHTe3a, KapOil, HITpuI, KpuCTaJIiuHa
CTPYKTypa, Peurrernona nudpakriis.

(Received 27 June, 2024; in final version, 20 November, 2024 )

1. INTRODUCTION

Transition metal compounds such as VN and TiN nitrides as well as TiC
carbide belong to the class of hard refractory metal materials accord-
ing to their promising physical and chemical properties. Their high
melting points, ultra-high hardness, outstanding electrical and thermal
conductivity, optical properties and superior chemical stability made
these compounds implemented in many applications, especially in elec-
trochemical devices, environmental remediation, gas sensing, photoca-
talysis, applied ceramics, and medicine [1-5]. In particular, TiN, VN
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nitrides and TiC carbide have found their successful application as indi-
vidual additives to improve the functional properties of ceramics [6—
10], as well as titanium alloys used for medical applications[11, 12].

PcBN ceramics (60% vol. of ¢BN nitride) with binders containing
well-known TiC and TiN phases combined with VN nitride [13, 14] re-
vealed the superior performance in mechanical properties. The proper-
ties of these materials was shown to be improved to an extent, it was
credited to the existence of solid solutions formed in the TiC-VN and
TiN-VN binders during the HPHT (high pressure, high temperature)
sintering process (7.7 GPa, 1900-2350°C). More specifically, under
certain HPHT sintering modes (Ti, V)(C, N) and (V, Ti)(N, C) mutual sol-
id solutions form in the cBN-TiC—VN-Al composite (ratio in % vol. as
60:17.5:17.5:5) [15] as well as (Ti, V)N and (V, Ti)N mutual solid solu-
tions form in the cBN-TiC—VN-AI composite (60:17.5:17.5:5)[16].

Mechanical alloying (MA) is one of the effective methods of synthe-
sis, which can additionally provide the formation of solid solutions,
moreover, in the nanocrystalline state. The study of the TiN and VN
nitrides interaction, which occur at mechanical alloying of the equimo-
lar TiN-VN mixture in a planetary mill, reveals the formation of the
(Ti, V)N and (V, Ti)N mutual solid solutions, as it occurs during HPHT
sintering of this mixture [16]. The mutual solid solutions forming un-
der mechanical alloying of TiC—ZrC mixtures were studied in [17, 18]

The purpose of this work is detailed study of the kinetics of interac-
tion of VN nitride with TiN nitride or with TiC carbide during mechan-
ical alloying of the equimolar TiC—VN and TiN—-VN mixtures in a high-
energy planetary mill.

2. EXPERIMENTAL/THEORETICAL DETAILS

Two equimolar TiC—VN and TiN-VN mixtures of starting powders
containing VN and TiN or TiC were placed into two steel vials for fur-
ther ball milling in a high-energy planetary mill. Steel balls (diameter
of 10 mm) were used for the milling with the balls to powder mass ratio
of 20:1. The regime was chosen as 10 min of treatment and 20 min of
cooling. The temperature of the working area in the reaction zone did
not exceed 100°C during experiment; the ball-mill rotation speed was
1400 rpm.

Phase transformations in TiC—VN and TiN-VN mixtures processed
have been studied by x-ray diffraction methods on the test samples se-
lected after every 60 min of milling. XRD data was collected with
OPOH-3M automatic diffractometers (CuK, radiation) in a discrete
mode under the following scanning parameters: observation range
20 =20°-100°, step scan of 0.05° and counting time per step at 3 s. The
original software package [15], including full complex of standard
Rietveld procedures, has been used for analysis and interpretation of
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the x-ray diffraction patterns obtained, namely, determination of both
peak positions and integral intensities of the Bragg reflections by
means of full profile analysis; carrying out qualitative and quantita-
tive phase analysis using the least square method for lattice parame-
ters refinement; testing of the structure models proposed and refining
crystal structure parameters (including coordinates of atoms, atomic
position filling, texture, etc.); calculation of the parameters of the real
structure of the individual phases (coherent block sizes and microde-
formation values).

3. RESULTS AND DISCUSSION

The results of the XRD phase analysis reveal that the test samples of
both TiC-VN and TiN-VN mixes contain initial VN and TiC or TiN
phases with a small amount of steel ball material contamination in the
final products (Fig. 1). However, the lattice parameters of these phases
differ from those in the initial blends (Table 1). The characterization of
changes in lattice parameters during MA treatment (a(t) values) was
controlled by the relative value of their distortions, which were calcu-
lated according to the formula: €[% ]=100(a:— ao)/ao, where a; is the
value of the lattice parameter at a certain ¢ milling time, and ao is in
the initial mixture (Table 1, Fig. 2). It can be seen that the crystal lat-
tice distortions of TiN and VN nitrides are much greater than those
ones of TiC carbide.

To clarify the causes of changes in ¢ values (Fig. 2), first the refine-
ment of the crystal structures of TiC, TiN and VN phases within the

ATiC/TiN

A
AVN i
’ ~ TiC-VN
A AMAS5h
. A

=
5
Z | AL
£ TiN-VN
=

Fig. 1. Diffraction patterns of the TiC—VN and TiN-VN equimolar blends af-
ter 5 hours of treatment in a planetary mill.
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TABLE 1. Parameters, distortions and microdeformations of the lattices of
the TiC, TiN and TiC phases. It is impossible to determine the value of micro-
deformation of the lattices of nitrides existing in the TiN—VN blend due to the
reflections overlap of these phases (Fig. 1).

l\ﬁg Lattice pa- 'Lattiée 1(\1/Ie1§(1)~: Lattice pa- 'Lattic'e 1(\1/[;;53
time rameter a, dlStO(I)‘thIl mation rameter a, dlstogtlon mation
t,h nm & % Ad/d, % nm & % Ad/d, %
TiC—VN blend

TiC carbide VN nitride
0 0.43252(3) 0 0 0.41251(6) 0 0
1 0.43246(3) -0.0139 0.13(1) 0.41197(6) -0.1302 0.20(4)
2 0.43242(4) -0.0231 0.15(2) 0.41142(7) -0.2642 0.40(5)
3 0.43240(6) -0.0277 0.14(2)  0.41089(9) -0.3927 0.46(8)
4 0.43266(9) 0.0324 0.12(1) 0.4112(1) -0.3176 0.39(4)
5 0.43271(9) 0.0439 0.00(2) 0.4116(1) -0.2254 0.25(2)

TiN-VN blend

TiN nitride VN nitride
0 0.42440(5) 0 - 0.41251(6) 0 -
1 0.42401(8) -0.0919 - 0.41230(9) —-0.0509 -
2 0.42293(9) -0.3464 - 0.41207(9) -0.1067 -
3 0.4221(1) -0.5419 - 0.4117(1) -0.2061 -
4 0.4218(1) -0.6126 - 0.4120(1) -0.1139 -
5 0.4215(1) -0.6833 - 0.4135(1) 0.2400 -

NaCl type structure model (space group Fm3m (No. 225)) has been
conducted: 4Tior4Vin4a000;4 N or4 C atomsin 46 0.50.50.5. As
a result of these calculations, it was shown that the 4a position, which
is occupied by metal atoms, becomes vacant at almost complete filling
of the 4b position with nitrogen or carbon atoms. However, the reliabil-
ity factor Rs exceeded the value of 0.03.

To improve the value of the Rp factor, several structural models
have been proposed and tested for the TiC, TiN, VN phases existing in
MA treated TiC—VN and TiN-VN mixtures. The best correlation be-
tween the calculated and experimental intensities values of the dif-
fraction pattern reflections were obtained for the models presented in
Table 2 (R < 0.01).

The obtained results (Table 2) indicate that the crystal structure of
the VN nitride undergoes certain transformations during the MA pro-
cessing. More specifically, some vanadium atoms leave the metal sub-
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Fig. 2. Distortion of the crystal lattices of TiC, TiN and VN phases during MA
treatments of TiC—VN blend (a) and TiN—VN blend () in a planetary mill.

lattice, which accommodates the V(1) atoms and the available Vac V(1)
vacancies (position 4a). One part of the displaced atoms is located in
the tetrahedral pores of the VN nitride lattice (V(2) atoms in the 4e po-
sition), and the second part of these atoms leaves the VN nitride with
the formation of separate vanadium clusters in the reaction zone. Fig-
ure 3, a illustrates the transformation of the crystal structure of the
VN nitride during the MA treatment. As it can be seen on Fig. 3, a, the
main vanadium atoms in the VN nitride are surrounded by 6 nitrogen
atoms at a distance of 0.206 nm (1 octahedron), and the distance of a
possible migration of a vanadium atom into a tetrahedral pore (3 tetra-
hedron) is 0.180 nm (the arrow in Fig. 3, a), respectively.

Similar migrations caused by MA treatment are also characteristic
of titanium atoms in TiN nitride and TiC carbide (Fig. 3, b). However,
unlike to the cubic structure of VN, the best result was obtained for the
model of the rhombohedral structure (presentation of the structures of
TiN and TiC along their body diagonal, Table 2), in which the tetrahe-
dral pore (tetrahedron 3-Ti(2)Ti(1)s) becomes deformed, and the mi-
gration distances of titanium atoms vary from ~0.18 nm (three posi-
tions) to ~ 0.24 nm (one position).

Obviously, the difference in the possible positions, intended for
placement of the vanadium atoms (regular tetrahedron 3-V(2)V(1)4) or
titanium atoms (a triangle 3-Ti(2)Ti(1)s, in fact), results from the pe-
culiarities of directionality atomic bonds in vanadium or titanium.

According to the results of crystal-structure refinement, which was
carried out within the framework of the proposed models (Table 2), it
was determined the quantitative content of titanium or vanadium both
in the metal sublattice of the structures (positions 3a and 4a) and in
the tetrahedral pores where these atoms migrated under the shock
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load. The data obtained in this manner for TiC and VN phases that ex-
ist in the MA treated TiC—VN blend are presented in Fig. 4. It should
be noted that analogical plots for the phases that exist in the MA treat-
ed TiN-VN blend are of the same kind. The total metal content in each
of the VN, TiN, and TiC phases is presented in Fig. 5.

A detailed XRD study of the crystal structures of the VN, TiN, TiC
phases, which exist in the step-by-step milled products, revealed cer-
tain tendencies in the kinetics of mechanochemical synthesis of
equimolar TiC—VN and TiN-VN mixtures under MA processing in a
planetary mill, as well as in the nature of the interaction of the phases
existing in these blends.

Moreover, accumulation of defects in the metal sublattices of TiC,
TiN, VN phases occurs mainly in the first stage of MA processing (up

TABLE 2. Crystal structure data for VN and TiC or TiN phases existing in
TiC—VN and TiN-VN blends treated for 5 h in planetary mill.

TiC carbide in TiC—VN blend

Atom Position Occupation X Y Z

Ti(1) 3a 0.778(1) 0 0 0
Ti(2) 3a 0.222(1) 0 0 0.368(1)

C 3a 1.000(1) 0 0 0.5
Vac in Ti(1) 3a -0.028(2) 0 0 0
Space group R3m (No. 160)
Lattice parameters a, ¢ nm 0.3057(2), 0.7482(2)
Total isotropic B factor, nm? 2.56(8)-1072
Calculated content, at.% 49.3Ti+50.7TN
Reliability factor Rp=0.008
VN nitride in TiC—VN blend
Atom Position Occupation X Y Z
V(1) 4a 0.980(2) 0 0 0
V(2) 4e 0.020(2) 0.25 0.25 0.25
N 4b 1.000(1) 0.5 0.5 0.5
Vacin V(1) 4a —-0.126(4) 0 0 0
Space group F-43m (No. 216)
Lattice parameter a nm 0.4116(1)
Total isotropic B factor, nm? 3.69(1):102
Calculated content, at.% 47.0V+53.0N

Reliability factor Rz=0.004
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Continuation Table 2.

TiN nitride in TiN-VN blend

Atom Position Occupation X Y Z
Ti(1) 3a 0.783(1) 0 0 0
Ti(2) 3a 0.217(1) 0 0 0.356(1)
N 3a 1.000(1) 0 0 0.5
Vac in Ti(1) 3a -0.034(2) 0 0 0
Space group R3m (No. 160)
Lattice parameters a, c nm 0.2983(1), 0.7313(2)
Total isotropic B factor, nm? 2.25(3)-1072
Calculated content, at.% 49.1Ti+50.9N
Reliability factor Rz=0.008
VN nitride in TiN-VN blend
Atom Position Occupation X Y Z
V(1) 4a 0.955(2) 0 0 0
V(2) 4e 0.045(2) 0.25 0.25 0.25
N 4b 1.000(1) 0.5 0.5 0.5
Vac in V(1) 4a -0.227(4) 0 0 0
Space group F-43m (No. 216)
Lattice parameter a, nm 0.4135(2)
Total isotropic B factor, nm? 2.55(1)-1072
Calculated content, at.% 43.6 V+56.4N
Reliability factor Rp=0.009

to 3 hours), as can be seen in Fig. 4. In this case, one part of the metal
atoms leaves the crystal lattice forming the atomic clusters in the reac-
tion zone of the milled powder, while the other part of the atoms mi-
grates into tetrahedral pores of the crystal structure. At the first stage
of milling, there is also a gradual increase in the microdeformation of
the crystal lattice, which correlates with an increase in its distortions
(Table 2, Fig. 5) as well as with an increase in the dislocation density (it
is impossible to determine the value of microdeformation of the lattic-
es of nitrides existing in the TiN—-VN blend due to the reflections over-
lap of these phases (Fig. 1)).

After 3 hours of milling of TiC—VN and TiN-VN mixtures in a plan-
etary mill, the process of active migration of vanadium atoms into tet-
rahedral pores of VN stops, at the same time the process of migration
of titanium atoms into tetrahedral pores of TiC and TiN slows down
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Fig. 3. Arrangement of the atoms in the structures of the phases that exist in
TiC—VN and TiN-VN mixtures treated in a planetary mill for 5 hours: VN
nitride (a), TiN nitride or TiC carbide (b). Atoms marked as follow: metal at-
oms are large black circles, nitrogen or carbon atoms are medium-coloured
circles, and metal atoms jumped from the main position are small light grey
circles. Polyhedra: 1—Me(1)Ns or 1—Ti(1)Cs, 2—Me(1)Me(2)s, 33—
Me(2)Me(1),.

(Fig. 4). This causes a decrease in the deformation of the crystal lattic-
es of TiN, VN nitrides and TiC carbide (Fig. 6), although their lattice
parameters continue to change (Table 1, Fig. 2). In our opinion, this
may be caused by the beginning of processes wherein the available va-
cancies in the metal sublattices of these phases are filled with free at-
oms of titanium or vanadium that have entered the reaction zone of the
milled powder. Unfortunately, due to the closeness of the atomic scat-
tering functions of titanium and vanadium, it is impossible to deter-
mine correctly the amount of dissolved metal by XRD method. But the
formation of mutual solid solutions is evidenced by an increase in the
parameters of the VN lattices (the size of titanium atom is large than
vanadium one), as well as the decrease in the parameters of the TiC and
TiN lattices which goes on despite the decrease in the amount of vacan-
cies (Table 1, Fig. 4).

As it is known, the basis of mechanochemical synthesis is the me-
chanical processing of solid mixtures, during which grinding and plas-
tic deformation of substances occur. Under the effect of applied me-
chanical stresses, the process of formation of point defects is initiated
in the material, which leads to partial destruction of the crystal struc-
ture accompanied by creation of active centres for subsequent chemical
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ture (circles), as well as of the amount of atoms that have moved into the tet-
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reactions. These are the processes, which occur during the MA pro-
cessing of TiC—VN and TiN—VN blends in a high-energy planetary mill.
More specifically, they are as follow.

1. At the first stage of MA synthesis (up to 3 hours of processing),
there is an active accumulation of point defects, namely, an increase in
vacancies in the metal sublattice of crystal structure as well as an in-
crease in the number of atoms in its internodes (Fig. 4).
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Fig. 5. Dependence of the content of metals in the crystal structures of TiC,
TiN, VN phases on the MX processing time of TiC—VN and TiN-VN mixtures
in a planetary mill.
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TABLE 3. Some characteristics of the phases included in the TiC—VN and
TiN-VN charges.

Phase Meltingé‘ point T', | Dissociation energy 1}1'(())(11111111%;, cog;fgglety,
C Dy, kJ/mole GPa W /(m-K)
TiC 3260 1388 494 7
TiN 2930 1261 251 29
VN 2050 1197 210 60-120

At the same time, clusters of vanadium and titanium atoms appear
in the reaction zone of the milled powder, which have left the struc-
tures of the TiN and VN phases, as it evidenced by a shift in their com-
position (Fig. 5). Moreover, the process of forming titanium clusters
during MA treatment of the TiC—VN mixture is slower. The accumula-
tion of defects is accompanied by an increase in microstresses of crys-
tal lattices and by an increase in the dislocation density (Fig. 6).

2. At the second stage of MA synthesis (after 3 hours of processing),
the stress field created at the first stage as a result of the accumulation
of point defects is starting to gradually relax (Fig. 6). It is probably
due to a decrease in the number of atoms placing in the internodes (Fig.
4). Obviously, the interatomic bonds of these atoms in the structures
are somewhat weaker, which contributes to the mass transfer to the
reaction zone of the milled grains. The set of available factors (a high
proportion of vacancies in the metal sublattice of the phases, as well as
some proportion of the atomic clusters formed, Fig. 4) facilitate the
creation of active centres for the further formation of mutual solid so-
lutions. It is evidently illustrated by exceeding the lattice value of the
VN nitride over its value in the initial charge (Fig. 2, b).

