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CRYSTAL-LATTICE DEFECTS
PACS numbers: 07.05.Tp, 61.72.J-, 61.80.Az, 61.80.Hg, 61.82.Bg, 66.30.-h

MopgeaoBaHHA pagismiiHO-iHIYKOBAHOI cerperaiii B CTOIIi
Fe—9 ar.% Cr 3 ypaxyBaHHAM AHUCJIOKAI[iHHOI IMiJicCHCTEMH CTOILY

P. B. Cxopoxox, O. B. Kopomnos

ITnecmumym npurxaadnoi gisuku HAH Ykpainu,
ey.. [Iemponasniecvka, 58,
40000 Cymu, Yrpaina

s crony Fe—9 ar.% Cr B paMKax MOIeJ0, AKUA 0a3yeThCsa HA IEPIIOMY i
apyromy 3akouax @ika 3 ypaxysanuam obepHenoro edpexty Kipkenagamaa, mpo-
BeIeHO MOJeJI0OBaHHSA padiAlliifHO-IHAYKOBaHOI cerperaiii Ta cucreMaT3aIlio
i pospaxyHKHM BHM3HAUaJbHUX KIiJbKiCHUX XapaKTepUCTHUK pamidamiiizo-
imgykoBaHoi cerperarii. [lo Takmx xapakTepUCTUK MU BiIHOCMMO HACTYIIHi:
KoHIeHTpaIifiai npodini aromis Cr i ToukoBux nedeKTiB, MIOBEePXHEBY KOHIIE-
HTpatiio aromiB Cr, BeIUYNHY ITOBEPXHEBOTO 30araueHHs (30iHeHHA) aTOMIB
Cr, IoBHY IINPUHY KOHIIEHTpaIliiiHoro npogino aromis Cr Ha piBHI I0JIOBUHHI
MakKcuMaJbHOro 30arauenus (30igHeHHs), cerperariiiny miomty Cr ta muc-
KpUMiHAHT pamidmniliHo-iHaAyKoBaHOi cerperaiiii aromie Cr B cTamioHapHOMY
pesxumi. ocaimxeHo BIJINB gucaoKallifinoi migcucremu crony Fe—9 ar.% Cr
Ha 3a3HaUeHi XapaKTepUCTUKU PamidIiiHO-iHAYKOBaHOI cerperarii i moxasa-
HO, IO MOUCJOKAIliliHa MmiAcucTeMa NOpPUTHiUye edeKTH pamidaiiiiHo-
iHIyKOBaHOI cerperarii 3a paxyHOK IIOTJIMHAHHA HEPiBHOBAKHUX TOYKOBUX
nedexriB. PospaxoBani KoHIeHTpaliitHi mpodisi atromiB Cr Ta TOUKOBUX He-
¢eKTiB npu 0OpaHUX 3SHAYEHHAX I'YCTUH AMCJIOKAI[iN B IUCJIOKAIiHil migcuc-
temi cromy (0, 1012 M2, 10 M2, 1016 m~2). [lns1 faHMX 3HAYEHD I'yCTUH AUCIIO-
Kalliff mociigskeHa 3ajie’KHIiCTh MOBepxXHeBOro 36arauenua aromis Cr Big mosu
onpoMiHeHHA IpH ii 36inpmenHi Bix 107 3ra go 102 3Ha i mpoanaizoBaHi 3a-
JIEXKHOCTI  BH3HAUAJBHUX  KIJBKICHMX  XapaKTepPUCTUK  pamidmniiizo-
iHIyKOBaHOI cerperariii Big remmepatypu mpu ii amini Big 250°C go 650°C.
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Karouosi croBa: paniAmifino-iHgyKoBaHa cerperailis, KOHIIEHTPOBaHI MeTaJie-
Bi cTOIlM, AUCJIOKAIliliHAa mificucTeMa CTOIy, TOUKOBIi JedeKkTr, KOHIIeHTpaIliii-
Hi mpogini, moBepxHeBe 30araueHHs1, KOMII IOT€PHE MOIETI0BAHHS.

For the Fe—9 at.% Cr alloy, radiation-induced segregation is simulated in the
model based on the first and second Fick’s laws with inverse Kirkendall effect
considered. The governing quantitative characteristics of radiation-induced
segregation are systematized and calculated. Such characteristics include the
following: concentration profiles of Cr atoms and point defects, surface con-
centration of Cr atoms, the value of surface enrichment (depletion) of Cr at-
oms, the full width of the concentration profile of Cr atoms at half maximum
enrichment (depletion), segregation area of Cr and discriminant of radiation-
induced segregation of Cr atoms in a steady state. The effect of the Fe—-9 at.%
Cr alloy dislocation subsystem on the specified characteristics of radiation-
induced segregation is studied due to the absorption of nonequilibrium point
defects. The dislocation subsystem is shown to suppress the effects of radia-
tion-induced segregation. The concentration profiles of Cr atoms and point
defects at the selected values of dislocation densities in the alloy dislocation
subsystem (0, 10'2m=2, 10*m=2, 10 m=2) are calculated. For the values of
dislocation densities, the dependence of the surface enrichment of Cr atoms
on the irradiation dose increased from 10~* dpa to 102 dpa is studied and the
dependences of the governing quantitative characteristics of radiation-
induced segregation on temperature changed from 250°C to 650°C are ana-
lysed.

Key words: radiation-induced segregation, concentrated metal alloys, alloy
dislocation subsystem, point defects, concentration profiles, surface enrich-
ment, computer modeling.

(Ompumano 8 gepecnsa 2020 p.; ocmamoyn. gapiaum — 24 zpydns 2021 p.)