3. The extent of exposure of mechanochemical processing on the VN
or TiN nitrides and on the TiC carbide, used in these experiments, is
fully explained by the characteristics of these phases given in Table 3.
Namely, the VN nitride was shown to be the most susceptible to MA
treatment (especially in the presence of TiN but not of TiC). It can be
explained by the increase in the values of the dissociation energy, melt-
ing temperature, and Young’s modulus as VN — TiN — TiC. It should
also be noted that the decrease in thermal conductivity as
VN — TiN — TiC also influences on the extent of exposure of the MA
synthesis process of TiC—VN and TiN—-VN blends.

4. CONCLUSIONS

Using a wide complex of XRD methods, the products of mechanochem-
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Fig. 6. Dependences of distortions and microdeformations of the crystal
structures of TiC (a) and VN (b) phases as well as dislocation density (c) on the
milling time of the TiC—VN mixture in a planetary mill.

ical processing of equimolar TiC—VN and TiN—-VN mixtures were stud-
ied systematically. Studies of the phase transformation kinetics were
performed and revealed the following.

1. The crystal structures of VN, TiN, TiC phases undergo certain
transformations during the MA processing. Under the impact load,
some vanadium or titanium atoms move into the tetrahedral pores of
the corresponding lattices, and some of these atoms leave the lattices
of nitrides or carbide forming the separate clusters in the reaction zone
of the powder.

2. Accumulation of the indicated point defects in the crystal lattices of
VN, TiN, TiC phases occurs abundantly at the first stage of MA pro-
cessing (up to 3 hours of treatment). This process is accompanied by a
gradual increase in microstresses values and an increase in the disloca-
tion density.

3. At the second stage of the MA process (after 3 hours of treatment),
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the stress field created at the first stage as a result of point-defects’
accumulation is gradually starting to relax. The presence of a large
proportion (share) of vacancies in the structures and a certain propor-
tion (share) of formed atomic clusters in the reaction zone of the pow-
der contribute to the creation of active centres for further formation
of mutual solid solutions on their basis.

4. The extent of exposure of mechanochemical processing on the VN,
TiN, TiC phases decreases in the series VN — TiN — TiC, which is fully
explained by such characteristics of these phases, as values of the dis-
sociation energy, the Young’s modulus, the thermal conductivity.

5. Fine-crystalline (crystallite size up to 30 nm) MA activated powders
of an equimolar TiC—VN mixture will be tested as functional additives
to improve the properties of medical titanium alloys.

This work has been supported by Ministry of Education and Science
of Ukraine within the project 24B5®051-01 ‘Synthesis of biocompatible
metal-ceramic composites to improve the wear resistance of medical
instruments and titanium-based implants’.
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Method for Determining the Diffusion and Drift Components
of Anomalous Mass Transfer in Metals under External Influences

ilatov, Y. O. Pavliuk, V. F. Mazanko, S. Ye. Bogdanov,
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S. Gertsriken, Ye. I. Bogdanov, and S. P. Vorona
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G.V.Kurdyumov Institute for Metal Physics, NAS of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

Within the framework of this investigation based on experimental data, the
approach to determine the process parameters of anomalous mass transfer in
solid state using isotopic technique under external influences is developed.
This approach is used to determine the process parameters of mass transfer in
high-entropy alloys (HEA) AlFeNiCoCuCr and steel S235 (analogue of steel 3)
after electric-spark alloying and subsequent impact treatment. Radioactive
59Co isotope is used as indicator of mass transfer process. As shown in this work
using the developed method, the predominant mechanism of mass transfer in
condition of electric-spark alloying and mechanical impact is the directed
movement of atoms carried away by mobile dislocations in S235 and HEA. Cal-
culating the mean and root-mean-square displacements of atoms, the force act-
ing on each atom and the mobility of ®°Co atoms in S235 under mechanical-
impact processing are determined. As shown, the Einstein—Smoluchowski
equation may be used to determine the atoms mobility under external influ-
ences and the process of anomalous mass transfer, if Dr to replace by De.

Key words: anomalous mass transfer, radioactive %°Co isotope, atoms mobility,
external influence, high-entropy alloys, steel S235.
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JIeHO MiAXinm Ajid BU3HAUEHHS IIapaMeTpPiB IPOIleCy aHOMAaJILHOTO MacoIlepeHe-
CeHHs Y TBepAUX TijJlaX 3 BUKOPUCTAHHAM METOAY PamioaKTUBHHUX i30TOIiB 3a
YMOB 30BHiNIHiX BruBiB. [lauuii migxix BUKoOpHCTAHO JJIA BUSHAYEHHS IIapa-
MeTpiB IIpOIleCy MacollepeHeceHHs Yy BHCOKOeHTpomifiHux cronax (BEC)
AlFeNiCoCuCr i kpumi S235 (anajor Kpuiii 3) micasa eIeKTpoiCKPOBOTO Jery-
BaHHA Ta MOJAJIBIIIOTO YIapPHOTO 00pobaeHHA. IK iHqUKaTODP MaconepeHeCeHH,
BUKOPUCTOBYBaIX pagioaktusHui isorom ®°Co. 3a momomoroio pospobJeHoi B
IaHil poOOTI METOAMKY MOKAa3aHOo, IO IIePeBaKHUM MeXaHiZsMoOM MacolepeHe-
CeHHs B yMOBaxX eJIEKTPOiCKPOBOrO Jier'yBaHHS Ta MeXaHiuHoro ymapy B S235 i
BEC € cupsamMoBaHMi pyX aTOMiB, 110 3aXOMIIOIOTHCA PYXOMUMH ANCJIOKAIi AMU.
Po3paxyHKOM cepegHbOr0 Ta CePeIHbOKBAAPATUYHOTO 3MillleHb aTOMiB BU3HA-
4YeHO CHJIY, ITIO [i€ Ha KOXKeH aToM, i pyxumsicts aromis °Co B S235 B ymoBax
MeXaHiYHOTO yaapHOro BILIUBY. IlokasaHo TakoK, 110 piBHAHHA AWHINTAIHA—
CMOJIyXOBCHKOI'0 MOKHA BUKODPHUCTOBYBATH [JIS BUSHAUEHHS PYXJHUBOCTU aTO-
MiB B yMOBaxX 30BHIIIIHiX BILJIMBIB i Ipoliecy aHOMAaJILHOTO MacOIlepeHeCeHHd,
AKIIO 3po6uTu 3amMiny Dr Ha Des.

KarouoBi cioBa: aHoMasibHe MacOIlePeHECeHH:A, pagioakTuBHUU izorom %°Co,
PYXJUBiCTH aTOMiB, 30BHilIIHiii BB, BUCOKOEHTPOIIiHi cTomu, Kpuia S235.

(Received 11 September, 2024, in final version, 22 October, 2024 )

1. INTRODUCTION

The study of the diffusion mechanism features, mass transfer and
structural changes under external influences is one of the main fun-
damental problems in solid-state physics. In scientific works[1, 2], the
theoretical approaches to determining the diffusion parameters and
anomalous diffusion are described.

1.1. Definition of Anomalous Mass Transfer and Anomalous Diffusion

The phenomenon of tracer atoms penetration to macroscopic depths
(tens and hundreds of microns) in solids in an extremely short time
compared to ordinary diffusion, called ‘anomalous mass transfer’, was
discovered in the study of processes occurring in metals under pulsed
vacuum welding conditions [3—5]. The mass transfer was called ‘anom-
alous’ due to the fact that under conditions of high-speed plastic de-
formation of crystalline solids (deformation rate &' >1s™), the migra-
tion rate of self and impurity atoms in them exceeds by several orders
of magnitude the rate of stationary diffusion mass transfer and diffu-
sion in the liquid phase [4]. The term ‘accelerated non-stationary mass
transfer’ is also used for this phenomenon. Usually, diffusion obeys
the central limit theorem [6], which implies that the sum of random
jumps of atoms will approach a stable distribution that has the same
shape as a normal distribution (according to Gauss):
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o 1

(x) = e
Px \/% .

There is a term ‘anomalous diffusion’ when the probability distribu-
tion profile (which has a normal Gaussian form) according to the cen-
tral limit theorem is violated, as well as the usual laws of Brownian
motion following from this theorem [1, 6]. The anomalous diffusion
behaviour manifest in Eq. (2) is intimately connected with the break-
down of the central limit theorem (3), caused by either broad distribu-
tions or long-range correlations. Anomalous diffusion is found in a
wide diversity of systems, its hallmark being the non-linear growth of
the mean squared displacement in the course of time [2]:

<x*@t)>~ D", [D,]=cm’ ™", (2)
<x*(@t)>~ Dt,[D,]=cm’™". (3)

According to the value of the anomalous diffusion exponent o, defined
in Eq. (2), one usually distinguishes several domains of anomalous
transport, as shown in Fig. 1.

The Cauchy distribution has no moments (they are infinite), but it is
a stable distribution:

1 1

p.(x) IR (4)
It does have a well-defined full width half maximum. The Cauchy distri-
bution is also known as a Lorenz distribution. Therefore, there is no first
moment (mean) even though the function is symmetrical about x=0.
Likewise, the variance is infinite. This distribution has tails (Fig. 2).

The consequences of violating the central limit theorem are that tails
dominate eventually in a sum of randomly generated variables. The

Normal diffusion T Ballistic diffusion4

Fig. 1. Different domains of anomalous diffusion, defined through the mean
squared displacement, equation (2), parametrized by the anomalous diffusion
exponent a: subdiffusion for 0 <a <1, normal Brownian diffusion a=1, su-
perdiffusion for o > 1. Another special case is ballistic motion o= 2[2].
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Fig. 2. A comparison of the shape of the normal (1) and Cauchy distributions
(4)[6].

standard deviation of a distribution of random walkers increases limit-
less. A random walker obeys something like a Cauchy distribution if eve-
ry once in a while, the walker takes a big jump. Moreover, every once in a
longer time, the walker takes even bigger jump and so on in a self-similar
(fractal) or power law form. This parameter leads to superdiffusion.

If jumps are made, on the contrary, from time to time, with stops,
which each time become even longer in time, then, this leads to the phe-
nomenon of subdiffusion (Fig. 3) and is related to a phenomena called
intermittency that is sometimes seen in chaotic dynamical systems [2].

That way, the graphical representation p(x, t) for the subdiffusive
case a.=1/2 is obtained, which is displayed in Fig. 3. In comparison to
the standard Gaussian result, shown in Fig. 4, the pronounced cusps of
the subdiffusive propagator are distinct.

1.2. Formulation of the Problem

The currently existing theoretical approaches consider the effect of
the length of the atom jump and the duration of stops and are based on
the dependence of the concentration distribution on time. In contrast,
the experiment contains data on the distribution of concentration as
function from depth.

In this paper, it is proposed a method for determining the parame-
ters of diffusion and mass transfer based on experimental data on the
distribution of concentration over depth, which does not require stud-
ying the time dependence. In addition, the method makes it possible to
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p(x, £)

X

Fig.3. p(x,t) = (4Dat‘*)’1/2i(—1)”(n!1"(1 —a(n+1)/2) " (x* /D t*)"* as a

n=0
form of the probability distribution function for subdiffusion with the para-
metric exponent of anomalous diffusion a=1/2, drawn for the consecutive
times t=0.1, 1, 10. The graph is characterized by the cusp shape [2].

p(x, 1)

-4 -2
X

Fig. 4. Form of the probability distribution function px(x, ¢) for Brownian dif-
fusion a=1 for the times ¢ =0.05, 0.2, 1. The much smoother shape close to

the origin sets this solution apart from the subdiffusive counterpart drawn in
Fig. 3[2].

determine the contribution of the driving force due to external action,
and thereby distinguish the diffusion component and the drift contri-
bution to the total mass transfer.
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To achieve this purpose, the following tasks were solved in the work.

1. A method for calculating the effective diffusion coefficient (mass
transfer) is proposed, taking into account the diffusion component and
directional motion under the action of a driving force.

2. The diffusion coefficients and the average rate of atomic migra-
tion for different materials are compared.

3. The contribution of each of the different types of influences to the
mass transfer process during complex processing is highlighted.

4. On the basis of the data obtained, conclusions were drawn about
the mechanisms of mass transfer.

2. EXPERIMENTAL AND THEORETICAL DETAILS
2.1. Description of Materials

The following materials were selected as research materials: widely
used S235 steel (analogue of steel 3) with a b.c.c. structure and a chal-
lenging high-entropy alloy (HEA) AlFeNiCoCuCr with a mainly b.c.c.
structure, the diffusion processes in which are noticeably lower com-
pared to diffusion in its components [7].

The samples were a steel cylinder 10 mm high and 10 mm in diame-
ter with an electrolytically deposited layer of the radioactive ®°Co iso-
tope 0.3—0.5 um thickness. A layer of high-entropy AlFeNiCoCuCr al-
loy 30 nym thick was deposited onto the isotope layer by electrospark
alloying (ESA) under the following conditions: current strength
I=2.2 A, processing time t=120s and 180 s, respectively. The operat-
ing frequency was 50 Hz. The standard industrial plant ‘ELITRON-22’
was used for the formation of electrospark coatings.

The next type of external influence on the samples was impact
treatment with a load of m =10.5 kg falling from a height =1 m.

To obtain the concentration distribution of ®°Co isotope, the autora-
diography and layer-by-layer removal techniques were used [8, 9].

3. RESULTS AND DISCUSSION

3.1. Diffusion and Mass Transfer Parameters in S235 and HEA after
Electric-Spark Alloying

To determine the time ¢, the diffusion calculation takes into account
the electric-spark alloying (ESA) processing frequency, which is 50
Hz. The duration of one contact of the tip of the electrode with the
treated surface is of 0.01 s and 0.01 s cooling between touches. The ra-
dius of the spot formed by the transferred drop of cathode material on
the surface of S235 is of 0.35 mm. Taking into account the thermal
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conductivity of steel b, the depth of the heated layer is
z=2(bt)"2=0.5 mm. Using these data, it is possible to estimate that the
cooling time of sample surface to 0.7T e is of 20.015 s. It takes about
30-50 pulses to form one spot. The time between pulses can be neglect-
ed from the point of view of the influence on the temperature since the
heated volume in the intervals between pulses does not have time to
cool below 0.7T.; before the next pulse. Thus, the exposure time of a
thermal pulse for the formation of one spot during ESA is

t=t/N=1.2s. (5)

where N is equal to 100, the number of spots with an alloying sub-
stance on the surface of the sample, tis equal to 120 s, the overall time
of processing the surface of the sample.

The application of the random walks theory to the diffusion of %°Co
atoms as a result of ESA leads to equations analogous to the first and
second Fick’s laws, who adapted the heat conduction equations derived
by Fourier [10]. If we take into account that the source of the diffusing
substance consists of a finite amount of impurity, then, the solution of
the second Fick equation has the form

C(x,t) =

Q, x”
—2_exp| — ; (6)
Dt 4Dt
from the experimental data, a graph of the dependence of InC(x, ) on
x? was plotted, and according to formula

InClet)=In % * (7)
’ JnDt 4Dt’
a straight line was obtained: the ratio
izln [EJ = const. 8)
x C,

This explains the bulk nature of diffusion, which prevails over grain
boundary diffusion. At the same time, the exponent ‘2’ at x indicates
that the application of the second Fick’s law is justified in this case due
to the fact that the contribution to the total flux from the drift tends to
‘0’. The exponent at x, which would differ from ‘2’, would indicate
that the process of atoms transfer under pulsed impacts occurs under
the action of a significant driving force, which is comparable in magni-
tude to ksT [5]:

tgo = ——. 9)
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Fig. 5. Dependence graph according to InC = x2: S235 after ESA (a), for HEA
after ESA (b).

Knowing tga from Figure 5 and diffusion time ¢, the mass transfer co-
efficients Dy after ESA were found. For S235, Dy=4.3-10%m?/s, and
for HEA, Dy =3.1-10"° m?/s.

The diffusion coefficient is 14 times higher in S235, than in HEA,
which is consistent with the idea that the driving force of mass trans-
fer is dislocations that move the radioactive isotope through the mech-
anism of capture and transfer of an interstitial atom [11, 12]. In HEA,
due to the presence of atoms of different sizes in the composition, elas-
tic displacements will occur during the movement of a dislocation and
an additional ‘friction’ force will arise. The local Burgers vector b var-
ies both in magnitude and in direction [13]. Thus, mass transfer is go-
ing slower in HEA, than in S235.

3.2. Diffusion and Mass Transfer Parameters in S235 and HEA under
Impact Deformation

Determination of the diffusion time ¢ as a result of impact (2.3 ms) at
sample S235 + HEA after ESA processing was carried out by the occur-
rence of an electromotive force (EMF) from the electrical-signal oscillo-
gram according to the method described in Ref. [14], since the estimat-
ed diffusion time corresponds to the plastic deformation time (Fig. 6).
As follows from the oscillograms of electrical signals in Fig. 6, the
plastic deformation time is 2 ms. During this time, diffusion proceeds
predominantly by the interstitial mechanism, which is realized while
the dislocations are moving intensively [15, 16]. The role of vacancies
in the process of plastic deformation is low due to the high activation
energy and due to the low mobility of vacancies [17]. Therefore, the
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Fig. 6. Dependence graph of the electrical signals from loading time at sample
S235 + HEA after ESA processing.
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Fig. 7. Normalized concentration distribution of ®*Co isotope in depth in S235
(to the left of the maximum) and in HEA (to the right): after ESA (a), after
complex processing (b).

contribution of vacancies to mass transfer by the random walk mecha-
nism at 300 K can be neglected.

The impact load contribution to the mass transfer process in S235
and HEA during complex processing (ESA with next impact pro-
cessing) is separated out.

As a result of the directed impact load, the dependence of ®°Co con-
centration on depth changed (Fig. 7): the concentration maximum of
the radioactive tracer shifted to the right, which can be explained by
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Fig. 8. Energy diagrams of potential barriers and corresponding concentra-
tion curves: without external forces (a), with external forces [18] ().

the appearance of an external force, which leads to a symmetry break-
down of the potential barrier for atoms (Fig. 8, b). The probability of
atoms transition in the direction of the force is more than in the oppo-
site direction. Therefore, the symmetry of the concentration curve is
broken; its maximum is shifted [18].

Since the total amount of the diffusing substance did not change due
to the impact, but the concentration distribution over the depth (x co-
ordinate) changed, in order to distinguish the contribution to the mass
transfer of the impact load, the following was done:

1. The position of the maximum (100% ) was found, which was taken
as the O-reference point by co-ordinate (Fig. 7, b),

2. Depths were found, at which concentrations of 90%, 80%, etc.
are observed for each of the graphs in Fig. 7, b,

3. The subtraction from the data of the graph in Fig. 7, b of the data
from Fig. 7, a was carried out according to the corresponding x co-
ordinate found.

In this way, a displacement of x points was obtained, which corre-
spond to the same relative concentrations before and after the impact,
which is the result of the impact. This procedure was applied to each of
the branches in the graphs of Fig. 7, which characterize the penetra-
tion of the diffusant into S235 and into HEA. The subtraction result
characterizes the role of mass transfer in the impact process, is shown
in Fig. 9. Thus, from the mass transfer under complex processing (ESA
with next impact processing), the contribution of impact treatment
was separated out.

When the contribution of drift to the total mass transfer is signifi-
cant, the resulting distribution of concentrations may differ signifi-
cantly from that predicted by the theory of diffusion by the mechanism
of random walks. Dependence (5) of the natural logarithm of the C/Cy
concentration on the square of the depth x2, as in the case of diffusion
for random walk mechanism, at ESA is not fulfilled, and the values fall
on a straight line with power exponents for x: where n=1.5and n=1
for S235 and HEA, respectively (Fig. 10). That is, the concentration
distribution is described by the dependence C(x)/Co=exp(—ax") [19].
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Fig. 9. Distribution of ®**Co concentration in depth in S235 (a) and HEA (b) un-
der impact processing.
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Fig. 10. The graphs of dependence C(x)/Co=exp(-ax"): S235, n=1.5 (a) and
HEA, n =1 (b) after impact processing.

This indicates an anomalous mass transfer and the unsuitability of the
Fick’s second law application.

According to formulas (9), (10), it can be found the mean and mean-
square shifts as the first and second normalized statistical moments.
The sources [1,2] show the possibility of using these moments to de-
scribe and find diffusion parameters, including anomalous ones, by the
mechanism of random walks.

In this paper, for the first time, the graphical method of finding
such statistical moments and determining the parameters of anoma-
lous mass transfer on the basis of experimental data on the distribu-
tion of concentration is proposed. From the processed experimental
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data (Fig. 9) of concentration distribution, the general (due to both
diffusion and drift) mean and root-mean-square displacement for the
59Co penetration into S235 and HEA is found out:

j(C/CO)xdx
X>=F—"—,
[ /cpax

, j(c / Cy)xdx
<X >=YF.
[ /cax

To find <x> by the formula (10), the task was solved graphically
(Fig. 11). In a similar way, when plotting the concentration distribu-
tion, but depending on x2, <x*> was found using the formula (11).

To find <x> by the formula (10, it is used the data approximation
from Fig. 9, a for S235 by the rectangles’ method with a variable sub-
interval. The same way <x> was found by the formula (10) for HEA
(the graphs are similar both for S235 and HEA) using the data approx-
imation from Fig. 9, b (Table 1).

To describe mass transfer and comparison with diffusion by the ran-

< (10)

(11)

o0 = S235

’

Fig. 11. An example of data approximation from Fig. 9, a by the rectangles
method with a variable subinterval to find <x> by the formula (10).

TABLE 1. The results of determining <x> and <x2> by the formulas (10), (11).

Value 5235 | HEA
<x>, um 44.9 11
<x%>, nm? 9674.4 460.2
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TABLE 2. The values of mass transfer parameters under impact processing.

Value S235 HEA
<v>,m/s 0.0225 0.0055
Des, m?/s 1.9-10°¢ 8.5-10°8

dom walk mechanism, the effective diffusion coefficient is used [2]:

2 2
_ <X >-<x> 12)
2t
The average velocity of the directed motion of atoms is found by the
formula

D

ef

<v>=<x>/t. (13)

As a result, the following values of mass transfer parameters under
impact processing were obtained (Table 2).

The self-diffusion coefficient in iron by the interstitial mechanism
is 3.6:107¥*m?/s by the molecular-dynamics method at 300 K [20],
which is 7 orders of magnitude lower than the calculated effective
mass transfer coefficient for S235 (1.9:10°°*m?2/s) under impact pro-
cessing. Therefore, it can be concluded that the main foundation to the
anomalous mass transfer under impact processing is contributed by
the directional drift of particles, which is described by the second term
in the general flux equation (14).

The flux equation assumes the sum of directed motion with random
walks about its trajectory and has the form [18]

J=—D§+<U>C, (14)
ox
where J is the flux of atoms, and x is the co-ordinate, which for a one-
dimensional process is equal to the distance from the origin.

As a result of impact processing, the effective diffusion coefficient
(mass transfer) is 22 times higher in S235, than in HEA (see Table 2).
This can be explained by the fact that the additional ‘friction’ force,
which has arisen due to the incommensurability of its own atoms in the
HEA, complicates directional mass transfer process because of the dis-
locations glide[11, 13].

3.3. Determination of Driving Forces and Mobility of Atoms in the
Process of Mass Transfer under Impact Processing

The average value of the resultant force <F> is a result of the impact,
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which consists of the average normal response force <N> and the force
of gravity on sample at perpendicular impact. Then, <F> is found by
formula

<N >=<F >+mg. (15)

When falling a block of mass 10.5 kg from a height 1 m, the kick-
back is equal to 17 cm; then,

<F>=Ap/At. (16)

The velocity of the body at the moment of falling, i.e., the maximum
speed

v=+2hg =4.5m/s. (17)

As aresult of the calculations, <F>=42.5-103N, <N>=4.2-10*N.

Our estimates show that about 50% of the energy is spent on elastic
deformation, damping pad in the basement of equipment, heating the
sample, and on elastic compression of a hardened steel spacer plate.
Therefore, in further calculations, a normal response force value will
be used as a twice less: 2:10* N.

Using the obtained data, the normal stresses, oo, in the cross-section
are calculated according to the formula

6, =<N > /A, =2.5-10° N/mm?® . (18)

The tangential stress that leads to dislocation glide was calculated
[21]:

T=0,cospcosA =c,/2=1.25-10° N/mm®. (19)

From the data on the dependence of dislocation glide speed on tan-
gential stress [22], it follows that the dislocation velocity is about
10* cm/s. Based on these data, the dislocation density p leading to mass
transfer was estimated by the Taylor—-Orowan equation [23]:
1.1-10°cm™.

From the second relation of the Einstein—Smoluchowski equation
founding the force acting on each atom [2],

1 F < x*(t) >

< x(t) >= EkB—T . (20)

As a result, the driving force F for S235 at 300 K temperature, which
isof 3.8:10°'" N, and for HEA is of 1.96-107'®* N, is determined. The av-
erage displacement and average quadratic displacement for S235 and
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HEA were calculated above (see Table 1).

The authors of Ref. [24] showed that the HEA coating applied by
ESA to stainless steel consists of zones of interdroplet spaces having a
nanoscale structure (2.5—-15nm) with a b.c.c. crystal lattice and areas
of droplet fall having a grain structure. AlICuCoFeNiCr in the cast
state contains of three phases: two with an f.c.c. lattice and one with a
b.c.c. lattice. Lattice parameter is as follows: as.c.c.;y=0.3625nm (1%),
Atcc2=0.3593 nm (26%), @p.c..=0.2879nm (73% ) (in parentheses, it
is indicated the percentage content of the corresponding phase). To
calculate the work A of force acting on each atom by formula (21), the
used lattice spacing for a b.c.c. iron crystal is equal to 0.286 nm, since
the volume fraction of a b.c.c. phase is significantly larger for case of
AlCuCoFeNiCr:

A=FS=Fa/\2. (21)

The calculations found that Agsss=7.7-1072"J, Auga =4-10726J.

The work of force directed action on the atoms is not enough to make
atom a jump to the neighbouring position, because the magnitude of
the work of force is significantly less than the thermal oscillations en-
ergy ksT (4.11-10721 J). Nevertheless, in our case, the transfer of radi-
oactive tracers to new positions is observed. This indicates that mass
transfer under external influences is realized due to mobile disloca-
tions, rather than direct diffusion jumps of atoms.

Let us estimate the mobility of atoms in the process of anomalous
mass transfer for S235 and HEA. Some authors use the concept of dif-
fusion mobility as a synonym for the diffusion coefficient, although
they have different dimensions. Mobility of atoms depends on strength
and velocity according to the formula

p=<v>/F; (22)

the founded <v> for S235 and HEA are presented in Table 2.

The calculations found that the mobility of *°Co atoms in S235 is
equal t0 5.9-10* m/(s-N), and for HEA, it is of 2.7-10¥* m/(s-N).

On the other hand, diffusion mobility is related to the diffusion co-
efficient according to the Einstein—Smoluchowski equation:

w=Dy / (esT). 23)

If, in formula (22), Dr is replaced by D.: (see Table 2), then, the follow-
ing mobility values are obtained: 4.6-10*m/(s-N) for S235 and
2.07-10m/(s:N) for HEA. This is consistent with the results of the
calculation by the previous formula (21). Therefore, the well-known
Einstein—Smoluchowski equation for determining mobility can be used
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for the process analysis of the anomalous mass transfer under external
influences, if to replace Dr by Ds.

4. CONCLUSIONS

1. For the first time, on the basis of experimental data, a method for
determining the parameters of anomalous mass transfer with separa-
tion of the diffusion component and drift under driving force is pro-
posed. The method is based on determining the exponent of the power n
at x when plotting the concentration dependence of the following form:
(In(C/Co))/x" = const. Based on the numerical value of the exponent n, a
conclusion about the mass transfer mechanism and the selection of ap-
propriate formulas for finding the parameters of mass transfer: D, D,
<v>, u, Fis made.

2. As shown using our method, the predominant mechanism of mass
transfer under the ESA and mechanical impact conditions in S235 and
HEA is the directed motion of atoms, which are entrained by mobile
dislocations, since the drift component of the flux equation is signifi-
cantly larger than the diffusion component by the mechanism of ran-
dom walks. This is also confirmed by estimates of the work of force due
to the atoms’ movement, the value of which (Ass="7.7-10727J,
Appa =4-107%6J) is much less than the energy of thermal vibrations kT
(4.11-10°2 J).

3. It is shown that the effective diffusion coefficient (mass transfer) as a
result of external influences (mechanical impact and ESA) is tens of
times higher in S235 than in HEA, which is consistent with the disloca-
tion mechanism of mass transfer. This coincides with the conclusions of
the authors of Ref. [13] that the additional ‘friction’ force, which has
arisen due to the incommensurability of its own atoms in the HEA, com-
plicates directional mass transfer process because of the dislocations
glide.

4. For the first time, based on the mean and root-mean-square dis-
placements of atoms obtained from the experimental concentration
profiles, the force acting on each atom and the mobility of %°Co atoms
in iron under mechanical impact processing are determined.

The work is carried out within the framework of R&D (Reg.
Nos. 01170002133 and 0122U0002366) supported by the National
Academy of Sciences of Ukraine, which is gratefully acknowledged.
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The work is aimed at solving an urgent problem in the scientific and technical
field: the development and implementation of new technological processes in
metal processing aimed at resource-saving and increasing production effi-
ciency. Spinning is an important process in modern industry for the produc-
tion of thin-walled workpieces, which are widely used in various industries.
Investigation of the stress—strain state of the material during spinning is of
great importance for improving manufacturing technologies and increasing
product quality. This work proposes solutions of key research aspects such as
the influence of process parameters (temperature, deformation rate, pres-
sure, etc.) on the stress—strain state of the material. The relationship between
these parameters and the mechanical properties of the processed material,
including strength, plasticity, and crack resistance, is analysed. The investi-
gation includes experimental methods such as mechanical testing, micro-
structural analysis, and modelling of deformation processes.
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PobGoTa crocyeThcs BUpIillleHHS aKTyaJbHOI ITp0o6JieMH B HayKOBO-TEeXHiUHIiH
rajgysi: po3poOKY Ta BIPOBAKEHHS HOBUX TEXHOJIOTiUHUX IIPOIECIiB METaJO-
00po06JIeHHs, CIPAMOBAHNX HA Pecypco3bepeskeHHA Ta MiBUIeHHS e(DeKTUB-
HOCTU BUPOOHUIITBA. POPMYBAaHHA € BaXKJIUBUM IIPOIECOM IIPOMUCJIOBOCTH
IS BUPOOHUIITBA TOHKOCTiHHHX 3arOTOBOK, SIKi IMIMPOKO 3aCTOCOBYIOTHCS B
pisHUX ranysax mpoMucaoBocTu. IocaifykeHHA HaANpPyKeHO-TeddOoPMOBAHOIO
CcTaHy MaTepiaay mix yac GopMyBaHHA Mae BaKJIMBe 3HAUECHHS AJISA BIOCKOHA-
JIeHHSA TeXHOJIOTifl BUTOTOBJIEHHA Ta MiBUINEHHA AKOCTHU NPOAYKILii. ¥V maHii
po0OTi 3aTPOIIOHOBAHO BUPiNIEHHA KJIIOUOBUX ACHEKTiB HOCTiIKEHHA, TAKUX
AK BILJIUB IIapaMeTPiB mpoIlecy (TeMIepaTypu, IMBUAKOCTU gedopMarii, THCKy
TOIII0) Ha HAaIpyKeHo-medopMoBauuii craH wmarepisay. IIpoamanizoBaHO
3B’A30K MiXK IIMMHU IIapaMeTpaMU Ta MeXaHIUYHMMHU BJIAaCTHUBOCTAMU 00pOO6.IIO-
BAHOT'O MATepPidANy, 30KpeMa MiI[HiCTIO, IIJIACTUUHICTIO Ta TPIIIMHOCTIAKiCTIO.
HocrimKeHHA BKJIOUAIOTh €KCIIEPUMEHTAJIbHI MeTonu: MeXaHiuHi BUIPOOY-
BaHHA, aHAJIiI3Y MiKPOCTPYKTYPHU I MOJeJIIOBaHHA IIPOIleciB fedopmarrii.

KarouoBsi ciaoBa: MeTaioo6pobeHHsI, (hopMyBaHHA, pecypco3bepekeHHs, Te-
XHOJIOTiUHI mIpolecu, e(peKTUBHICTL BUPOOHUIITBA, MAaJIOBiAXOAHI TeXHOJIOTi1,
mmpecoBe 00po0JIeHHS MATepPidAaiB, Hanpy:KeHo-aAedopMoBaHUil CTaH, ILIACTHY-
HiCTb MeTaJy, TeXHOJIOTiUHa CIaJKOBiCTh, BUPOOU CKJIAJHOTO IIPodiIio.

(Received 8 May, 2024; in final version, 20 November, 2024 )

1.INTRODUCTION

Spinning, as a process of forming metal workpieces, is of significant
importance in modern industry, especially in the production of parts
where the requirements for quality and precision are high.

Due to wide application of it and constant strive for optimizing pro-
duction processes, research of the stress—strain state of the material
during spinning becomes highly important. Understanding the inter-
nal processes occurring during material processing allows for the im-
provement of manufacturing technologies and the enhancement of
product quality.

The object of the research is the behaviour of the material under the
influence of various stamping parameters, such as temperature, de-
formation rate, pressure, and material thickness.

The analysis of the stress—strain state methods in spinning process-
es (SP) in the development and improvement of processes is particular-
ly important. Information about the stress—strain state (SSS) of work-
piece material and the influence of various technological processes on
it allows determining the force parameters, evaluating the deformabil-
ity of workpiece material, the stability of tooling, purposefully ex-
panding the technological capabilities at the development stage, and
predicting the operational characteristics of products. The most objec-
tive results are obtained from the study of SSS of workpiece material
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using various research methods.