1. BCTYII

HocaimxenHa eBoaoIil MexaHiuHUX Ta (Pi3MKO-XeMiUHUX BJIACTHUBOC-
Tell KOHCTPYKIINHNX MATEPifaJiB AAepHUX PeaKkTOPiB B IIPOIECi eKc-
mayaTramnii € akTyaJbHOI0 3aJadelo pamidIliiiHoro MaTepiajio3HaBCTBa
[1-6]. Hna aHasisy BILIMBY ONTPOMiHEHHA Ha MAaTepidAsn AIepHOI eHep-
TeTUKYW BUKOPUCTOBYIOTH 3pasKU-CBiAKY [7] Ta cumynamiiini ekcrepu-
MEHTHU 3 eJIEKTPOHAMU, IPOTOHAMHY UM BaKKUMU HOoHaAMU (IUB., HAIPH-
KJam, [8—12]). B cyuacHMX mOCTimKeHHAX 3MiH eJIeMeHTHOTO CKJIAy Ta
MiKPOCTPYKTYPU ONPOMiHEHMX MeTaJIeBUX CTOIIIB aKTUBHO BIIPOBa-
IKYETHCSI KOMII' IOTEePHEe MOAeII0BaHHA (PisMUHUX IPOIECiB, AKi MPOTi-
KaloTh 3a YMOB onpoMinmenHus (IUB., HATpUKJIam, [1, 2, 13]). Lle, macam-
mepes, OB’ A3aHO 3 MOCTIAHUM POCTOM IIOTYKHOCTH KOMII IOTEPIB i po3-
PaxyHKOBUX KJIACTEPiB, BiIHOCHOIO MEIIeBU3HOI0 KOMII IOTePHOT'0 MO-
IeJIIOBAHHS Ta JOCTATHLO BICOKOIO TOUHICTIO PO3PaxyHKiB.
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Hamy poOOTy NpPHUCBAYEHO MOMAENIOBAHHIO SBUINA pamiAliiiHO-
imgyxkoBanoi cerperairii (PIC), ke mossAarae B mpoCcTOPOBOMY IIepepos-
IOiJIi aTOMiB PiBHOT'O COPTY METaJIEBOT'O CTOITY ITiJ Hi€I0 OIIPOMiHEeHHS.
B pesysbTaTi Takoro mepeposIomisy ciocTepiraeTbcA 30imHeHHS abo
3baraueHHs 3pasKa CTOIIy IO TOJOBHUM, AOMIITKOBUM UM JEI'VIOUUM
KOMIIOHEHTaM Io0Jau3y cTOKiB ToukoBux medekriB (TIl), TaKux AK II0-
BEepXHi 3pasKa, IIOpu, AUCJIOKAIIifHI IIeTJIi, MiK3epeHHi MesKi Ta iHrmi
[1, 14]. Hacaingxkamu PIC, 3okpema, MOKYTh OyTH IOTipIIeHHS MeXaHi-
YHOI MIITHOCTHM Ta KOPO3iHOI CTIMKOCTHM MaTepisny, IPUCKOPEeHHS
YTBOPEHHs, B3araji KasKydu, 0araTOKOMOOHEHTHUX BHUIiJIEHb HOBOIL
dasu, Tormo [1]. Buginenna #HoBoi dasu, AK BigOMO, TaJIbMYIOTHL PYX
IUCJIoOKAaIlii, AKi € HociaMu miacTuuHOi medopmarrii [15, 16], a Hacam-
mepe IJIACTUYHUM MeTaJIeBHUM CTOI cTa€ OiIbIII TBEPAUM i HABITL MOXKe
OKPUXUYYBATHUCH IIJIAXOM YTBOPEHHSA i podpocTaHHsa TpimmuH [17]. Piswi
nutanua, noB’asani 3 PIC, mocaimxyBanuch B poborax [18—21] (muB.
TakoK JOKTOPCHbKY auceprarito A. A. Typkina[22]).

Mertoto mamoi po6OTH € cUCTEeMAaTH3allid Ta PO3PAXYHKU BU3HAUAID-
HuX Kingpricamx xapakrepuctuk PIC B cromi Fe—9 ar.% Cr 3 ypaxyBaH-
HAM AUCJOKAIifiHOl IMiicucTeMX MaTepidAly IpU Pi3HUX 3HAUEHHAX Ty-
CTUH aucjokalii. BigmiTumo, 1o mgmciaokarmii B MerajiaxXx BimirparmTb
poab epextTuBHUX cToKiB TII [23], Ta, 3aBAAKY IILOMY, 34 YMOB OITPOMIi-
HeHHA BILJIMBAIOTh Ha ()OPMYBaHHA KOHIleHTpallitHux npodiniB ax T/,
TaK i KOMIIOHEHTIB CTOIy.

2. BA3OBUI1 MOJEJIb

Has mogentoBanus PIC B nBokommonentHomy cromi Fe—9 ar.% Cr 0Oy-
IeMO BUKOPHCTOBYBATH MOJEJb, IKUI 0a3yeTbCcAd HA MEPIIOMY Ta IPY-
romy s3axkomax ®Pixka 3 ypaxyBaHHaAM obGepHeHOro edexty Kiprenmama
(inverse Kirkendall model) [1, 14, 24-26]. Baskaemo, 1110 3pa3oK CTO-
Iy ABJISE CO0OIO IIap 3 MOCTiMHOIO0 TOBIIMHOIO [, AKMIT 3aiiMae 00JIacThb
0<x <[, a moBepxHi 3paska (x =0, x=1[) € izeanbuumu croxkamu TI[. Ha
Bigminy Bim momepenuix pobit [27—30] BBegeMo M0 POSTIIALY AUCJIOKA-
HifiHy migcucTeMy B CTOIN, KA € podocepen:xeHuM cTokoMm Tl i onmcy-
€ThCA T'YCTUHOIO AUCJIOKaIniii pp. Takok BpaxyeMmo, [0 KOHIleHTpAILil
TIl — Bakamciii (v) i miskBy3embuux atoMis (i) Cyi)(x, t) HA TeKiTbKa 1mo-
pankiB meHIe KoHIeHTpartiit atomiB Fe Cre(x, t) Ta atromiB Cr Cc(x, t),
TOOTO 3 JOCTATHLO BEJIUKOIO TOUHICTIO MOYKHA BBAYKATH, 1[0

Ce, +Cy, =1. (1)

IIpocTopoBo-uacoBa eBoJOIisa KoHIleHTpalii aromiB Cr Cc(x, t), Ba-
Kauciit Cy(x, t) Ta miskBy3eabHuUX aTtoMiB Ci(x, t) 3aJa€ThCA CHUCTEMOIO
TPHOX IIOB’A3aHUX MiK c000I0 HeJiHIMHUX AudepeHIiNHNX PiBHAHDL Y
YacTUHHUX Noxigaux [1, 24]:
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Cow _ gy,

ot
5C 2 e

atv - _VJV + KO - RivaCi - kav(Cv - qu)’ (2)
aC 2 el

6t1 - _VJ1 + KO - RivCVCi - ki Di(Ci - Ciq)’

e Jer Ta Jp (TyT i gasri HUMKHIN iHgEeKC p =V, i) — notoxku aToMiB Cr (Jcr)
iTH copty p (Jp), Ko — IIBUAKICTh IPOAYKYBAHHSA pamgiAniiiHux (HepiB-
HoBasxkHUuX) TI (map ®penkensa), R, — KoedimienT pekombinaii Baxa-
HCi#l Ta Mi*KBYy3eJBHUX aTOMiB, k, — moTy:KHicTb cTokiB T copty p [1],
C* i C* — TepmosuHaMiuHO piBHOBa)KHI KOHIleHTpanii BaxkaHciit Ta
MixKBy3eabHUX aToMiB. Iya KoedimienTa pexombinarii T/l mae micie
dopmyia[31]

47,
= = [(dCr,v + dCr,i )CCr + (dFe,v + dFe,i )(1 - CCr )]' (3)

RIV Q
Tyt riv — pagiyc pekomb6inaiii TII, (2 — cepenmiit aToMmHUI 00’€M B CTO-
mi, d;, , (HmxHiN ingekce j = Cr, Fe) — kimeruuni koedimientn (diffusivi-
ty coefficients) [1], AKi moB’aA3ani 3 mapuiArbHEIMET KoedilieHTaMu 1u-
dysii aTtomiB (Dcr (re) = der ve), vCv + der ve), iC1), T@ TH (Dv o) =dcr, v Cor +
+ dpe, v 1Cre). Ockinbku cron Fe—9 ar.% Cr mae OLIK-rpatuuiiio, To ce-
penHiit aromHM 06’eM gopiBHIOE Q=0a3/2, e a — mapamerp I'paTHHI.
Kimetnuni koedinientu d;, , BusHauaoThed 9K [1]:

kT

e d;’ b — nepegeKCIOHEeHIINHUYT (paKkTOop, E;“p — eHepria mirpamii T
3a JOIIOMOT'0I0 aTOMiB copTy j, B, — crana Boarmmana, T — TeMnepary-
pa. IlorysxHicTs cTokiB T/l mae Burasazn[1, 32]

-E™
d,=d), eXp[ ] (4)

2 p
k, = 471:rpD XD R (5)

ne r,, — paziyc saxBaty auciyokaitiero Tl copty p, A — BigcTaHb MiXK
Kpucranorpadiuaumu miomuHamMu (A=a). Iaa repmoguHaMiuyHO piB-
HOBa:KHUX KoHIeHTpanint TI C* ta C* cupaBeanusi HacTynHi opmy-

aun[1]
S: E,,
Crt = exp| 2= |exp| - |, (6)
exp(kbjexp[ kaJ
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kT
f . .o £ .
ne S, — eHTpoIiA (h)OPMyBaHHA BaKaHCil, E;, , — eHepris (popmyBaHHS
BakaHciii Fe, E! . — enepria (popMmyBanHA MixKBy3eapHIX aToMiB Fe.

Fe,i
IToroxu atomis Cr (J¢r) Ta T (Jv y) 3amatoTbea Bupaszamvu [1]:

eq 'E]:f‘e,'l
C* =exp| - , (7

JCr = _(x‘DCrVCCr + (dCr,vVCv - dCr,iVCi )CCY’ (8)
Jv = (X’Cv(dCr,v - dFe,v )VCCr - DVVCV’ (9)
J; = -aC(d,; — dy;)VC;, - DVC, (10)

Ie o, — TepMoamHaMiunmit axrop [1, 24].

Ak i B momepexawiii pobori [27], OymeMo BBasKaTH, IO B TOYAaTKOBUH
momeHT uacy (t = 0) aromu Cr ta Fe posnozineni onHopigao B 06’emi 3pa-
3Ka, To0TO

Ce,(x,1)|,_, = 0,09, Cy,(x,1)|,_, = 0,91, (11)

a kounenrpaiii T Cyq(x, t) TOPiBHIOIOTEH BiAIOBiZHUM TEepMOAMHAMIU-
HO PiBHOBaKHUM 3HaueHHAM C

v(i)
C,(x,1)|_, = C%, Ci(x,1)],_, = C. (12)

OcKibKHY ITOBEPXHIO 3pa3Ka BBakaeMo imeanbHuM cTokoMm TII, KoH-
meutpartii T C.vu)(x, t) Ha moBepxHi (x = 0) mpuiiMaeMo HACTYTHUMMU

C,(x,t)|_, = C, C(x,1)|_, = Cr. (13)
B maomuui cuMetpii 3paska cromy (x =1[/2) rpagieHTH KOHIIEHTpPAILil
aromiB Cr Ce:(x, t) i TH Cygy(x, t) TPUPOIHO IPUUHATY PIBHUMHU HYJIIO

0C, (x,1) _0C,(x,1) _ 0C(x,t)

=0. (14)
ox ox ox

x=1/2 x=1/2 x=1/2

HomaTkoBo naa KoHieHTparii atomiB Cr Ce(x, t) Ma€e BUKOHYBAaTUCA
3aKOH 30eperKeHH s PeUOBUHHI

Ax 1/2

Xy Xq Xy Xy Xy X st

Puc. 1. CxemaTuuHe 300pakeHHs Pi3HUIEBOI CXEeMH.

Fig. 1. Schematic representation of the difference scheme.
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TABJHAIIA 1. Bxigui mapamerpu.
TABLE 1. Input parameters.

ITapameTp ‘ CumBoJt 3HaueHHSd | ITocunaunusa

Ilapamerp rpaTHUIL a 2,86-10 %M [87]

Pagiyc pekomb6inarii T Tiv 3,3a [38]

Pagiyc saxBaty MIKXBY3€IbHUX aTOMIB o 10-° [39]

IUCJIOKAIIi€I0

Pagiyc 3axBaTy BakaHCiil fUCIOKAIIIi€IO vD 10°m [40]

Enepria (l)OpMYBaH'HH MiKBY3€JIbHUX B 5,0 B [41]
aromiB Fe Fe, 1

Eneprisa popmyBauHs Bakasnciii Fe Eg.., 1,6 eB [42]

Enepria erpaml.MchyseJIanx aTo- B 0,35 eB [26]
miB Fe e,

Enepria mirparmii Bakamciii Fe Eg. ., 0,625 eB [26]