Due to the complexities of forming workpieces by SP method due to the
influence of numerous factors, it is most expedient to use various exper-
imental and computational methods for analysing SSS of the material.
Hardness measurement method. The hardness of a material is directly
related to the maximum stress intensity experienced by the material
throughout its entire history of plastic deformation o; [9, 12, 15].
Moreover, elastic unloading during cyclic deformation of metals does
not lead to a change in hardness.

Therefore, the definition o; according to the results of the hardness
measurement, it is possible only for cases of plastic deformation. Thus,
for pressure treatment processes, it is possible to determine the inten-
sity of stresses in the plastic zone based on the results of hardness
measurements o; and taking into account the hypothesis of a single
flow curve and intensity of deformations g;.

When investigating products obtained by SP method, the most suita-
ble method for hardness measurement is the Vickers method, which
provides a minimal plastic zone around the indentation. The use of the
hardness measurement method requires the availability of a calibration
chart for ‘stress intensity—hardness—degree of deformation’ i—HV—s,;.

Grading graphs of metals processed by rolling stamping (SHO)
methods are built based on the results of hardness measurements on a
hardness tester in the cross-sections of cylindrical samples deposited
under conditions of a linear stress state. At the same time, the values
are determined c; and &; according to the results of measuring the size
of the samples and the deposition force according to the formulas:

o, =4P /nd?, ¢, =In(h, / h), (1)

where P is deforming force, d is diameter of the deformed sample; Ao
and & are the height of the sample before and after deformation.

Samples are cut in the meridian direction, placed in a holder, and
filled with epoxy resin. After hardening, the samples in the holder are
ground using a series of abrasive papers, polished, and hardness is
measured at 10—15 points of the cross-section. According to average
hardness values and calculated values, o; and ¢; build grading graphs.

Figure 1 shows the workpieces obtained by SHO method according to
the combined scheme of planting and reverse extrusion, cut, poured
into a holder, polished and processed by measuring hardness with the
construction of hardness isolines. Isolines of stress intensity and de-
formation intensity were obtained with the use of the constructed
grading schedule based on them.

In Figures 2 and 3, grading graphs of M06 copper and low-alloyed
steels 30XT'CA and 40XH2MA are constructed, respectively. Of par-
ticular interest is the gradation graph of MO06 copper, which has a
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Fig. 1. Cross-sections of workpieces for hardness measurement.

strong dependence of stress intensity on strain intensity up to the val-
ues of the latter &> 1. This allows determining the deformation inten-
sity with sufficient accuracy based on hardness measurement results
up to relatively high values. Thus, copper can be used for physical
modelling of SP processes of other metals.

For the investigation of particularly thin-walled elements, the
hardness measurement method is unsuitable due to the small size of
the investigated plastic zone compared to the size of the indenter im-
pression. Therefore, microhardness measurement of the material is
used to analyse the strengthening of these zones nHV compared to the
hardness measurement method, determining stressed deformed state
(VAT) of the plastic zone by microhardness measurement is associated
with a number of difficulties. First, when measuring the hardness, the
imprint of the pyramid repeatedly overlaps various structural compo-
nents that have different hardness. In the case of a homogeneous mate-
rial, as a result of the measurements, the value of the average hardness
is obtained, which depends only on the strengthening.

150
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Fig. 2. Graduation graph oi—HV—¢; copper M06.
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Fig. 3. Graduation graphs c;—HV—¢; low-alloy steels.

When measuring microhardness, the size of the imprint, as a rule,
does not exceed the size of a separate structural component. Therefore,
to obtain reliable data, it is necessary to measure the microhardness in
the same structural component, preferably in the one that strengthens
the most. This is not always possible, especially if you need to get in-
formation in the form of an array of values in some area.

On the other hand, since the hardness is related to the microhard-
ness of the structural components, this relationship can be represented
in the form of certain dependence [14]. In work [18, 20] the specified
dependence is adopted in the form of a linear model:

H=Ha, + Hya, +C, (2)

where a1, az, C are constants that do not depend on ;.

Thus, the microhardness of the structural components can be con-
verted into the macrohardness of the material and obtain an already
substantiated dependence.

On the other hand, if there is strengthening in the workpiece with
the same degree, then the study SSS can be carried out by direct meas-
urement of microhardness. For this, it is necessary to collect only sta-
tistics of microhardness values uHV at every level.

Our research showed that, if we make about 15 measurements of mi-
crohardness in a zone with the same degree of hardening, we would get
its average value, which clearly correlates with the values o; and &;. At
the same time, there is no need to monitor the microhardness of any
individual structural component. Study of the regularity of the distri-
bution of values o; and &; in the deformed layer by measuring micro-
hardness in work [20, 21, 25] confirm the effectiveness of this method.

To build grading graphs ci—HV—¢; samples are used, as for measur-
ing hardness. However, surface preparation for microhardness meas-
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urement is significantly different, as even a slight defamation of the
surface layer distorts the measurement results. While measuring the
hardness, the riveted thin layer is pressed by the pyramid and does not
affect noticeably the hardness reading.

When investigating SSS of the plastic zone in blanks obtained by

spin forming methods, they are cut and the surface is prepared similar-
ly to the surface of calibration samples. Measurements of hardness are
then conducted at intervals that prevent the overlapping of plastic
zones from indenter impressions. By analysing the hardness measure-
ments of the deformed zone and using calibration graphs, isoclines of
distribution are obtained o; and ;. When necessary, the accuracy of the
results obtained on specific sections (usually near the free surface of
the blank) is verified using the grid method. Within the scope of con-
ducted research, this method was used to determine SSS of the plastic
zone in blanks during direct and reverse extrusion by the spin-forming
method. Figure 4 depicts a holder with prepared polished sections of
copper blanks, spun to various degrees according to a combined scheme
of embossing with reverse extrusion.
The slip line field method. Based on the construction of a slip line field
that meets static and kinematic boundary conditions, the distributions
of stresses, strain rates, and the magnitude of accumulated strain along
the flow lines, as well as the stress state index, are determined:

n=I(T)/\3L(D,), 3

where I1(Ts) is the first invariant of the stress tensor, I1(D;) is the sec-
ond invariant of the stress deviator.

The obtained results of the research on SSS of the billet allow us to
determine the energy and force parameters of the process, the amount

Fig. 4. Appearance of the holder with polished sections of copper blanks, pre-
pared for microstructural analysis and hardness measurement.
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of used plasticity resource of the metal, and the quality parameters of
the produced products. This method was developed for the conditions
of studying rolling processes.

The grid method. It belongs to the most common experimental-
calculative method for determining SSS of deformed billets. Changes
in co-ordinate-dividing grids allow determining the components of de-
formation at different stages of the deformation process. For the first
time, it is obtained the ratio for calculating deformations based on dis-
torted square dividing grids [1, 2, 10]. Renne generalized the method
for the case, when the initial cell has the shape of a parallelogram.

Using this research methodology, studies can be conducted by meas-
uring the co-ordinates of nodes step by step, i.e., determining the fields
of displacements over a certain period of time, followed by determin-
ing the fields of deformation rates. The stress state is calculated based
on the deformed state using the relationships of plasticity theory. In
this case, the stress field must satisfy the equilibrium equations, plas-
ticity conditions, flow law, and boundary conditions.

The most commonly used approach is one in which the task of calcu-
lating the kinematics of deformation based on the known co-ordinates
of nodes of the distorted dividing grid is reduced to constructing ap-
proximations X(Xo, Yo, t), Y(Xo, Yo, t) co-ordinates of nodes X, .Y,
grids (where X, Yo are Lagrangian variables associated with the unde-
formed sample) and their derivatives in co-ordinates and time. In this
approach, the type of approximations used plays an important role. An
approach, in which spline functions of one argument or a combination
of splines of one argument (by time) and splines of two arguments (by
co-ordinates at each stage) are used for approximation, and differenti-
ation has become widespread. At the same time, the more effective ap-
proach, from the point of view of the accuracy of the approximation, is
the approach in which the time derivatives of the co-ordinates of the
nodes are first calculated (that is, the flow velocities of the material
particles), and then their derivatives in terms of co-ordinates X, Yo.

When studying spin-forming methods, the grid method needs to
consider two types of heterogeneous input information: analytical and
geometric. Analytical information consists of differential and algebra-
ic equations that the unknown functions in the plastic domain and at
its boundary must satisfy. Geometric information concerns the shape
of the boundary of this domain. A fairly effective approach in studying
metal forming processes using the grid method is the method of speci-
fying geometric information and its calculation when constructing
differential relationships using the theory of R-functions[21, 22, 25].

A function of several arguments is called an R-function if it changes
sign only when at least one of its argument’s changes sign. The follow-
ing system of R-functions is most commonly used:
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xAy=x+y—x*+y?, xvy=x+y—x’+y’, —x=-x (4)

The operations in formulas (4) are called R-conjunction, R-
disjunction, and R-negation. It is obvious that R-conjunction is posi-
tive only in the first quadrant, while R-disjunction is positive in the
first, second, and fourth quadrants.

An equation of the domain Q2 and its boundary I is called an equation
of the form:

o(x, y)=0, (5)

if or=01i w>0 inside the domain and » <0 outside it. For clarity in
constructing equations of domains, one can consider R-conjunction as
the intersection of domains, and R-disjunction as their union.

The calculation of geometric information in analytical expressions
in the R-functions’ method is carried out using the concept of the solu-
tion structure of the problem, which is why the R-functions’ method is
also called the structural method. Let U(x, y) be an unknown field in a
certain domain Q, which is a solution to a variational problem under
certain conditions on the boundary I

L, =R inT,(i =1,m) (6)
and in the region
4, -V, (7)

where A and L; are known differential or functional operators, V and R;
are known functions.

The structure of the solution to problem (6), (7) is called the follow-
ing form:

U=B(@--,0,,9)» (8)

which for any sufficiently smooth functions will identically ¢«(x, y)
satisfy (6), (7). The correct and converse statement: for any function U
satisfying (6), (7) @1, ..., ¢» can be found such that (8) holds, then (8) is
a complete structure. Proof of the completeness of structures is in gen-
eral a difficult problem, and often the proof of completeness is the suc-
cessful results of numerical experiments.

The functions @i, ..., ¢, in formula (8), as shown in [11-14], are con-
veniently applied using finite functions, such as Shenberg B-splines.
The presented methodology allows working with irregular and non-
rectangular grids in areas with any shape of boundaries, and is also
suitable for many transient processes where different grids are applied
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at different transitions.

The finite element method (FEM) is a generalization of the varia-
tional method and belongs to the effective modern methods that allow
determining the stress—strain state of inhomogeneous media[17, 18].

Considerable experience has been accumulated in the investigation
of metal forming processes using numerical methods to determine the
stress—strain state through direct variational methods, particularly
the Ritz method, which equates the work of external and internal forc-
es and has been further developed in works [3, 6, 7, 9], among others.
The use of FEM significantly overcomes the difficulties in selecting co-
ordinate functions and utilizes the capabilities of variational methods
to determine not only integral but also local characteristics of the pro-
cesses of plastic strengthening of machine part surfaces.

FEM is an effective numerical method for solving a wide range of
boundary problems in continuum mechanics. It involves replacing the
object under study with a set of discrete elements interconnected by
nodes. The direct transition to the computational formula allows for
naturally forming boundary conditions and arbitrarily placing the
nodes in the element grid.

The most significant advantages of FEM in addressing metal form-
ing processes include the freedom to choose nodal points, the arbitrary
shape of the workpiece, the ability to set any necessary boundary con-
ditions, considering the heterogeneity of material properties, and the
use of standard software programs.

In the context of technological calculations, the sequence of solving a
non-stationary nonlinear plasticity problem using FEM consists of the
following steps [20, 22, 23]: problem formulation, discretization
scheme, computation and result visualization procedure on a computer.

The problem formulation involves a mathematical description of the
deformation schemes. To simplify the mathematical model, assump-
tions about the material property changes are introduced, namely, the
material of the part is modelled as an elastoplastic material, friction
coefficients between the workpiece and the tool are constant, and the
tool is modelled as an absolutely rigid body.

The mathematical model also includes auxiliary equations that de-
termine contact interaction, friction forces, and the condition of vol-
ume constancy. In modelling metal forming operations (MFO), the
condition of volume constancy must be maintained, meaning the mod-
el’s elements must also be of constant volume. In FEM, the compressi-
bility of each element is characterized by a stiffness coefficient. This
implies that the compressibility of any part of the workpiece-tool sys-
tem, represented by a matrix of stiffness coefficients of its elements,
ensures that elements only change their configuration during defor-
mation without decreasing in volume.

The independent parameters are the nodal variables, and the distri-
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butions within the elements are determined through them. As un-
known kinematic and thermodynamic quantities, there are chosen-
nodal velocities and displacements [7, 8, 20, 21].

The simplest form of idealization for a two-dimensional problem in-
volves using triangles with nodes located at the vertices. These ele-
ments were among the first used.

Reducing the size of elements improves the convergence of FEM
significantly more than increasing the order of elements. The reasons
for this are: the influence of nodal variables is most pronounced when
nodal points coincide with the vertices of elements, which is best facili-
tated in linear elements where all nodes lie at the vertices, from the sec-
ond criterion of convergence, it follows that reducing the size of ele-
ments always leads to an increase in the accuracy of the solution due to
better convergence, analysis of high-speed, nonlinear, and non-
stationary MFO processes requires breaking the workpiece into small
elements in areas with large gradients and abrupt changes in metal flow.

2. PRESENTATION OF THE MAIN RESEARCH MATERIAL

The most development and usage have been gained by the processes of
orbital forging (OF) for obtaining complex profiled parts by imple-
menting radial material flow of cylindrical workpieces using schemes
of upsetting, flanging, spreading, squeezing, etc. Additionally, for a
number of workpieces, a complex profile of the end part is characteris-
tic, which can be obtained through direct extrusion (half-couplings are
presented in Fig. 5, a, thrust bearing rings are presented in Fig. 5, b,
etc.)[2].

Direct extrusion by OF method can be implemented in a rolling die
with the necessary profile on the end of the workpiece opposite the end

a

Fig. 5. Workpieces obtained by OF method: cam half-couplings at different
stages of rolling (a), thrust bearing ring (b).
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Fig. 6. Technological schemes of direct extrusion of the profile on the end of
the workpiece by OF method: in a spring-loaded die and mandrel (a), in the die
calibre of the stamp (b).

contacting the roll.

Figure 6 illustrates the technological schemes of forming and the
corresponding elements of the workpiece ends.

Insufficient research of this process does not contribute to the de-
velopment of technological schemes with a specified flow of material
and the formation of necessary elements of the product. The lack of in-
formation about the material workability of the workpiece prevents
the assessment of deformability and determination of the technologi-
cal capabilities of the process based on factors of workpiece material
failure and tool durability. The technological inheritability of the ob-
tained products also remains undefined. Therefore, the study of the
workability of workpiece materials is one of the important factors in
improving processes of stamping by extrusion [1, 2]. To establish the
influence of various technological parameters on the workability of the
material, experimental research methods were initially applied: the
method of hardness measurement, the method of dividing grids, and
the analysis of the materials’ microstructure.

The application of these methods in this work allows constructing
paths of material particle deformation in the critical zones of the
workpiece, which are used to assess the materials’ deformability.

For physical modelling of the direct extrusion process by the extru-
sion method, the ring workpiece consists of two rings: internal and ex-
ternal. A rectangular dividing grid was applied to the external cylin-
drical surface of the internal ring. The appearance of the deformed
rings, with a portion of the external ring cut off, is shown in Fig. 7.
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Fig. 7. View of the rings after direct extrusion of the end profile by the extru-
sion method and cutting off a part of the external ring.

Figure 8 shows the view of the deformed grid on the surface of the
internal ring at the initial (a), intermediate (b), and final (¢) stages of
direct extrusion by the extrusion method.

Figure 9 presents view of the deformed grid on the external surface
of the punch.

When physically modelling the direct extrusion processes using el-
ements skin (EC) method, copper M06 and armco-iron were chosen as

Fig. 8. View of the deformed mesh on the outer surface of the inner ring at
different stages of direct extrusion by EC method.

Fig. 9. View of the deformed mesh on the outer surface of the punch at differ-
ent stages of direct extrusion by EC method.
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the workpiece materials. Copper is characterized by high strengthen-
ing during plastic deformation, allowing for the precise determination
of the distribution of deformation intensity in the internal zones of the
workpieces with a high degree of accuracy. It also exhibits a pro-
nounced but non-uniform initial microstructure. Armco-iron has a
uniform grain structure, which can complement the results of the
study with a microstructural analysis.

The view of the deformed microstructure of the copper M06 material
in the cross-section of the punch at intermediate and final stages of de-
formation is shown in Fig. 10. Figure 11 presents an enlarged view of
the microstructure of copper M06 at characteristic points (correspond-
ing to Fig. 10, b) of the formed profile.

Fig. 10. View of the deformed microstructure of the workpiece material made
of copper MO06 in the cross-section of the punch at intermediate and final
stages of deformation.

Fig. 11. Magnified view of the workpiece microstructure at characteristic
points of the formed profile corresponding to Fig. 10, b: point 1 (contact zone
with the roller) (a), point 2 (b), point 3 (¢).
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Fig. 12. View of the deformed microstructure of the workpiece material made
of armco-iron in the cross-section of the die at the final stage of deformation.

The workpiece made of armco-iron (see Fig. 12) has a fine-grained
structure, which was studied for individual zones under significant
magnification.