Ilepenexcnonenifinuii haxkTop 1u@Py-

0 10-7 w2
3ii miskBy3enpHUX aTOMiB B Fe . 6,59-107" m%/c [37]

Ilepenexcnonennitiamuii paxTop nudy- &° 5,02.10- /e 37]
3ii Bakamciii Fe Fe,v ’
Emnepria mirpaiii MmiskBy3eJbHUX aTO- m
MiB Cr E, ; 0,28 ¢B [26]
Enepria mirparnii Bakanciii Cr Eg;‘v 0,55¢eB [26]

Ilepenexcnonenmifinuii hakTop qudy-

0 10-7 w2
3ii miskBy3enbHUX aTomiB Cr Ao 6,85-107" m%/c [37]

IlepenekcrnoHeHIiiHMI PaKkTOP ZUPY- 0 _
3ii Bakamciii Cr ey 5,46-10° m*/c [37]
Enrpomnis popmyBanHa BakaHCii Si 1,0k, [42]
TepmogmuamMiuHM (haKTOP a 1 [42]

/2

j C,, (x, t)dx = éCCr(x,t)| (15)

=0’

AKUY Bigirpae poJb Ie ogHiel TPAHUYHOI YMOBH.

Cucrema nudepeHITiHHNX PiBHAHD (2) 3 TOYaTKOBUMHU Ta I'PAHUYHU-
mu ymoBamu (11)—(15) poss’asyBanaca umcesnbHOo. Bximui mapamerpu
o IIiel cumcTeMu IpencTaBJjeHi B Tadia. 1. MaremaTH4YHMI aJrOPUTM,
SIKUH BUKOPUCTOBYBABCS IIPU PO3B’si3aHHi cucTeMu (2), 06roBOprOBaBCs
B poborti [27]. Bci pospaxyHKu mpoBeaeHi 1 3paskis crony Fe—9 at.%
Cr rmoBumuOol [=300HM 3 KpPOKOM  pisHHIIEBOI  cXeMu
Ax=1/(2N+1)=~0,2498 um 1O mHpPOCTOPOBi#t KoopawmHATI X, 1€
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N =600 (puc. 1). Ilicia BusHauenHs koumenTparii aromiB Cr Cer(x, t)
KoHIleHTpaIisa aTromiB Fe Cr.(x, t) 3HaxX0oaMIach 3 piBHocTH (1).
3Hauenuda Temnepatypu 1T, HabpaHoi K03u omrpoMiHeHHs D, MIBUAKO-
ctu nponykyBauHa pafianitinux TI K, Ta rycTuHU JUCIOKAIil pp, 3a
3aMOBUYEHHAM, 00paHi Hactymuumu: T = 300°C, D =1 3Ha (3Milenna Ha
arom), Ko=10"3na/c, pp= 10" m 2. BigmiTumo, 1110 32 yMOB JOCTATHBLO
TPUBAJIOTO OIIPOMiHEHHSA T'yCTHMHAa INCJOKAIlifl 3a3BUYalli BUXOAUTH Ha
cTaljioHapHe 3HaUeHHA (OuB. HanpukJjan poboru [1, 33—36]); maa cro-
niB Fe—Cr 3asBuuail crocrepirarorTbca 3HaueHHs pp~ 10 M2 [33—36].
Toxi MoxHa 1ymMaTH, 110 I'yCTUHA JUCIOKAIii pp = 10" M2, mpuiinara B

9,6

N Cei(+0, 1)

Co,, aT.%

a
9,6

L

9,4

Ce,, aT.%

Puc. 2. 3anexuocTi KoHIeHTpalii aromis Cr Big KoopamHaATH HIPHU 403aX OIPO-
mineHHda 13Ha (a) i 12 3Ha (0) Ta pisHUX 3HAUEHHAX I'yCTUH Auciokanii. Ha

BCTABIIi 10 puc. 2, @ cXeMaTUYHO 300pasKeHi BUBHAUAJIbHI KiJlbKicHI xapaKTe-
puctuku PIC 1, 3-6.

Fig. 2. Concentration of Cr atoms as a function of coordinates at irradiation
doses of 1 dpa (a) and 12 dpa (6) and different values of dislocation densities.

The insert to Fig. 2, a schematically depicts governing quantitative charac-
teristics of RIS 1, 3—6.
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po3paxyHKax, He OyJe IMOMiTHO 3MiHIOBaTHcs mmig uac mporecis PIC, a
PO3pPaxXyHKHU 3 iHINIMMU 3HAUYEHHAMHU I'YyCTUH AUCJIOKAIili MOXKHA PO3T-
JASATU AK CYyTO MOJEJIbHI.

3. BUSHAYAJBHI RIJIBKICHI XAPAKTEPUCTHUEKU PIC

o BusHauambHUX KimbKicHmx xapakTtepucTuk PIC B IBOKOMIIOHEHT-
Hux cronax Fe—Cr 6ymeMo BiZTHOCUTH HACTYIIHI :
1) KoHmeHTpalifHKMH Tpodins aTromiB Cr

Ce. = C,(x,1), (16)

9,4

L L |
o
[=I~]
o
o

Ceqpr aT.%

0 50 100 150 200
X, HM
a
5 — pp=0
9.4 ——- p,=10"2 p7?

Ceopr 2T.%

0 50 100 150 200

Puc. 3. 3anexxuocTi KoHIeHTpAaIil aromis Cr Biff KOOPpAMHATY IIPU IIIBUSKOCTAX
npoaykyBauHa pagiamitinux T 10t suma/c (a) i 107 3Ha/c (6) Ta pisHUX 3HA-
YeHHAX I'YyCTUH TUCIOKAIIN.