The hardness measurement method is an effective way to determine
the stress intensity o; in the workpiece without prior separation.
Therefore, for processes of direct extrusion using the method, the
stress intensity o and the deformation intensity & can be determined in
the plastic zone of the workpiece based on hardness measurement re-
sults, taking into account the hypothesis of a single yield curve.

The graduation curve of copper M06 is shown in Fig. 2.

The investigation of the workpiece materials’ nonuniform defor-
mation state (SSS) by the hardness measurement method was conduct-
ed according to the technique presented in [3]. Figure 13 shows the dis-
tribution of deformation intensity in the extruded element zone ob-
tained by hardness measurement.

Thus, the distribution of the intensity of deformations in the zone of
the extruded element (see Fig. 12), obtained by the hardness measure-
ment method, indicates a rather uneven nature of the deformed state
in the cross section of the workpiece. The greatest intensity of defor-
mations, which is observed in the contact zone of the roll with the
workpiece, reaches the values €,=0.9-1.0 and may exceed them. The
next, most deformed, is the zone of entry of the metal into the forming
channel. Here, the intensity of deformations reaches values g =0.6—
0.7. The lowest level of deformations is observed at the free top of the
extruded element and in its central part, and the intensity of defor-
mations here reaches values e1=0.1-0.2.
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a b

Fig. 13. Distribution of VAT parameters in the workpiece element obtained by
extrusion using SHO method at intermediate (a) and final (b) stages:
(O)n = const and (Q)g; = const.

To study SSS of the plastic zone of the workpiece during direct extru-
sion by SHO method, we also used the method of co-ordinate dividing
grids, built on the use of a technique based on the theory of R-functions
[1]. At the same time, step-by-step extrusion of the element was carried
out (see Fig. 8): a flat task. Character of distribution of isolines ;= const
within the zone of the extruded element obtained from the results of the
measurement of the co-ordinate dividing grid is shown in Fig. 14.

Thus, the distribution of the deformed state, obtained by the method
of co-ordinate grids, coincides with that obtained by hardness meas-
urement. The stress index in the zone of maximum deformation is
n=-2.5——2.0 (see Fig. 13). These conditions indicate the presence of
significant compressive stresses here, which makes the deformability
of the blank material relatively safe. However, there is a risk of tooling
failure in the areas near the tooth base. The material of the blank at the
tooth tip undergoes relatively small deformations, but the stress index
here is that requires an assessment of n > +1 material’s deformability.

An important feature of this technological scheme is that metal par-
ticles from the free tooth tip and the ‘stiff’ stress scheme, during ex-
trusion, come into contact with the tool, where their deformations con-
tinue to increase under the ‘soft’ stress scheme (n=-1.3—1.5). All
this must be taken into account when constructing paths of material
deformation to assess its deformability.

Another characteristic of the deformation is that, as can be seen in
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Fig. 14. Distribution of deformation intensity in the plane of the punch ex-
truded by EC method, obtained from the measurement results of the co-
ordinate grid.

Fig. 15. Characteristic parameters of the profile of the element extruded by
EC method.

Figs. 9 and 13, the deformation pattern in relation to the profile of the
extruded element has a certain asymmetry. This is due to the asym-
metric application of the load during blanking. Such a flow pattern is
useful if the side surfaces of the element have different inclination an-
gles. If it is necessary to eliminate the noted asymmetry, it is advisable
to consider reversing the blank.
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Fig. 16. Deformation paths of the material particles in the most characteristic
deformed zones: in the middle of the lateral surface AC (1), at the entrance to
the forming channel (near point A) (2), in the contact zone of the blank with
the mandrel (3).

When changing the parameters of the element profile, characterized
by the values shown in Fig. 15, the values of deformation intensity and
stress index will change somewhat, but the character of their distribu-
tion will remain the same. The distribution character of the noted
quantities will also remain unchanged when changing materials if the
friction conditions remain unchanged.

To assess the deformability of the blank material and determine the
limiting deformations, from the point of view of preventing material
failure or ensuring the necessary technical characteristics of the part,
it is necessary to have paths of deformation of particles in dangerous
zones. Figure 16 shows the paths of deformation of particles of the
blank material in the most deformed zones, obtained by the method of
co-ordinate grids using the theory of R-functions.

The peculiarity of the deformation paths lies in the fact that at the
initial stage of extrusion, the material on the line OM undergoes
stretching at a stress ratio of n=1.73. At the same time, the magni-
tude of deformation intensity is relatively small, reaching values of
e1=0.15-0.20 for the free surface at the final stage of shaping.

Subsequently, upon contact with the lateral surface of the matrix
channel, deformation continues under conditions of n1=-1.0—+1.5. For
the most deformed area in contact with the mandrel, the deformation
path 3 can be represented by an average value of the n parameter of
n=-2.5——2.0 in the mandrel pressure zone.

The extrusion scheme shown in Fig. 17, a provides for the extrusion
of the flange and the reverse extrusion of the thin-walled element, and
is implemented with a positive displacement of the apex of the conical
mandrel (see Fig. 17, a). By displacing the apex of the mandrel along
the axis of the blank, the flow of the flange material inside the blank
can be ensured.



74 V.M. MYKHALEVYCH, M. A. KOLISNYK, and A. A. SHTUTS

Fig. 17. Schemes of extrusion and reverse extrusion of thin-walled elements
by SHS method on the end face of a ring blank with conical (a) and cylindrical
(b) mandrels: 1—Dblank, 2—matrix, 3—mandrel, 4—pusher sleeve, 5—
spindle.

The extrusion scheme shown in Fig. 17, b provides for the extrusion
of the flange and the reverse extrusion of the thin-walled element, and
is implemented with a negative displacement of the axis of the cylin-
drical mandrel (see Fig. 10).

To enhance the processes, an analysis of the residual stress distribu-
tion (RSD) in the blank material was conducted during the operations
of both flanging and reverse extrusion using SSS method.

Figure 18 presents isolines of stress intensity distribution c1=const
and deformations g =const, which were obtained from the results of
measuring the hardness in the cross-sections of the blanks at different
stages of rolling (the corresponding sections are shown in Fig. 4).

Thus, in the cross-section of the blank formed at the first stage of
rolling (Fig. 18, a), the following characteristic zones of residual
stress distribution can be identified.

Fig. 18. Distribution of isolines (O)n = const and (Q2)g; = const in the cross-
sections of MO06 copper ring blanks formed by severe plastic deformation
method.
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Fig. 19. Dependency of the relative height change of the thin-walled element
h/h; on the maximum intensity of deformations (1), and the relative size of
the flange I/l on the intensity of deformations in its peripheral area (2), ac-
cording to Fig. 18.

The most deformed is the zone of the thin-walled element 1, which is
formed because of metal flow from zone 2. The minor further defor-
mation of zone 1, as the height of the thin-walled element increases,
(Fig. 19, dependence 1) occurs due to successive cyclic shifts in the ax-
ial direction, caused by the characteristics of local loading in severe
plastic deformation, and the increased resistance to metal flow in the
gap between the roll and the mandrel.

Zone 2, where the highest degree of deformation is observed at the
contact with the roll (surface A), which gradually decreases as it moves
away from the contact surface. The metal from zone 2 (Fig. 18, b) flows
into zones I and 3, and the intensity of its flow in one direction or anoth-
er depends on the relative positioning of the roll and the blank [1, 3].

Zone 3 (the flange part of the blank) is a zone of relatively uniform
deformation. The increase in deformation intensity on the periphery of
the flange, depending on the relative increase in its length, is depicted
in Fig. 19 by line 2.

The distribution of the stress state index along the arc of contact in
the middle part of the flange and along the contour of the blank formed
by the roll is presented in Fig. 20. Thus, in the area with the highest
intensity of deformations, a stress state pattern is observed that ap-
proximately corresponds to biaxial compression (n = -2.0).

Use of metals with higher resistance to plastic deformation os, as
well as an increase in unit crimping Ah leads to an increase in the stress
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Fig. 20. Distribution of the stress state index along the height of the thin-
walled element and along the width of the flange.

level, but does not have a noticeable effect on the indicator n.

It should be noted that in the zone of formation of maximum defor-
mations in the thin-walled element there is a ‘soft’ scheme of the stress
state (n <-1.5).

A stiffer stress state occurs in the flange part of the workpiece, namely
on the peripheral, free from contact with the tool, surface (see Fig. 20).

Therefore, the assessment of the deformability of the workpiece ma-
terial to determine the maximally achievable intensity of deformations
¢+ or the value of the plasticity resource used yg, should be carried out
specifically for this zone.

Figure 21 shows the paths of deformation of metal particles on the
free surface of the flange during its extrusion, depending on the pa-
rameters of the extrusion process.

Thus, the most favourable paths in terms of deformability are those
with minimal ratio of deformed height to wall thickness of the work-
piece and negative displacement of the roller tip.

Therefore, knowing the main parameters of the workpiece and its
position during orbital forging, such as h¢, by and 5, we can analytically
describe the paths of metal deformation on the dangerous external sur-
face of the flange and use this to assess the workpiece material’s de-
formability.

Figure 22 shows graphs illustrating the patterns of change in the
possible stress state values with increasing plastic deformation, de-
pending on the parameters of the constructed model.

Stress state index n as a function of parameters 0 and m at different
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Fig. 21. Paths of deformation of the free surface of the peripheral part of the
flange during orbital forging (ho, bo are initial height and wall thickness of the
tubular workpiece to be coined, 8 is displacement of the tip of the conical roll
from the axis of the workpiece).

stages of plastic deformation calculated using (9):

3 (4-(@1+06)1+3cos’t))
n() = 3 ’
\/9 +--(2-(1+6)1 + 3cos® t))*
4 9)
S N R R R
6 ° COosS T

m e[0,),0 e [0,1],¢ € [0, 7 / 2].

Note that the last relation has only one material constant m, and the
generalized relation (9) has two material constants: 6, m.

Another advantage of the recently derived relationship is the ab-
sence of a material constant in the analytical expression for the stress
state in the parametric representation of deformation trajectories.

This leads to additional conveniences in analysing these relation-
ships and selecting the material constant based on experimental data.
In the generalized relationships (9), the material constant m is also ab-
sent in the analytical expression for the stress state indicator, alt-
hough another material constant remains 0. These drawbacks are a
natural trade-off for the ability to develop a more adequate model for
the change in the stress state of a macro-particle of material on the free
surface of the blank during roll stamping, given the displacement of
the cone roller’s apex from the blank’s axis towards the contact spot.

Figure 23 presents the deformation trajectories we have constructed
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Fig. 22. Paths of deformation of the free surface of the peripheral part of the
flange during orbital forging (ho, bo are initial height and wall thickness of the
tubular workpiece to be coined, 6 is displacement of the tip of the conical roll
from the axis of the workpiece).

for different values of material constants 6 and m.

The advantages of representing deformation trajectories as para-
metric equations include the ease of analysing these trajectories. For
instance, with a fixed value of the constant 0, we can determine the
value of the parameter ¢ that corresponds to the point, where the de-
formation trajectory intersects the y-axis. Based on the first equation
of set (10), we can write

nt)=4—(1+0)1+3cos’t)=0,¢e[0,7/2], (10)

t=arccos( ﬁ] (11)
\} 3(1+06)

from which follows
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Fig. 23. Deformation trajectories e, = ¢,(n) calculated for (10): 6 € [0, 1], m =
0.1 (a),0.5(b), 0.85(c), 2.0 (d).

For example, at 6=1, t=0.9553166180. Based on the second equa-
tion of system (12), we determine

e,(t =0.9553166180) °~9553Il“‘8° 1

3+ dt ~ 2.206. (12)

4

m cos' t

0

From the last equality, it is easy to determine the ordinate (the
amount of accumulated deformation) of the point of intersection of the
deformation trajectory with the ordinate axis, in particular,

e(m=0,m=0.1)~0.22,e(n=0,m=0.5) = 1.1, 13)
e(n=0,m=0.85)~1.88, ¢(n=0,m=2.0) = 4.41.
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3. CONCLUSION

The stress—strain state of workpiece material is an important charac-
teristic necessary for assessing deformability and determining force
parameters. Among the effective methods of NDS analysis are the grid
method, hardness measurement, and microstructural analysis.

Direct extrusion by SHO method was considered by us using the exam-
ple of forming end teeth of a gear sleeve. To increase the accuracy of de-
termining deformation intensity in cross-sections of workpieces, a highly
strengthening material—copper M06 was chosen for physical modelling.

As a result of constructing graduation graphs and measuring hard-
ness in workpiece cross-sections, as well as grids on workpiece surfaces,
the distribution character of stress and strain intensity, as well as the
stress state index in the plastic area, was obtained. The most rigid stress
state scheme is observed at the apex of the extruded teeth, but here the
least deformation occurs. The largest deformations are formed at the
base of the tooth, but the stress state is close to uniaxial compression.

Reverse extrusion by SHO method was also modelled on copper M06.
NDS analysis showed that the most deformed zone is the thin-walled
element zone, which is formed because of metal flow from the contact
plastic spot area of the roller with the workpiece. Maximum defor-
mations are observed in this zone, gradually decreasing as you move
away from the contact surface. The flange part of the workpiece is a
zone of relatively uniform deformation. Dependences of the growth of
deformation intensity on the periphery of the flange from the relative
increase in its length were constructed.

Based on the analysis results, paths of material particle deformation in
dangerous zones due to possible workpiece destruction were constructed,
which were then used to assess workpiece material deformability.

The possibilities of direct extrusion are limited by the complexity of
force transmission from the roller to the opposite end face of the work-
piece and significant contact stresses. Therefore, this operation is
more suitable for calibration or forming of small-sized workpiece ele-
ments, which should be taken into account when developing corre-
sponding SHO technological processes.

Further research in this direction will expand knowledge of material
deformation mechanisms during stamping by extrusion and develop
new approaches to optimizing technological processes in the produc-
tion of metal parts.
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Investigations on the Microstructure Evolution
of Submicrocrystalline Metals Obtained by the Severe Plastic
Deformation Method: A Review

B. S. Abdrasilov and B. B. Makhmutov

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

Currently, submicrocrystalline (SMC) metals and alloys obtained using se-
vere plastic deformation (SPD) techniques are of increasing interest to re-
searchers. In the present work, we focus on the study of materials with a dis-
orientation spectrum dominated by large-angle grain boundaries, i.e., not mi-
crofragmented, but nano- and micrograin materials—SMC materials in our
terminology. The fundamental importance of the dominance of the high-
angle grain boundaries (HAGBs) in the spectrum of grain-boundary disorien-
tations is due to the exceptional role they play in the formation of the unique
properties of SMC materials. As it will be shown in this paper, a special prop-
erty of the HAGBs (in contrast to low-angle grain boundaries) is their ability
to transition to a nonequilibrium state during SPD and to maintain this state
for a certain time after deformation, which is the cause of many, if not all,
special physical and mechanical properties of SMC materials.

Key words: severe plastic deformation, nanostructure, fragmentation, ul-
trafine-grained structure.

Huni cyomikporpucraniuni (CMK) meTanu Ta cromm, ogep:kaHi 3 BUKOPUC-
TaHHAM METOJiB iHTeHCHBHOro mjactuuHoro medopmyBanHa (III), BuKIHU-
KaloTh IIiIBUINEHUN iHTepec y HocaifHuKiB. ¥ 11iif po60Ti MU 30cepegumMocs Ha
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BUBUEHHI MaTepifAiB 3i CIIeKTpoM [AesopieHTAaIliii, y SKOMY AOMiHYIOTH BeJIHU-
KOKYTOBiI Mexki 3epeH, ToOOTO He MiKpo(dparMeHTOBAaHMX, a HaHO- i MiKpose-
peuHux MarepianiB — CMK-marepianis y mamriii Tepminosorii. Ilpuniiunose
3HAUEHHs NOMiHYBaHHS BUCOKOKYTOBuUX MexX (BKM) y cumexTtpi mesopieHTarii
Me)K 3epeH MOB’A3aHe 3 BUHATKOBOIO POJIIIO, SKY BOHU BifirpaioTh y dopmy-
BaHHI yHikaapHUX BaactuBocTeii CMK-marepianis. Ak Oyae mokasamo B JaHii
cTarTi, ocodmmBa BaactuBicts BKM (Ha BigMiHy Bif MaIOKyTOBUX MeX) — ixX-HA
3aTHICTh IePeXOAUTH B HepiBHOBasKHUII cTaH mix uac IT1]1 i 36epiraTtu et cran
YIPOIOBIK IIEBHOTO Uacy IIicjsd aedopmaitii, 10 € TpUYNHOI 0araTbox, AKIIO He
BCiX, 0co0uBUX (isuKo-MexaHiunux BaactuBocteit CMK-maTepisaiis.

Karouori cropa: iHTeHCMBHA IIacTU4YHa ngedopMallis, HAHOCTPYKTYypa,
dparmMeHTaIidg, yabTpaapiOHO3EpHUCTA CTPYKTYpA.

(Received 30 January, 2024, in final version, 8 July, 2024 )

1. INTRODUCTION

When describing the structure of submicrocrystalline (SMC) materi-
als, it is necessary to pay attention to the special state of other lattice
defects—vacancies and dislocations. Although, in contrast to nonequi-
librium grain boundaries, the role of these defects in the formation of
properties is not determining, a number of peculiarities are observed in
their behaviour.

If we start with point defects, first of all, we should note the excep-
tionally high concentration of nonequilibrium vacancies after SPD.
Sometimes their concentration level reaches C, = 10~ [1, 2]. It should
be noted that these nonequilibrium vacancies are quickly annealed at
long holding time or temperature increase and their contribution to the
changes in the properties of SMC materials is usually insignificant.

Interesting features are also observed in the dislocation subsystem of
SMC materials. First, it is a very high density of dislocations, the level
of which is of ~ 10'® m?2, which is two orders of magnitude higher than
the usual one [3-7]. Secondly, due to the small grain size in SMC
materials, there are difficulties in the operation of conventional intra-
grain sources of dislocations. The main mechanism of generation (nu-
cleation) of dislocations in SMC materials is their generation from
grain boundaries. This can lead to the emergence of special mesostruc-
tural regions—‘regions of zero charge’, the size of which exceeds the
grain size (in contrast to conventional materials, where the region of
zero charge, as arule, is equal to the grain size).

Thirdly, despite the high density of dislocations, due to the small
size of grains, very a few dislocations are contained in the grain body,
and, during equal-channel angular pressing (ECAP), they do not form
complex ensembles and clusters in the lattice and move through the
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grains quite freely [8-12].

And, finally, the main thing: not only the generation of disloca-
tions, but also the kinetics of dislocation motion in the grains and their
‘disappearance’ necessary to provide strain accommodation is deter-
mined by the interaction of dislocations with grain boundaries. This
process is the key to understand the peculiarities of deformation be-
haviour of SMC materials.

In the case of SMC materials, all types of defects contribute to the
deformation behaviour and structure evolution, but, in our opinion,
nonequilibrium grain boundaries play a determining role. The descrip-
tion of the behaviour of nonequilibrium grain boundaries and their in-
teraction with lattice dislocations is the key to understand the struc-
ture and properties of SMC materials.

Thus, the object of our study from the structural point of view are
materials with a homogeneous submicrocrystalline structure with a
spectrum of disorientations dominated by large angular grain bounda-
ries, which (to ensure special physical and mechanical properties of the
material) are in a nonequilibrium state.

2. PHYSICAL PROPERTIES OF SMC MATERIALS

Speaking about the physical properties of SMC materials, the most
common are physical, electrical and thermal properties.

In Ref. [13, 14], a change—‘shift’—of the Curie temperature by 36°
(i.e., approximately by = 6%) and a ‘shift’ of the saturation magnetiza-
tion value (by more than 30%) in the SMC nickel and iron were de-
scribed. Except for the authors of the above-mentioned works, no one
has ever recorded such ‘shifts’. In our opinion, the ‘effects’ detected in
[13, 14] are the result of insufficient care in setting up the experiments.

Note that the effect of a change in the Curie temperature was diffi-
cult to expect, since phase transitions of the second kind are associated
with rearrangements in the electronic subsystem. Such rearrange-
ments are very likely in dislocation nuclei and grain boundaries, but
the fraction of the material in them in SMC structures is very small
and cannot have a noticeable effect on the results of magnetic property
measurements. Note also that, when heated to the Curie temperature
(400°C for nickel, for example) due to the intense return of the defect
structure, the density of dislocations ‘returns’ to the usual level, the
grain size grows significantly and ceases to be submicron. Thus, any
reasonable reason (under any bold assumptions about the role of de-
fects) for the Curie temperature change disappears.

In a number of works [13, 15], another ‘shift’ has been recorded—a
2—4 times’ increase of the coercivity after ECAP.

The ‘shift’ of the coercive force by several times compared to the
undeformed state, as well as the intensive return of the coercive force
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value during annealing, are quite typical for highly-deformed struc-
tures [16-21] and are not a specific effect related specifically to the
ECA deformation and the creation of SMC structures.

It is known that the free path length of electrons in metallic materi-
als, as a rule, does not exceed several nanometres. This value is signifi-
cantly smaller than the characteristic size of the structural elements of
SMC materials (2 100 nm). This means that the fundamental electrical
properties of materials cannot change after ECAP.

In experiments, a noticeable increase (‘shift’) of electrical resistivi-
ty, which sometimes reaches ten percent at room temperature, is often
observed. This is because the large density of lattice defects in SMC
materials affects the electrical conductivity. The magnitude of the
conductivity changes associated with lattice defects can be easily esti-
mated using tabulated values of the resistivity of lattice defects. For
copper, for example, the resistivity of defects is equal to the following,
respectively: for vacancies, D,=2-10"® Ohm-m per 1% of vacancies, for,
dislocations D,=2.810Ohm-cm?®, and for grain boundaries,
D,=4-10'20hm-cm?.

At the limiting values of defect concentration in SMC copper, grain
size d =200 nm, dislocation density r,= 10! em? and vacancy concen-
tration C, =107, the defect-related increase in electrical resistivity at
room temperature reaches = 2.5-10"° Ohm-cm, which is of about 10% of
the standard value. The relative contributions of various lattice de-
fects to this change are as follow: the contribution of grain boundaries
is of =2:10° Ohm-cm, the contribution of dislocations is of 2.3-107%°
Ohm-cm, and the contribution of vacancies is of about 2:107!° Ohm-cm.

It follows from the estimates that the main role in the experimental-
ly measured ‘shift’ of electrical resistivity in SMC materials is played
by grain boundaries [22-25].

It also follows from the estimates that the effect of the ‘shift’ of the
electrical resistance level after ECA deformation observed in the ex-
periments is trivially described within the framework of traditional
ideas about the influence of defects on the electrical conductivity of
metal and is not a specific property of SMC materials.

The thermal properties of SMC materials are usually studied by dif-
ferential scanning calorimetry (DSC)[1, 2, 26]. The magnitude of heat
release during heating of SMC materials with an initial grain size of
=0.1x0.2 um?is at the level of =1 J/g [27]. This is a rather high value
and one can speak about some ‘shift’. In accordance with classical ideas
[42], heat generation during heating is related to the return of defect
structure. The contributions of various types of defects to heat release
are calculated based on standard estimates of the energy of individual
defects. It is known that the energy per unit length of a lattice disloca-
tion is ~ CA%/4n(1 - v)In(R/ro), and the energy per unit area of a grain
boundary is y, = Gv/24 [28]. Using these values and determining exper-
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imentally the values of structural parameters (grain size and disloca-
tion density), it is not difficult to determine the contributions to heat
release associated with each type of defect. The difference between the
calculated value and the experimentally measured value is usually as-
sociated with the contribution of vacancies. Taking the energy of va-
cancy formation equal to = 10£T,, [45], the corresponding vacancy con-
centration is determined. In SMC materials, it turns out to be at a high
level, but in general, reasonable for highly deformed structures:
C,~10"[1, 2]. Estimates show that the observed ‘shift’ in heat release is
a trivial effect associated with the increased defectiveness of NMC ma-
terials. This is also evidenced by the fact that the shape of the DSC heat
release curves (and the scale of the effect) is similar to the DSC curves
obtained for conventional highly deformed structures [15].

So, in materials subjected to ECAP, some ‘shifts’ in the parameters
characterizing physical properties are indeed observed, compared to
undeformed materials. However, and this is important to emphasize,
these changes are quite trivial. They fully correspond to the expected
and easily calculated within the framework of classical con-
cepts—changes in structure-sensitive parameters, when defects are
introduced into the material. As a rule, the scale of these changes cor-
responds to the scale of changes in the specified parameters in materi-
als subjected to deformation by other methods. As a rule, the observed
‘shifts’ are associated not only with the small grain size of SMC mate-
rials, but also with an increased density of lattice dislocations and a
high concentration of vacancies [29-33].

Thus, the mentioned ‘shift effects’ of physical properties in SMC
materials occur, but are trivial. Note that their study can help in solv-
ing problems of estimating the density of individual types of defects,
especially, in the case of complex use of different methods.

At the same time, it should be noted that, in SMC materials, a num-
ber of effects are observed that are characteristic only of this group of
materials. Such effects are observed in SMC materials in the case,
when the process under study depends on several parameters, which, in
turn, depend differently on the grain size d. In the case, where a
change in d leads to multidirectional changes in parameters, a situa-
tion is possible, when, at a certain d*, a maximum or minimum appears
in the dependence of process parameters on grain size. An example of
such an effect is the behaviour of SMC materials during deformation in
the superplasticity regime. This effect is manifested in the fact that
maximum plasticity is observed not in metals with smaller grain siz-
es—as follows from traditional ideas about the mechanisms of super-
plasticity [34, 35], but in materials with an ‘intermediate’ grain size d,
lying close to 1 um [36—39]. This result is inexplicable within the
framework of the classical theory of superplasticity [34, 35].

Another example of a similar effect is the amazing property of some
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SMC materials, under tensile conditions at room temperatures, to sim-
ultaneously show a significant increase in strength and increase in duc-
tility [3, 40, 41-43]. In conventional materials, an increase in strength,
as a rule, leads to a decrease in ductility, and in some SMC materials,
and specifically in the grain size range of 0.5-1 ym, a simultaneous in-
crease in strength and ductility at room temperature is observed.

The third example very widely discussed in the literature [44—-46] is
associated with the behaviour of the yield stress of SMC materials. In
accordance with the generally accepted model, the yield strength is re-
lated to the grain size by the Hall-Petch relation or=co+ K/d'/2, and,
therefore, a decrease in grain size d should lead to an increase in the
yield strength or [44]. However, in the field of SMC materials, this law
ceases to be observed. In some cases, a weak dependence of or on d is
observed [45, 46], and, in other cases, an inverse relationship is ob-
served: the smaller d, the smaller o1 [46, 47].

Thus, as can be seen from the brief analysis, SMC materials have
special properties and a whole range of specific effects are observed in
them, which makes it possible to distinguish these materials into a sep-
arate class of structural materials.

Separately, we should touch upon the problem of the formation and
thermal stability of the structure of SMC materials during SPD and
subsequent annealing. It should be noted that most of the experimental
results obtained related to the study of diffusion-controlled processes
in SMC materials are incomplete and contradictory. Often, for the
same metal obtained by the same SPD method under the same condi-
tions, conflicting data are provided on the influence of grain size and
the state of grain boundaries on the nature and kinetics of diffusion-
controlled processes, the influence of the structure of grain boundaries
on mechanical, diffusion, magnetic, electrical, and other properties.
This does not allow us to systematize the results and build correct the-
oretical models that describe the patterns observed in experiments and
provide a satisfactory comparison.

A particularly difficult situation arises in the issue of describing
diffusion-controlled processes of grain dispersion, recrystallization
and decomposition of the solid solution in SMC materials.

Currently, there is a fairly large number of works in the literature
devoted to the study of the laws of the process of dispersion of the
structure of metals during SPD [3, 13, 46]. As known, developed plas-
tic deformation is accompanied by intense fragmentation—the for-
mation of misoriented microrange-fragments in the material [48]. As
deformation occurs, the misorientation of fragments increases, and
their sizes gradually decrease, reaching a certain minimum value d-,
which is usually called the limit of deformation refinement or the limit
of grain dispersion [48].

Analysis of literature data [3, 48, 49] shows that the value of the
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dispersion limit d* depends on the structure and properties of the ma-
terial, as well as on the selected SPD mode: the deformation pattern,
its rate and temperature.

One of the most important factors is the deformation temperature.
Its influence on the dispersion limit has been studied in detail for the
aluminium and magnesium alloys [50, 51]; isolated studies have been
carried out for copper [562], iron [53], nickel [54], titanium [55], etc.
Generalization of these data allows us to conclude that the value of the
dispersion limit d* monotonically increases with increasing defor-
mation temperature.

Studies by a number of authors [3, 51, 52] show that the dependence
d*(T) in some cases has a two-stage character. In the temperature range
above temperature T, which can conventionally be called the recrys-
tallization temperature during ECAP, d* increases with increasing
temperature very intensively. In a number of works, the authors note a
more complex nature of the dependence of d* on the SPD temperature,
which, according to the authors of Ref. [56], is caused by a change in
the mechanisms of grain refinement with increasing temperature.

To describe the features of structure formation in metals and alloys
during SPD, noteworthy works are those that consider the fragmenta-
tion process from the point of view of the concept of dynamic recrystal-
lization during SPD [54], works that describe the process of grain
structure refinement and the formation of high-angle grain bounda-
ries using methods for numerical modelling of the nucleation and fur-
ther development of low-angle subboundaries [57], ideas about the pe-
culiarities of fragmentation processes at the mesolevel, the possibility
of calculating the value of the limit of grain dispersion based on ideas
about the accommodative nature of the SPD process. They deserve spe-
cial attention and theoretical works based on the traditional language
of the theory of disclinations in solids [58].

Thus, despite a large number of experimental works devoted to
studying the process of formation of SMC structures using SPD meth-
ods, the question of the mechanisms of fragmentation of the grain
structure of metals and alloys, as well as the question of the reasons for
the existence of the grinding limit and the theoretical calculation of its
value have not yet been resolved. In our opinion, among the key theo-
retical questions, which should be clarified in this discussion, is the
question of the mechanism of formation of large grain boundaries dur-
ing SPD, without an answer to which, further discussion about the
mechanisms of fragmentation during SPD is very difficult [69-63].

3. CONTINUOUS DYNAMIC RECRYSTALLIZATION

In recent years, a large amount of experimental evidence has appeared
for the formation of BAB during deformation through the rotation of
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Fig. 1. Increase in the misorientation angle of grains with increasing degree
of hot deformation in the aluminium—copper alloy (¢ is the degree of defor-
mation, N is the number of measurements, 0 is the average misorientation
angle) [65].

subgrains (Fig. 1). In this case, the microstructure is formed quite ho-
mogeneous throughout the entire volume of the material, and it is dif-
ficult to identify specific places of nucleation and growth of nuclei.
This phenomenon is classified as continuous dynamic recrystallization
(CDR) [64]. The phenomenon of CDR has been much less studied com-
pared to DDR; this is due both to the difficulties of identifying the on-
set of recrystallization (the study became possible only with the devel-
opment of EBSD technology) and to the need to create a high level of
deformation in the material, which is not realized in simple tensile or
compression experiments. Most often, an SPD is required to begin the
CDR process. To date, the overwhelming number of works devoted to
the study of CDR processes is related to SPD processes.

Basic experimental facts about CDR (Fig. 2)[66] are as follow.

1) LPC has the form of a curve with saturation (Fig. 2, a), in some
materials the appearance of one peak is observed, but more often there
is no peak. The total strain accumulated over several cycles is most of-
ten plotted along the strain axis. The flow stress at the steady stage de-
creases with increasing temperature [66] increases with increasing
strain rate [67] and does not depend on the initial grain size [68].

2) The average value of grain misorientation increases with increas-
ing degree of deformation; low deformation rates accelerate this pro-
cess [69]. However, there are stable misorientations that do not trans-
form into HAGBs [66] (Fig. 2, b).

3) The transformation of LAB into HAGBs occurs as a result of a
gradual increase in misorientations (HIM), rotation of the lattice near
the grain boundary (LRCA) or the formation of microbend bands
(MSBs), as shown schematically in Fig. 2, c[70].

4) The average grain size decreases with increasing deformation and
reaches a saturation value at high degrees of deformation (Fig. 2, d). In
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Fig. 2. Schematic representation of typical experimentally observed phenom-
ena during CDR: DDR (a); change in the average value of CA rotation at ele-
vated (> 0.5T,,) temperatures (b); transformation of LAGBs into HAGBs with
a homogeneous increase in the misorientation angle, rotation of the lattice in
the boundary region, or formation of ROP (thin lines indicate LAGBs, thick
lines indicate HAGBs) (¢); evolution of the average grain size with increasing
degree of deformation (d) [71].

this case, the preservation of individual initial grains, favourably ori-
ented to stress, is observed, even at high degrees of deformation. Re-
ducing the initial grain size can lead to acceleration of the kinetics of
grain refinement at high degrees of deformation. In this case, the
method of strain accumulation has a very weak effect on the kinetics of
the CDR process [65].

5) At high degrees of deformation during CDR, a strong crystallo-
graphic texture is formed in the material [65, 72].
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CDR with a Gradual Increase in Grain Misorientation. At relatively
high deformation temperatures (>0.5T.), as a rule, a homogeneous
microstructure is formed; deformed grains or shear bands are formed
less frequently than during cold deformation. Under these conditions,
the CDR process begins due to the accumulation of dislocations in the
MG, because of which their misorientation increases until a critical
angle is reached (= 15°). Since it is difficult to track changes in the
misorientation of an individual boundary, as a rule, they talk about the
average value for the ensemble. A similar mechanism is observed ex-
perimentally both during deformation of a polycrystalline material
and in the case of single crystals.

This type of dynamic recrystallization (DR) is observed during SPD
with degrees of deformation of 2 and higher. The mechanism of occur-
rence is the formation of dislocation cells, which are transformed with
increasing degree of deformation into subgrains and finally into grains
(Fig. 3). Figure 3 shows the experimental dependences of grain size,
average grain misorientation angle, and dislocation density at sub-
boundaries during hot all-round forging of pure copper [72].