Fig. 3. Concentration of Cr atoms as a function of coordinates at production

rates of point defect (PD) of 10*dpa/s (a) and 10" dpa/s (6) and different
values of dislocation densities.
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2) koHmeHTpanittHi npodini T/l (BakaHciii Ta MisKBY3€JIbHUX aTOMiB)

CV = Cv(x, t), C, = Ci(x, t), a7

1

3) moBepxHeBa KoHIeHTpaIlia aromiB Cr (kKoHIeHTparia atomis Cr B
OesmocepeqHil 0J1M3BKOCTI Bi mOBEepXHi 3pasKa)

Ce,(+0,1) = Ce, (x,0)| > (18)

4) moBepxHeBe 36arauenHs (30igHenHs) aTromiB Cr
AC,, = C,,(+0,t) - C¢., (19)
ne CJ. — KoHIeHTpanis aromiB Cr B yMOBaxX OZHOPiZHOrO PO3MOALIY

atomis B cTomni Fe—Cr;

5) cerperarmifina miormia Cr — mioia ¢irypu, sxa ooMe:KeHa KPUBOIO
Cor=Ce(x, t) i mpamoro C,, = C. B mexxax 0<x <I(¢)[1]:

Se. = [, |Cer s t) - €8x, (20)

nme l(t) — Bimcramp Big mouaTKy KoopamuaT (x =0) 10 TOUKU IIEePEeTUHY
kpusoi Cc: = Co(x, t) Ta npsimoi C,,. = C,,

6) moBHa IMMpUHA KOHIIEHTpAaIlitHOoTo mpodinto aTomiB Cr ma piBHI
TIOJIOBUHU MaKcUMaJbHOTO 30arauenusa (36immenusa) FWHMc (full
width at half maximum),

7) nuckpuminauT PIC atomiB Cr — BenuumHa, SKa BKasye Ha IIOBEP-
xHeBe 30arauennsa (D, < 0) abo s6ignenna (D, > 0) arowmis Cr y cra-

0.6
L pD=0
[ ——-p,=102 2 T
e 04F T pp,=10" m* 720
g - ———-p =106 p2 27T
5 7
S o2k a [
B // . /'/./
i = . - -
) e L L .
101 10-3 102 101 10° 10! 10°

D, 3Ha

Puc. 4. 3anexxuocTi moBepxHeBoro 3barauenud aToMmiB Cr Bif 1031 Ipu PisHUX
3HAUEHHAX I'yCTUH TUCJIOKAIIINA.

Fig. 4. Surface enrichment of Cr atoms as a function of dose at different val-
ues of dislocation densities.
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mionapuomy pexxkumi PIC[1, 24, 28]:
Z) _ VCCY' _ CCrCFedFe,idFe,v dCr,v _ dCr,i
o V(Jv (X‘(dFe,iCFeDCr + dCr,iCCrDFe) dFe,V dFe,i .
3aszHaummo, 1o xapakrepuctuka (20) € eIMHOIO iHTEI'PAIbHOIO XapaK-
repuctukoi PIC.

(21)

4. PE3SYJBTATHU TA OBI'OBOPEHHA

Kounenrpamiiiai npogini aromis Cr Ce, = Cer(x, t), AKi po3paxoBaHi npu
remneparypi T =300°C, mBuakocTi mpoaykKyBaHHA pagiamiiiaux TII
Ko=10"°3Ha/c, pi3HUX 3HAUYEHHAX I'yCTUH JUCJIOKAIil B AUCJIOKAIiii-

AC,, aT.%

a
0.6
05__ —— K, =10"sHa/c
- ——-K,=107 sna/c
B N K,=10"° sHa/c
& I 7
= 03 - K,=10" zHa/c
S
= 0.2
0,1
0,0 R '
300 400 500 600
T, °C
6

Puc. 5. 3anesxuocTi moBepxHeBoro 3daraueHus aromis Cr BiJ TemepaTypu npu

PiBHUX 3HAUEHHAX I'YCTUH AUCJIOKAIliil (a) Ta MIBUAKOCTEl NPOAYKYBaHHS pa-
mismittaux T (6).

Fig. 5. Surface enrichment of Cr atoms as a function of temperature at differ-
ent values of dislocation densities (a) and production rates of PD (6).
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Hi migcucremi cromy (pp=0, pp=10"2? M2, pp=10"* ™2, pp=10* m?) Ta
mozax onpoMinenHsa D=1 3ua i D =12 3ua mpeacrasjeHi Ha puc. 2, a Ta
0 BizmoBigHO. CxeMaTUUHi 300paskeHHA BU3HAUATLHNX KiMTbKiCHUX Xa-
pakrepuctuk PIC 1, 3—6 maBemeHi Ha BcTaBIli A0 puc. 2, a. K BUAHO 3
puc. 2, a ansa go3u D =1 3Ha 31 30iJbIIIeHHAM I'YCTUHU AMCJIOKAIlil 3Me-
HIITyeThCs MoBepxHeBa KoHIeHTpalis aroMmiB Cr Ce(+0) = Ce(x — +0), a
came @pu pp=0 Cc(+0)=9,54 ar.%, mpu pp=102m?2
Cc(+0)=9,50 ar.%, mnpu pp=10"*m? Cc(+0)=9,37 ar.%, mpwm
pp=10"%m2 Cc(+0)=9,19 ar.%. ns 3HAUYeHb T'yCTUH JUCJIOKAIii
pp=10"m2 Tta pp=10"m? i gosu D=13Ha MaTh Micie MiHiMymMU
rkournentparii Cr ax ¢pyHr1ii mpocTopoBoi Koopauuatu x (Ccr(x)) (IyH-
KTUPHA Ta IMITPUXIYHKTUPHA KpuBi Ha puc 2, a). [laa mosu D=12 3ua
(puc. 2, 0) mimimym xoumenTparii Cr B zamexuocTax Ccr= Cc(x) cmo-
crepiraerbcd suiire npu pp= 10 M2 (IITPUXTYHKTUPHA KPUBA HA PUC
2, 0).

BigmiTuMo, 110 3rigHO 3 IPOBEAEHIMY PO3PaXyHKAMU OJIA 3SHAUECHHS
pp =10 M2 mimimym KoumenTpariii Cr Ce; = Cc,(X) 3HMKA€E IPU MIPAKTH-
9HO He gocsaxHNX fnos3ax D~ 10% saa. HaasHOCTI 3a3HaueHnX MiHIMyMiB
IPpY BHUCOKMX 3HAUEHHAX TIYCTHH JAWCIOKamiin pp=10"m2 ra
pp=10"%m? gns mosu D=13ma Ta nmpu pp=10"%m? (D=123Ha)
OB’ sA3aHi 3 HEeBCTAHOBJIEHHAM cTalioHapHoro pexumy PIC mpu obpa-
HUX 3HaueHHAX mos3u D. Imaxine xaxyuun, aromu Cr e)eKTUBHO HAKO-
MIUYYIOThCA MO0JIM3Y ITOBEPXHi 3pasKa, a fudysiini moroku aromis Cr 3
rIuOMHY 3pas3Ka, uepesd IXHIO BiIHOCHY MAaJiCTh, He BCTUTAIOTH IOIIOB-
HIOBaTu 00JacTh 30igHeHHs aToMmiB Cr Ha BicTaHi Bif moBepxHi.

Ha pucyuxky 3 wHaBegeHO KOHIleHTpaliiimi mpodini aromir Cr
Ccr = Cor(x), siki pospaxoBani mpu 103i onpominernusa D = 1 3Ha, MIBUIKO-

0,6
0,5 - T T T T T =
- //
= L
g I
= 0.3 — p,=0
S L CILpp=107
Q 02 - e — p,=10" M2
- e 16 o -2
01l - ——- p,=10" M
- -/-/
0.0 --——"‘I-/I- 1 | 1 | 1 | 1 | 1
'10-% 107 10-° 10-* 10~ 10°° 10

K _, 3na/c

0

Puc. 6. 3anexknocTti moBepxHeBoro 3barauenns aromiB Cr Big mBuakocTeit
mpoayKyBaHHA pagianiiaux Tl mpu pisHUX 3HAUEHHAX I'YCTUH AUCJIOKAIIil.

Fig. 6. Surface enrichment of Cr atoms as a function of production rate of PD
at different values of dislocation densities.
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cTAX mpoayKyBaHHs pagianiiinux TI Ko=10"*3ma/c (puc. 3, a) Ta
Ky=10"3ua/c (puc. 3, 6) i 3a3HAUEHUX BUIIEe 3HAUCHHAX I'yCTUH IUC-
JIOKAIIi.

3 pucyHKy 3 BHAHO, III0 IPH BKasaHUX 3HaUueHHAX Ko AK 1 mpu
Ky=10"3ua/c (quB. puc 2, a) nasa sHauyeHb pp=10"* M2 ra pp=10" M2
MaloTh Miciie MiHiMyMu xKoHIieuTpallii Cr Ak ¢pyHKIII IpocToOpoBoi Ko-
opauHaTti X (Ccr(x)) (IyHKTHPHA Ta IITPUXITYHKTHUPHA KPUBi Ha puc 2,
a). Tara 3ayIe:KHIiCTH CBiTUMTE IIPO Te, 10 cTarionapuuii pe:kum PIC me
BCTAHOBJIIOETHCA [ 3HaueHb pp=10"m2 Ta pp=10° ™2 mpu mosi
D=13na "asite gasa Ko=10"3ma/c. BigmiTumo, 1o mpm MeHIIHX
HIBUAKOCTAX NMPOAyKyBauHdA pagiamnitinux Tl miHiMmymMu KoHIIeHTpaIil
Cr Ccr = Ccr(x) 6inbIl pOBMUTI TPU OMHUX i THX 2Ke HaOpaHuX H03aX.

107°

107°
107°

w0l

0

Mosssipua monst BakamHcii

10*13 1 | L

107"
107" -
10k 7

107" 3

10-14 [

Moansapua mossa
Mi}XBY3eILHHX ATOMIiB

-15 ! | 1 | 1
10 0 50 100 150

X, HM

6

Puc. 7. 3asmexxHOCTi MONIAPHOI KOJIi BaKkaHCii (a) Ta MiKBy3eJIbHUX aTOMiB (6)
BiJl KOOPAMHATH IIPU Pi3HUX 3HAUEHHAX I'YCTUH AUCJIOKAITiil.

Fig. 7. Mole fraction of vacancies (a) and interstitials (6) as a function of co-
ordinates at different values of dislocation densities.
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TakuM YMHOM, AKiCHO MOMKHA CTBEPIKYBaTH, IO BHCOKAa I'yCTHHA
IUCJIOKAIill pp Ta BeJIMKa IMIBUAKICTH OIPOAYKYBaHHA pagiamiiinux T]]
Ky € hakTopamu, sIKi yIOBiJILHIOIOTHL BCTAHOBJIEHHS CTAI[iOHAPHOTO pe-
skumy PIC. Bucoka ryctmHa quciokariii pp 3MeHIye audysifiHi moTo-
KM aToOMiB, moB’si3aHux 3 audysitinumu norokamu T, 3a paXyHOK iH-
TeHcUuBHOrO norauHauHA T auciokaliamu, a Beauki sHaueHHA Ko mi-
IBUIITYIOTH HEPiBHOBAYKHICTH CUCTEMM.

Ha pucyury 4 mpenacraBjeHi 3aJeXHOCTI BeJIMUYMHU ITOBEPXHEBOTO
sbarauenHsa aToMiB Cr ACcr = ACc (D) mpu 3a3HAUEHNX BUIITEe 3HAUCHHAX
TYCTUH AUCJIOKAIifl pp. SIK BumiamBae 3 puc. 4, Iisgd BCbOTO iHTepBATY
Habparux o3 onpomineHHsa 10™* <D< 1023ma ACc, IOMITHO 3MeHIIy-
€ThCs 3i B01/IBIITEHHAM 3HaUEHHA I'YCTUHYU AVCJIOKAIii pp npu (hikcoBa-
HOMY 3HaueHHi 103u D, 1110 Y3TOAKYEThCA 3 MOBEJIHKOIO IIOBEPXHEBOI
kouneHrparii aromiB Cr Cc(+0), mpencraBieHoi Ha puc. 2, IJsd I03
D=13ua ta D=123ua. IIpu 3uauenasax pp=0 i pp=10'* M ? Besimunua
ACc: 3pocTae 3i 30iJbIIeHHAM [O03M ONpoMiHeHHs D B iHTepBaui
10* <D< 1 3Ha, a Ipyu DOZAJBIIOMY 30iJbIIeHH] K03U D 3aJINIIAECTLCA
mpakTuYHo HeaMinuoo0. Taka moeeminka ACcq(D) BKasye Ha Te, I[0 IPU
nosi D~ 1 3na (pp=0, pp=10'% m?) crrocrepiraerbes BUXij Ha cTalioHa-
puuii pesxkum PIC. [I1a rycTuHu quciaokanii pp = 10'* M2 Buxizg Ha cra-
mionapuuii pe:xuM PIC cmocrepiraernbes mpu no3i D ~ 12 3ua. IIpore guisa
pp=10"m? BeamumnHa moBepxHeBoro 36araueHHs atomiB Cr ACc(D)
3pocTa€ Ha BCbOMYy oOOpaHoMy imTepBasi  HaOpaHuUX 103
(10*< D <102 3ua), To6TO Ha I[LOMY iHTEepBaJIi 3HAUEHL D cTaIlioOHAPHMI
pesxum PIC 11e He BCTAHOBIIIOETHC.