CDR during Progressive Lattice Rotation near Grain Boundaries.
There is evidence that CDR can occur through progressive rotation of
subgrains adjacent to pre-existing grain boundaries. This process is
similar to the so-called rotational recrystallization described for many
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0 2 4 6
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Fig. 3. Dependences of grain size, average grain misorientation angle and dis-
location density in subboundaries during hot all-round forging of pure 4N
copper [72].
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crystalline materials [73].

Today, a simple mechanism has been proposed to explain the for-
mation of new grains during hot deformation of h.c.p. metals (Fig. 4)
[74]. Deformation in h.c.p. materials is inhomogeneous due to the ab-
sence of independent slip systems; therefore, local shear often begins
near the grain boundary (Fig. 4, a). As the local shear develops, the CA
rotates. In this case, the flowing DW (Fig. 4, b) promotes the formation
of new small subgrains near the original CA (Fig. 4, ¢). As a result, the
accumulation of a large number of subgrains leads to their merging
and the formation of new grains surrounded by HAGBs. Figure 5
shows photographs of the microstructure formed according to the
above mechanism [69, 74].

In Ref. [75], models of CDR micromechanisms were developed that
predict the grain size distribution, the evolution of the misorientation
angle, the crystallographic texture, and the strain hardening of the
material during hot intense deformation. The main assumption of
these models is that the lattice inside the individual grain is not homo-
geneous during severe deformation. Near the grain boundary, local
lattice distortions arise due to the accumulation in the grain bounda-

Fig. 4. Schematic representation of the formation of a chain of small grains
along the CA in magnesium [74].
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m

Fig. 5. Formation of a strip of small grains along the boundaries according to
the mechanism shown in Fig. 4 [74] (a—c); EBSD maps of the grain structure
of a magnesium alloy [69] (d).

ries of products of delocalization of defects that enter the boundary
during the deformation process. These distortions increase as the de-
gree of deformation increases (Fig. 6). When a certain critical degree
of bending is reached, because of rotation of the central part, the cen-
tre and periphery are separated by a boundary. The constructed model
well describes the flow of CDR in aluminium alloys. Figure 7 shows a
TEM image of the crystal structure of the material, showing lattice
distortion near the CA [76]. It is shown that the real deviation of the
plane from the straight line can reach 5°.

CDR occurring in the presence of microshear bands (MSBs). The
formation of MSBs during hot deformation is observed in images ob-
tained using optical, scanning and transmission microscopy, as well as
EBSD[64, 74, 77].

Numerous MSBs, forming in the grain body, lead to the appearance
of a MSB network, creating misoriented fragments with their intersec-
tions (Figs. 8, 9) [77]. Further deformation leads to an intensive in-
crease in the number of MSBs and the formation of LAGBs and HAGBs
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Fig. 6. Scheme of curvature of the crystallographic plane during grain rota-
tion [75].

Fig. 7. Experimental confirmation of the basic assumption of the Tyth model
[76].

between the fragments. Thus, the proportion of equiaxed grains of
small size increases, gradually filling the entire volume.

It has been shown that a similar mechanism for the nucleation of
small grains is observed, when the direction of deformation changes.
ECAP can be considered the most striking example in this case.

4. GEOMETRIC DYNAMIC RECRYSTALLIZATION

The geometric dynamic recrystallization (GDR) process has been de-
scribed in a wide range of metallic materials, including pure metals,
solid-solution strengthened alloys, and particle-strengthening materi-
als [78-81]. Moreover, although a number of authors combine GDR
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with CDR, there are differences between these processes [71, 82].

High angle boundaries

Fig. 8. Scheme of the formation of a fine-grained structure, when crossing the
MSB[69].

Fig. 9. Experimental observation of the formation of new small grains at the
intersection of MSB [69].
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Below, there are the main experimental characteristics of the GDR.

1. GDR is most often observed for materials with medium and high
SFE, deformed at elevated temperatures with a low deformation rate.
At low temperatures, the DB dominates, since the steps on the CA limit
their mobility. At very high temperatures, grain boundaries are so mo-
bile that hardening does not have time to generate new grains. Thus, to
implement GDR, a certain temperature optimum is required [ 78].

2. Subgrains are formed after reaching a critical level of defor-
mation and remain constant in size throughout the entire deformation
process. The size of subgrains at the saturation stage decreases with
increasing parameter 3-X [83].

3. The amount of misorientation of part of the subgrains at the satu-
ration stage during GDR differs significantly from that observed in
the case of CDR and remains constant at a level of about 2°. In the case
of GDR, a bimodal distribution of grain misorientations is always ob-
served [84].

4. During the GDR process, the original texture remains virtually
unchanged. In some experiments, a slight softening of the texture is
observed, which leads to a smoothing of the LPC peak [ 78].

GDR is described as the process of formation of equiaxed grains dur-
ing hot deformation under the following conditions:

1. presence of a selected direction of deformation;

2. CA can migrate to form steps;

3. during the deformation process, grain thinning is observed in one or
two directions;

4. bends on the BAB can interact, when the grain width reaches 2-3
subgrain sizes.

The above-mentioned GDR mechanism is based only on the idea of
microstructure evolution depending on the initial grain size and the
selected direction of stress application. In reality, there are also some
other aspects that need to be taken into account.

Firstly, during deformation, bends should form on the grain bound-
aries, which cannot be taken into account, when modelling grains as
spheres or cubes. Let us consider the process of bending formation.
During hot deformation, subgrain boundaries first appear near the ini-
tial boundaries. Steps appear on both sides of the boundary in the pro-
cess of local migrations of grain boundaries at the junctions with sub-
grain boundaries formed during DV. Since the grain thickness is not
constant along the long axis, GDR does not occur simultaneously upon
reaching a critical level of deformation. Some parts of the grain reach
critical stress earlier and, in them, GDR begins first. Secondly, a high
degree of deformation in the selected direction is required [84].

Although the mechanisms of GDR are mostly understood and have
been experimentally discovered in many metals and alloys, attempts to
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Fig. 10. Evolution of the a-Zr microstructure during rolling at 700°C [86].

construct a model of this process are based not on physical, but on ge-
ometric principles [82]. In general, these models predict microstruc-
ture evolution well.

Figure 10 shows snapshots of the microstructure evolving during
the GDR process [86].

5. CONCLUSION

The results of studies of the influence of the structural state of grain
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boundaries of SMC metals on the peculiarities of the return and recrys-
tallization processes during annealing can be used to determine the op-
timal modes of equal-channel angular pressing and heat treatment of
SMC metals. Optimal modes of production and processing of metals
and alloys allow to ensure the formation of SMC structure with high
thermal stability (high temperature of the beginning of recrystalliza-
tion), low tendency to abnormal grain growth leading to the formation
of inhomogeneous (heterogeneous) structure, high strength character-
istics, etc.
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Estimation of the Stress-Intensity Factor Value in the Presence
of an Adhesive Defect for a Damaged Plate Repaired with a
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Since the implementation of the process for repairing damage in aeronau-
tical structures, the composite patch repair process continues to show its
performance with respect to reducing the concentration of stresses in the
vicinity of geometric discontinuities and, therefore, ensures a long
lifespan of the repaired structure. Despite the advantages, which this pro-
cess represents compared to conventional riveting, bolting and welding
processes, this process still remains applicable for secondary structures.
In fact, the exposure of the adhesive to temperature and humidity and the
existence of flaws within the adhesive layer remain a major problem of its
use. Indeed, during the implementation of this process, several defects are
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likely to become integrated into the adhesive layer (cavities, cracks, air
bubbles, etc.) during the preparation of the surface of the damaged plate;
this can lead to inadequate load transfer from the adhesive to the patch.
The analysis of the effect of the presence of this type of defect is im-
portant for the evaluation of the different constraints in the different
substrates. Our work is part of this context; its aim is to employ the fi-
nite-elements’ method to examine the mechanical response of a 2024-T3
aluminium plate, which has been damaged and repaired using a composite
patch subjected to tensile stress in the existence of a bonding defect with
a square shape. The study takes into consideration notch and crack inter-
action effect in the damaged plate, on the one hand, and the position of
the bonding defect, on the other hand. Several factors are highlighted,
namely, the crack length, the applied load and defect position. The inves-
tigation of the stress-intensity factor and the stresses within the assembly
substrates illustrates their dependence on various parameters, particular-
ly, the defect position of the bonding.

Key words: stress-intensity factor composite patch, von Mises stress,
shear stress, peel stress, bonding defect.

3 MOMEHTY BIIPOBaJKE€HHS IIPOIECY PEMOHTY IIOIIKOIKeHb B aBiAMiNHUX
KOHCTPYKIiAX IIPOIleC KOMMIO3WUTHOI JIATKM TIPOJOBIKYE IEeMOHCTPYBATH
CcBOI0 e(DeKTUBHICTh II[OJ0 3MEHIIeHHs KOHIIeHTpaIlil Hampy:KeHb I00Ju3y
TeOMETPUYHUX HepiBHOCTEH i, TaKUM UMHOM, 3a0e3ledyye TPUBAJUIl TepMiH
cay:K01 BiZpeMOHTOBaHOI KOHCTPYKIIii. HesBaskaioun Ha mepeBaru, aki et
IpoIlec Ma€ MOPiBHAHO 3 TPAAUIIMHMMM HIpoIllecaMy 3aKJIeNyBaHHs, 00JITO-
BOTO 3’€THAHHSA Ta 3BapIOBAHHSA, BiH Bce IIe 3aJUINAETHCI MIPUAHATHUM I
BTOPUHHUX KOHCTPYKIIiti. HacmpaBzai, BiuB TeMIlepaTypu Ta BOJOTOCTH Ha
KJel, a TaKOoK HasgBHICTH me(eKTiB y aaresiiiHoMy Imapi 3aHIIIAIOTBCA OC-
HOBHUMHM IIpobGjieMaMu ¥MOro BUKOpPHUCTaHHA. [lificHo, mim uac peamisairii
IBOTO IIPOIleCy iCHye HMOBipHiCTh BOYZOBYBAHHSA y aATe3ifHUNA IIap OeKi-
JbKOX medeKTiB (IIOPOKHUH, TPilllUH, OyJIBOAIIIOK IIOBiTpPS TOINO) IIig udac
MiATOTOBKY IMOBEPXHi MONIKOIMKEHOI IJIACTHMHU, II[0 MOXKe IIPUBECTH OO0 He-
BigmoBimHOI mepemaui HaBaHTa)KeHHsS Big ajresmuBy MO0 JaTKH. AmHajisa
BILIMBY HAABHOCTH TAKOTO TUIY Ae(EKTiB € Ba)KJIMBOIO MIJIS OIIHKK Pi3HUX
o0MerKeHb Ha pisHMX HigkJagmukax. Hamia poboTa € 4aCTHHOIO IILOTO KOH-
TEeKCTYy; il MeTOI0 € BUKOPHCTAHHS METOAY CKiHUYeHHUX eJIeMeHTIiB IJIA JIOC-
JimxeHHA MexaHiuHOI peakIiii amiominiiioBoi miaactuum 2024-T3, aky Oyio
TOIITKOAKEeHO Ta BiPEMOHTOBAHO 3a JOIOMOTOI0 KOMIIOBMTHOI JIATKH, IO
migmaBajiacAd PO3TATYBAHHIO 3a HASBHOCTHU Je(eKTy 3UellJIeHHS KBagpaTHOL
dopmu. HocirigkeHHs BpaxoBye edeKT B3aeMOmil HaApisdy Ta TPIIUHU B
MIOIIKOMKeHill IMIacTuHi, 3 O4HOr0 OOKY, 1 moIoKeHHA AedeKTy 3UellJeHHsd,
3 iHmoro 60oKy. ByJsio BumijsieHo OeKilbKa UMHHUKIB, a caMe, JOBXKHUHY Tpi-
IMUHYU, IPUKJaJeHe HaBaHTAKEHHA Ta NTOJIOXKeHHA nedexty. HocimimxeHHA
KoedimieHTa iHTEHCMBHOCTU HANPYKEHb 1 HANIPY'KeHb y CKJAJAJbHUX IIiJ-
KJaAMHKAX 1JI0cTpye IXHIO 3aJIelKHICTH Bif pi3HMX mapaMeTpiB, 30KpeMa
Big moJiokeHHsA Ae(eKTy 3UYeIlJIeHHd.

Karouori cioBa: KoedilieHT iHTEHCUBHOCTH HaNpPyKeHb, KOMIIO3UTHA JIaT-
Ka, dou MisecoBi Hampy’XeHHS, HAIPYsKEHHA 3CyBY, HAIPYsKEeHHA Bifiia-
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pyBaHHdA, AedeKT 3UenaeHHA.

(Received 28 April, 2024; in final version, 9 July, 2024 )
1. INTRODUCTION

At present, all structures used in the various aeronautical and con-
struction sectors present geometric discontinuities such as cracks,
notches, delaminating and cavities, which are the cause of reduced
structural life under mechanical or thermal stress. Once damage has
been detected in the material, depending on its critical size, engineers
must decide whether or not to repair the structure. Various solutions
were presented, including the patch repair process, which offers sever-
al advantages over bolting, riveting and welding to improve the dura-
bility of the part. This method exhibits greater structural efficiency,
with less structural damage than others. Several researchers have
sought to develop a composite patch [1, 2] capable of transferring max-
imum stress from the damaged zone by optimizing its mechanical
properties, shape, dimensions and above all the nature and volume
fraction of the fibre, in order to provide high resistance to damaged
structures, taking into account all the influencing parameters (me-
chanical load, humidity, temperature, etc.).

The patch repair technique, known for its effectiveness, offers sever-
al advantages over other techniques. Patching generally involves cover-
ing or reinforcing a damaged area with a similar or compatible material
to restore its functionality and improve the life of the structure. The
patch material minimally impacts static strength but significantly in-
fluences fatigue resistance [2]. The technique can be carried out by bolt-
ing, riveting or welding for metal alloys, but experimental, numerical
and analytical studies have demonstrated the effectiveness of bonded
patch repairs in composites for controlling crack propagation in thin
plates [3]. Tsamasphyros et al.[4] conducted a study on composite patch
repair using both analytical and numerical approaches. Wang et al. [5]
investigated the analytical method for stepwise patch repair.

The most widely adopted repair method involves bonding a compo-
site patch onto the damaged area. Technique in the aeronautics field
and its use is becoming increasingly widespread. This technique con-
sists of sticking a composite patch to the damaged region using an ap-
propriate adhesive. The choice of repair method depends on the nature
of the material to be repaired, the damage and its use [6]. Currently, we
are seeking to develop a composite patch capable of transferring as
much as possible the stresses of the damaged zone by optimizing its
mechanical properties, shape, dimensions and especially the fibre’s na-
ture and volume fraction, in order to provide great resistance to dam-
aged structures taking into account all influencing parameters (me-
chanical load, humidity, temperature, etc.). Several researchers [7-9]
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have studied the composite patches effectiveness and have carried out
various optimization analyses regarding composite patch design capa-
ble of transferring maximum stress to the damaged area. Further ex-
perimental investigations have been carried out to improve the per-
formance of composite repair joints by optimizing their geometric pa-
rameters [10, 11]. Mohammed et al. [6] investigated experimentally
and numerically the influence of different shapes of composite-bonded
patches. The finite element method was employed to evaluate how var-
ious parameters of the repair process affect the overall performance of
structures repaired using composite patches [12].

Furthermore, a cracked aluminium plate was subjected to a non-
linear study employing a hybrid repair technique, which involves
bonding a composite patch and drilling holes in opening mode. This in-
vestigation was carried out using finite element analysis methods[13].

On the other hand, the optimization of the adhesive layer takes prec-
edence over that of the composite material due to its superior efficien-
cy, given its role as the weakest link in the structure owing to its infe-
rior mechanical properties compared to those of the plate and the com-
posite. For this, the choice of an adhesive must be suitable for assem-
bling the patch and the plate. This adhesive joint must be characterized
for good use in repair [14]. For example, Dai et al. [15] investigated
how adhesive properties and composite patch configurations influence
the repair process of damaged aluminium alloy plates. Kwon et al. [16]
analysed the adhesive layer to decrease the strain-energy release rate
while repairing the cracked plate on one side.

Currently, the challenge for inspection engineers is the detection of
different defects in the adhesive layer where non-destructive means of
detection are not available [5, 9].

Indeed, the resistance of joints in assemblies is affected by the pres-
ence of bonding defects which will result in poor load transfer and con-
sequently present a challenge for maintenance engineers to propose
methods allowing detection and/or repair. Identify these defects using
the means available to detect whether the bonding surface is healthy or
presents defects[7, 11].

Current research aims to analyse the stress level within the adhesive
joint to determine the high stress concentrations magnitude due to the
presence of these geometric discontinuities.

For this purpose, it is essential to understand, through experi-
mental and numerical analyses, the influence of the presence of defects
in the adhesive layer on the global behaviour of the assembled struc-
tures. Recent researchers [8, 10, 13] have highlighted in their numeri-
cal analysis by finite elements the presence of defects in the adhesive
and were able to analyse their effect on the global response of the as-
sembled structures [17, 18] or in the case of repairing damaged plates
with composite patches [19]. Kaddouri et al.[20] analysed numerically,
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using finite-elements’ analysis, the fracture behaviour of a plate with
damage in the form of a bonding defect, which was then repaired by a
bonded composite patch where they studied the defect position and size
effect. The size and shape of the bonding defect on the adhesive joint
behaviour and consequently on the global response of an assembly was
addressed by Heiderpour et al.[21], where it was shown that, if the de-
fect size is important, it can lead to rapid damage to the structure.