XapaxTepHi poboui TeMIepaTypu CydacHUX SIePHUX PeaKTopiB Je-
JKaThb B miamasoHi 265 < T'< 350°C, a a4 mepCclIeKTUBHUX IAePHUX pea-
KropiB IV mokomimaa moxkyTsb caratu T =1100°C [2, 43, 44]. B pauiit
poboTi mozmentoBaunua PIC a1 Bcix oOpaHMX 3HAUEHBb I'YCTUH SUCJIOKA-
it (pp=0, pp=102 ™2, pp=10"* M2 i pp=10'® M%) mpoBegeHo Bix TeM-
nepatrypu T = 250°C mo T = 650°C.

Ha pucynky 5 s3o6pakeni samesxuocTi ACcr=ACc(T) npu D=1 3Ha,
Ky=10"3Ha/c i pisHMX B3HAUEHHAX TIYCTHH AUCJIOKAIiii pp=0,
pp=102m?2, pp=10"* M2, pp=10"m2 (puc. 5, a) ta nmpu D=1 3Ha,
pp=10" M2, i pisHMX BHAUEeHHAX IIBUAKOCTEeN mpomyKyBauusa T]I
Ko=10"3una/c, Ko=10"3una/c, Ko=10"°3ua/c, Ko=10"3ua/c (puc. 5,
0). IlpuBenmeHi 3a1eXHOCTiI BKasyOTh, IIT0 HA BCLOMY O0OpaHOMYy TeMIe-
parypHoMy iHTepBasmi 265 < T <350°C cmocrepiraerhcs IOBEepXHEBE
gbarauenHa atomiB Cr (ACc, > 0). 3i 36inbiennam Temmoepatrypu T Ta
dikcoBanux inmux napamerpax (D, Ko, pp) B 3anexkHoCTi ACc:(T) cmo-
crepiraerbcsa 3pocranusa ACcr, AKe JOCATaE€ MAaKCUMAaJbHOTO 3HAYEHHSA
Ta MOTiM CyTTEBO cuagae (OuB. puc. 5). Takmii xapakTep 3aJIeKHOCTH
ACcy(T) moB’A3yI0Th 3 KOHKYPEHIIielo 180X MexaHismis [1]: (i) BigzmocHO
BUCOKOI0 pexoMbOiHaIriero T/l mpu Hu3bKUX TeMIeparypax Ta (ii) spoc-
TAHHAM POJIi 3BOpoTHOL AudYysii npu 36inbmenHi T. Temueparypa 7,7,
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Ipu SKill crocTepiraeTheAa MaKCcUMaJlbHe 3HAUEHHS OBEPXHEBOTO 30a-
rauenHsa atomiB Cr ACc(T) Ta i1 came MakcUMaJibHe 3HAYEeHHA 30ara-
YeHHs AC(‘;lr‘"‘X 3MEHITYIOTHCA AK 31 301JIBIITEHHAM I'yCTUHU AUCJIOKAIiN pp
(puc. 5, a) Tak i 3i 3meHIIeHHAM MmBUAKOCTH mponykyBauua T Ko (puc.
5, 0). Hanpuknan (zus. puc. 5, a), niaa Ko=1073ua/c mpu pp=0:

T = 377,23°C, AC™™ = 0,84 ar.%, npu pp= 1012 2
T = 377,82°C, ACI™ = 0,77 ar.%,,  mpn  pp=10"m2
T = 341,18°C, ACI™ = 0,46 ar.%, npu pp=101 2

T..™ =305,49°C, AC;™ =0,19 ar.%.

Ha pucyury 6 maBemeno zajexHocTi ACc = ACc(Ko) Ipu 3a3HaUEHUX
3HAYEHHAX pPp. 3i 30isbmenaam mBugKocty npoaykyBauua T K, B 3a-
aexHOCTAX ACC{(Ko) cmocTepiraerbea cyrreBe 3poctaHusa ACcy, AKe BHU-
XOAUTh Ha ILJIATO Ta MOTIM IOCTYIIOBO cuazac. Ilpu BigHOCHO HU3BKHUX

N

- pD=0
- py=10%2 2

S, HM-AT.%
[¥3) My %1

o
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T, °C
a
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—K,= 10"% 3Ha/c
——-K,=10" aga/c
R g0 S N\ K,=10" sma/c
& ——- K,=10" sra/c
=
&
& 05
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T, °C
o

Puc. 8. 3amexuocti cerperamniiinoi miorgi Cr Big TeMiepaTypu HOpu PisHUX
3HAUEHHAX T'YCTUH OHUCJIOKAIill (a) Ta IMBUIKOCTEH NPOAYKYBAHHS PamidIliii-
uux TII (0).

Fig. 8. Segregation area of Cr as a function of temperature at different values
of dislocation densities (a) and production rates of PD (6).
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sHaueHHAX Ko 3pocraHHsa ACc=ACc(Ko) moB’a3aHe 3i 30imbIIeHHAM
KoHIeHTpaIlii HepiBHOBaskHUX TIl. HaTomicThb, momasnbite 36iIbIIeHHSS
kounenTparii T/l 3i 36inxbimeraam Ko CyIpoBOAKYETHCA 30iIbIIEHHAM
Koedimienty pexombinarnii T Ta mBuakoctu morauHauua Tl mgucio-
KarmitHoio migcucremo (and pp#0), 110 IPU3BOAUTE O BUHUKHEHHA
miaTo B 3aeXHOCTAX ACcr = ACc(K ) Ta mocTymoBoro smeHmTeHHA ACc,.
Ha pucyury 7 sobpaxeno xkoumentpamiiiai npodini Tl (Baxkamciii
C,=C,(x) Ta mixkByseabuux aromiB C;=Ci(x)) mpu oOpaHUX BUIIlEe 3HA-
YeHHAX TYCTUH OUCJOKaIiil pp. OcCKismbKM Auciiokallii € TpUpOSHUM
crokoMm T[] [23], 3i 36isbIIIeHHAM 3HAUEHHSA pPp 3MEHIITYIOTHCS KOHIIEHT-
paii Baxkamcii (puc. 7, a) Ta Mi’KBy3eJabHUX aToMiB (puc. 7, 6), 110 IPHU-
3BOAUTH O 3MeEHINeHHA Audysiiinmx morokis aromiB Cr Ta Fe, aki
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Puc. 9. 3aexH0oCTi TOBHOI IIIMPUHY KOHIleHTpaIlifiHoro mpodinaio aromis Cr Ha
PiBHI TOJIOBMHM MaKCHUMAaJbHOTO 30aradyeHHs BiJf TeMmepaTypu IIPH PisHUX
3HAUEHHAX T'YCTUH OHUCJIOKAIill (a) Ta IMBUIKOCTEH NPOAYKYBAHHS PamidIliii-
uux TII (0).