Our work is part of this context and aims to determine the SIF in a
2024-T3 aluminium plate repaired with an epoxy carbon composite
patch. The size effects of a crack emanating from a circular notch in
the plate as well as the defect position of the bonding relative to the
adhesive surface were taken into consideration to analyse the stress
intensity factor. The level of von Mises and shear stresses in relation to
the defect position were presented in this study.

2. MATERIALS AND MODELS

The analysis involves a damaged structure repaired using a composite
patch. This structure contains a 2024-T3 aluminium plate measuring
125x250x2 mm?3. The plate has a circular notch in the centre with a di-
ameter of 6 mm (Fig. 1, a). A crack emanating from the notch will be
considered in the study of variable length a (Fig. 1, a).

A composite patch will be applied to the damaged area of this plate
for repair (Fig. 1, b). The length, width and thickness of the composite
part are respectively £,=80 mm, W,=80 mm and ¢,=2 mm. This patch
is presented in the form of a laminate of 16 layers whose stacking se-
quence is as follows [0]i6. This patch is bonded using Adekit A140 type
adhesive with a thickness of t.=0.2 mm. The shape of the patch was

125 mm 2mm

Notch Crack ———4 ,_F]

250 mm
—
hﬂ

a b

Fig. 1. Schematic representation of: aluminium 2024-T3 plate with crack em-
anating from notch (a), repaired plate with composite patch (b).
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initially chosen square, as it is the most commonly used shape. The
composite patch was simulated as unidirectional layer. This technique
facilitates the incorporation of the real mechanical properties of each
layer according to the fibres’ directions, which is more realistic. The
different mechanical properties necessary for the numerical model us-
ing the ABAQUS calculation code are derived from the tensile tests
(Fig. 2) conducted on the different substrates [22].

From these curves, the different mechanical properties were pre-
sented in Table 1 and which are necessary for the numerical model.

The composite patch is based on high strength carbon fibre and an
epoxy matrix. To introduce the patch mechanical properties, it was
possible to experimentally determine the two different Young’s moduli
according to the longitudinal and transverse direction of the composite
plate [23], but these two properties are not sufficient to successfully
introduce the patch composite mechanical properties in the numerical
analysis as being an orthotropic material, for this purpose both the
carbon fibre and the epoxy matrix properties were introduced into the
Cadec code designed especially for composites to determine the global
properties of the patch based on the stacking sequence. The properties

30
500
450 35
i e 20
o 390 e <
300} / 15
= :
© 750}/ 10
100 5
50
O 002 o0t o6 008 o1 %0 000s 0b1 0015 00z 0025 003 0035
& tS
a b

Fig. 2. Stress—strain curves for the 2024-T3 aluminium plate (a) and Adekit
A140 adhesive (b).

TABLE 1. Aluminium plate and adhesive mechanical properties.

Parameter Aluminium 2024-T3 Adhesive Adekit-A140
Young’s modulus (E) 74400 MPa 2692 MPa
Tensile strength (R.n) 452 MPa 25
Yield strength (Ro.2) 230 MPa 14

Poisson’s ratio (v) 0.3 0.3
Shear modulus (G) 26000 MPa 1000

Elongation (4, %) 10 3.5
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TABLE 2. Mechanical properties of the composite single layer oriented at zero
degree.

. E1 | E2 | E3 G12 | 13 | G23
Materials | \ip, | Mpa | MPa | V12 | V183 | V23 | yipy | MPa | MPa

Carbon/' 128600 9766 9766 0.34 0.34 0.34 5252 4364 4364
pOXy

determined by the Cadec code (essentially the two Young modules)
were compared with those found experimentally where an error of
2.4% was found. The mechanical properties of the single-layer compo-
site utilizing high strength carbon fibre are presented in Table 2.

3. ADHESIVE DEFECT

The strength of a composite patch repaired structure is significantly
influenced by the adhesive’s strength, which has the weakest mechani-
cal properties compared to plate and composite. Indeed, the behaviour
of the adhesive remains a complex subject without an exact solution.
Indeed, adhesive failures can be influenced by operational and envi-
ronmental factors during the application process such as cavities, air
bubbles, cracks, impurities, etc. (Fig. 3). Additionally, poor surface
preparation could be the primary cause of assembly failure.

The majority of studies in the realm of composite patch repair consid-
er the adhesive to be a perfect third material where contact with the
plate and with the patch is made over the entire surface of the damaged
area, or in reality, it is necessary to consider the presence of defects in
order to see their effect on the load transfer to the patch and consequent-

Adhesive
specimens

Fig. 3. Presence of defects during preparation.
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ly on the repaired plate resistance. Our study is based in this context.

4. ANALYSIS METHODOLOGY

Our analysis (Fig. 4) concerns the plate, the composite patch and the
adhesive, with consideration given to the defect position of the bond-
ing (Fig. 3):
e for the plate, a comparison between repaired and non-repaired
plates by determining the SIF at the crack tip;
e for the patch, determine peel stresses;
e for the adhesive, shear and von Mises stresses.

5. RESULTS
5.1. Mesh Selection

To achieve reliable results regarding to the damaged plate, the patch
and the adhesive, it is necessary to choose an adequate mesh for the
three substrates. The mesh was refined, particularly in the damaged
area, and subsequently on the adhesive and the patch until stable stress
values were attained, particularly at the notch level. Indeed, the von
Mises stress variation analysis regarding the unrepaired plate mid-
width (Fig. 5) show clearly that the mesh elements density has an influ-
ence in relation to the maximum value at the level of the notch where a
variation of the value stress can reach 10%. However, far from the
notch the density of mesh elements does not have a significant effect.
Likewise, the global plate response in terms of displacement load
was analysed with changes in the mesh elements density (Fig. 6). The

Plate study

| . Vﬂgﬁjg?gcﬁls%te | | Repaired itructure

Crack size effect Analyze

hJ 1| Shear+Von Peel y '
Stress intensity factor |<'Results 1 | Mises stresses || stress ||Stress intensity factor|

Fig. 4. Analysis methodology flowchart.
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Fig. 5. Von Mises stress variation according to the unrepaired plate mid-
width.
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Fig. 6. Applied stress as a function of plate deformation for different numbers
of mesh elements of type C3D8R.

obtained results show that the element density has no influence on the
elastic part. On the other hand, mesh element density does have an in-
fluence on the plastic part, with a slight variation in stress and a devia-
tion in plate deformation.

Finally, the type of mesh elements chosen is C3D8R, which is the
most used for the mechanical analysis of structures. The density of
mesh elements is varied in our study until it has a well-refined struc-
ture as shown in Fig. 4.

In the case of a notched plate with crack emanating from a notch, the
damaged part of the plate has been refined more and more, as shown in
Fig. 4, where the elements number varies as per to the crack size. At
the notch level, refinement was done to a point where the circular
shape appears clearly. Depending on the thickness of the structure, the
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TABLE 3. The number of nodes and elements of unrepaired and repaired
plate.

Semi-circular notch and crack
Crack length Nodes/Elements

Unrepaired Repaired
Nodes 32022 50513
10 mm
Elements 20880 35280
Nodes 39024 57515
30 mm
Elements 25426 39826

plate was meshed with 4 elements, while the adhesive layer has 2 ele-
ments, and the composite patch has 8 elements.

For the boundary conditions, a uniaxial loading was applied to the
upper part of the plate with amplitude of 6 =100 MPa along the y-axis;
the lower plate part is considered as embedded where the displacements
and rotations are considered null.

5.2. Variation of K;in Relation to Defect Position

To analyse how the presence of a bonding defect affects the fracture
behaviour of the repaired structure, the presence of a square-shaped
bonding defect with a surface area of 9 mm? was assumed at different
locations on the adhesive surface (Fig. 8). A number of 14 defects posi-
tions were taken into account within the adhesive layer and given the
symmetry we considered that the presence of the defect only on the up-
per part as shown in Fig. 8. For the analysis of the SIF at the crack tip,
two cracks lengths (10 mm and 30 mm) emanating from the circular

Fig. 7. Mesh details.
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Fig. 9. The SIF variation as per of the crack length for a repaired and unre-
paired plate.

notch were considered.

For each crack length, we varied the position of the defect according
to the 14 possible cases. For defects 4 and 7, they are chosen so that
their position will be in contact with the head of the crack. Defect 4 is
located at the head of the 10 mm crack, while this same defect will be in
position 7 for the size of the crack 30 mm.

5.2.1. Effect of the Repair Patch in the Absence of Adhesive Defect

In the first case, the analysis focused on evaluating the effect of the
repair patch on the value of the SIF as a function of the crack length.
The calculation of the SIF (K/) as per of the crack length is presented in
Fig. 9. It is clear in Fig. 9 that the composite patch absorbs the stresses
in the damaged area via the adhesive used and minimizes the high
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Fig. 10. SIF K, variation as per of adhesive defect positions.

stress concentration at the crack and notch. The value of K; at the
crack tip augments with the increase in crack length and is reduced by
almost 70% compared to the unrepaired plate.

5.2.2. Repaired Plate with Adhesive Defect

For this part of the study, the presence of defects at the 14 positions
suggested in Fig. 5 was taken into account. We analysed the stress in-
tensity factor value for two crack lengths (a =10 mm and a =30 mm).
The first crack is located near the notch and far from the free edge of
the patch, while the second crack is of significant length and situated
near the defect, close to the free edge of the patch and the adhesive.
The results of the SIF variation with respect to the different positions
of the bonding defect are presented in Fig. 10.

For a crack length a =10 mm, the SIF values are almost identical for
the different defect positions. The lowest value is noted for defect posi-
tion P2 and the highest value is for defect position P5 (Fig. 10, a). The
stress intensity factor value for the case where the defect is in contact
with the notch illustrates an increase of almost 60% compared to other
positions. The defect position proximate to the notch and at the free edg-
es ensures poor load transfer, leading to a high concentration of stresses.

For crack length (30 mm), the value of the SIF is very high compared
to those of 10 mm of crack length. The lowest value is noted for defect
position P13 and the highest value is for defect position P7. At these
positions, the defect is at crack tip level, so load transfer to the patch is
minimal, and the majority of stresses remain at crack level, resulting
in a high SIF value in the plate (Fig. 10).

5.2.3. Shear Stress Level of the Adhesive (Notch Plate with 10 mm
Crack) for Different Defect Positions

Analysing the variation of shear stress within the adhesive joint pro-
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Fig. 11. Shear stress level in the adhesive joint as per of the position of the de-
fect. (where WD: adhesive without defect, P: defect position in the adhesive).

vides a deeper understanding of the adhesive’s role in load transfer
and, consequently, in the failure behaviour of the repaired plate. For
this analysis, the defect size of 9 mm?, square in shape, was maintained
at the 14 proposed positions (Fig. 11).

Figure 11 shows the analysis of the defect position effect on the level
of shear stresses in the adhesive layer. The stress distribution clearly
shows that the maximum shear stresses are concentrated at the two edg-
es of the adhesive and in contact with the notch and the crack. In most
cases of defect positions, the adhesive has a central inactive zone only a
small area which is in contact with the notch and crack. Defects, which
are far from areas of high stress concentration, do not disrupt the stress
distribution in the adhesive layer. The shear stress value is generally
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maximal in the presence of the bonding defect except in the case where
the defect is situated far from areas of high concentration of stresses.

5.2.4.Von Mises Stress Levels in the Adhesive for Different Defect
Positions with a 10 mm Crack in the Plate

The adhesive in a damaged and repaired structure is subjected to vari-
ous stresses. Therefore, it is also important to analyse the equivalent
stress to understand, if the adhesive is operating in the elastic or plas-
tic domain.

Figure 12 illustrates the analysis of the effect of the bonding defect
position on the value of the von Mises stress in the adhesive. It is ob-

WD

S, Mses
(Avg: 75%)

Fig. 12. Von Mises stress levels in the adhesive for different defect positions
defect (notched plate with crack length a = 10 mm).
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served that for this minimum crack length of 10 mm, the defect posi-
tion significantly influences the von Mises stress value and, conse-
quently, the adhesive joint strength.

The presence of a crack emanating from a notch causes a significant
stress concentration within the plate, consequently increasing the load
transfer to the patch significantly, inducing the adhesive to absorb a
large amount of this load. Without a bonding defect, the von Mises
stress exceeds its rupture limit by a significant margin, indicating that
the adhesive under this loading condition may experience delamina-
tion.

The presence of the bonding defect increases the von Mises stress
value, and this difference based on the defect position. It is observed
that position 8 of the defect significantly affects the von Mises stress
value, as this position is in contact with both the notch and the crack.

5.2.5. Maximum Von Mises Stress and Shear Stress Level in the Ad-
hesive for Different Defect Positions with 10 mm Crack in the Plate

Based on the results presented in Figs. 11 and 12 regarding the stress
level in the adhesive joint, an attempt was made to group the maximum
von Mises values and shear stresses for each defect position. Figure 13
illustrates the maximum von Mises and shear stresses variation as per
the defect position. It is observed that when the adhesive defect is lo-
cated proximate the crack or notch, the stress concentration is higher
and the shear stress value is therefore greater on the crack side and
when the defect is situated on the free edge of the adhesive.

For this crack size, most defect positions in the adhesive layer result

P8 Notch plate with 10 mm crack
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Fig. 13. Maximum von Mises stress and shear stress variation as per of bond
defect position.
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in a significant increase in the von Mises stress, which can greatly ex-
ceed the failure stress value of the adhesive.

5.2.6. Peel Stress Levels in the Composite Patch for Different Defect
Positions with a 10 mm Crack in the Plate

Figure 14 shows the value of the peeling stress in the patch, which var-
ies according to the defect position. These peeling stresses are concen-
trated at the level of contact with the crack, the notch and at the two
edges of the patch. For this crack length and considering the signifi-
cant the plate size, the composite patch is not subjected to significant
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Fig. 14. Peeling stress level in the patch as per of defect position.
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peel stress. The presence of a bonding defect only minimally disturbs
the peel stress value in the patch, given its minimal size.

5.2.7. Shear Stress Levels in the Adhesive for Different Defect Posi-
tions with a 30 mm Crack in the Plate

As the crack size augment, the adhesive becomes highly stressed, and
the shear stress value becomes higher. Figure 15 illustrates the shear
stress level in the adhesive as per of defect position for a crack length
of 30 mm, where it varies according to the position of the defect in the
adhesive layer.

For this significant crack length, and considering the small defect
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Fig. 15. Shear stress level in the adhesive for different defect positions
(notched plate with crack length a = 30 mm).
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f13

Fig. 16. Von Mises stresses level in the adhesive for different defect positions
(crack emanating from notch of length a = 30 mm)

size, the majority of shear stresses are concentrated at the contact
point with the crack. Even the adhesive edges are not heavily stressed.

5.2.8. Von Mises Stress Levels in the Adhesive for Different Defect
Positions with a 30 mm Crack in the Plate

For this 30 mm crack length at plate level, Figure 16 shows the von
Mises stress values are very high for any defect position. Relative to all
defect positions, the von Mises stress value is well above the adhesive
failure stress. Similarly, to shear stress, the von Mises stresses are
concentrated in proximate to the crack.
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Fig. 17. Peeling stress level in the patch as per of defect positions.

5.2.9. Peel Stress Levels in the Patch for Different Defect Positions
with a 30 mm Crack in the Plate

In Figure 17, it is evident that the peeling stress concentration is al-
ways in the zone where the crack is located in the plate.

5.2.10. Maximum Von Mises Stress and Shear Stress Variation as
per of Bonding Defect Position for Different Defect Positions with
30 mm Crackin the Plate

Figure 18 shows the maximum von Mises stress and shear stress varia-
tion in the adhesive layer as a function of different bonding defect posi-
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Fig. 18. Maximum von Mises and shear stresses’ variation in the adhesive lay-
er as per of bond defect position.

tions. The highest shear stress value is noted in the case where the defect
is situated at position (P£5). On the other hand, the zone of high von Mis-
es stress concentration is noted at crack level, and increases if the defect
is located approximately this zone and at the free edge level (P2).

6. CONCLUSION

The work presented in this study aims to investigate the impact of the
presence of a square shape defect according to different positions in the
adhesive layer. The study involves considering the determination of the
stress intensity factor in the plate, the von Mises and shear stresses in
the adhesive joint and peel stresses in the composite patch. Based on the
presented results, the following conclusions can be drawn.

The presence of a crack emanating from a notch generates more
stress concentration in the plate and therefore its repair by the compo-
site patch bonding process is important.

Patch repair augment the plate strength and reduces the stress con-
centration at the notch and crack. The SIF value decreases by more
than 50% for the case of the repaired plate.

The presence of a defect in the adhesive layer, even in minimum size,
influences the value of the shear stress and stress placed in the adhe-
sive joint and consequently on the load transfer to the patch so that the
value of the intensity factor stress increases considerably depending
on the position of the defect. For a minimum crack size, the presence of
the defect slightly influences the stress values in the adhesive joint.
However, if the crack size in the plate is large, the presence of the
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bonding defect generates a considerable variation in the contents in
the adhesive joint and consequently high SIF values.

If the defect in the adhesive layer occurs near the notch, the crack or
at the free edge, there is a high shear and von stress value and poor
load transfer to the patch.
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