Fig. 9. Full width of the concentration profile of Cr atoms at half maximum
enrichment as a function of temperature at different values of dislocation
densities (a) and production rates of PD (6).
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moB’as3aui 3 gudysittnumu moroxkamu TI[. BHacaigoK 1mporo BeIMUYMHUI
moBepxHeBoi KoHIeHTpaIii aromiB Cr Cc(+0) (puc. 2, a) Ta HOBEpXHEBO-
ro sbarauennsa atromiB Cr ACc, (puc. 4, 5, a) 3MeHITYIOTbCA. 1K BUILIN-
Ba€e 3 puc. (, TpW B3HAUEHHI TI'yCTHHH JOUCIOKAIlill, HaAOPUKJIAL,
pp=10" M2 maxkcumanbHi 3HaueHHsa KoHIeHTpamiin Tl MOpiBHIOIOTH:
C,=3,19-10"° mosnaprux fouas, Ci=1,09-1071° monaprux moas. B Toi xe
Jac IpU TOMY K CaMOMY 3HaUeHHi pp i aHAJOTiUHMX yMOBaxX OIIPOMi-
HeHHsS MaKCHMaJIbHe 3HaueHHs KoHIeHTparii artomiB Cr ckjamae
Ccr=0,919-10"! monsspauX K0ab (HA 8—9 HOPAAKIB BUIe KOHI[EHTPAIiA
TI), To6To ymoBa (1) cBioMO BUKOHYETHCH.

3agmesxHocTi Scr=Sc(T), axi pospaxoBani mpu D=1 3ua, T'=300°C,
Ky=10"3Ha/c i pisHMX B3HAUEHHAX TIYCTHH AUCJIOKAIiii pp=0,
pp=102 M2, pp=10" M2, pp=10'® m? nmpexcrasieni na puc. 8, a. Ta-
Kix cami samesxHOCTL Scr = Scr(T) mpu D =1 3ua, T = 300°C, pp=10" M2,
i pisHMX 3HaueHHSX IIBHUAKoOcTel mpoaykysamua TI[ Ko,=10*sma/c,
Ko=107°3na/c, Ko=10%3na/c, Ko=10"3na/c HaBegeni na puc. 8, 6.
Benuunun cerperariitiux miornt Cr Sc(7T) mocAraioTh MaKCUMaJIbHUX
3HAYeHb NP OLiTBII BHCOKUX TeMIeparypax Iy = B IODiBHAHHI 3 TeM-
neparypamu T,," (ZUB. BUIIe) 3a OTHUX i THX }Ke BHAYEHHAX pp Ta Ko.

B pamMkax maHOro JOCHiIsKeHHS TaKOK OYJIM ofep:KaHi 3aJesXHOCTi
FWHMc¢, = FWHMc(T) upu pisHuX 3HAUEHHAX T'yCTUH AMCJIOKAIi#A pp
(muB. puc. 9, a) Ta mBuAKOoCcTelr mpomykyBauHa pamiamiaux TI Ko
(muB. puc. 9, 6). 3azHAYNMO, IIT0 JJIsI OOPAHOTO TeMIIePATyPHOTO IIPOMi-
EKKY (250 < T < 650°C) ciocrepiraernsesa spocranua FWHMc,(T') npu ¢i-
KcoBaHUX 3HaUeHHAX pp i Ko. [Ina cromy Fe—9 ar.% Cr mia Bcboro moc-
JiKeHoro B JaHii poboTi TeMmepaTypHOro npoMizKKy 250 < T' < 650°C
suckpuminaHT PIC atomis Cr 9, menme myna (D < 0), mo BKasye
Ha moBepxHeBe 36araveHHa aTtoMmiB Cr (ACc->0) B craiiomapHOMy pe-
skumi PIC. BigmiTuMo, 1110 ofep:kaHi 3a/1e:KHOCTi ITOBEPXHEBOTO 30ara-
yeHHsa aToMiB Cr ACc(T), AKi po3paxoBaHi B cTallioHapHOMY PERKMMi
PIC (muB. cyminbHY Ta IITPUXOBY KPUBi Ha puc. 5, a) y3roAKyOThCA 3i
sHaKoM auckpuminanTa PIC D .

5. BUCHOBREH

Taxum umHOM, B poboTi mpoBemeHo momenioBanHsa PIC B cromi Fe—9
ar.% Cr npu pisHHX 3HAUYEHHAX I'YCTUH AUCJIOKAIIN B JUCIOKAIIMHIN
migcucremi cromy (pp=0, pp=102m2, pp=10"m2, pp=10°m?), ma
OCHOBI 3arasbHOTpuiiHATOr0 Momeaio PIC [1, 14, 24—-26]. I1a nBoKOM-
nmoHeHTHUX cTomiB Fe—Cr copmynboBaHi BusHauaabHi KiJabKicHI Xapa-
Krepuctuxku PIC. Po3paxoBaHi Ta HaBeJleHi HACTYIHI BU3HAYAJIbHI Xa-
paxTepuctuku PIC: Koumenrtpamiiiai mpodimi aromiB Cr Cer= Cer(x)
(puc. 2, 3) ra Tl (Baranciit C, = C(x) i miskBy3embuux atomis C; = Ci(x))
(puc. 7), moBepxHeBa KoumeHTpailia aroMiB Cr Ce(+0) (puc. 2), moBepx-
HeBe 36araueHHsa aToMiB Cr ACc = ACc(D) (puc. 4), ACcr = ACci(T) (puc.
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5)i ACcr = ACc(Ko) (puc. 6), cerperaritiaa miaoiia Cr Sc, = Sc(T) (puc. 8)
Ta MOBHA IMUPUHA KOHIIEHTpAaIliitHoro npodinto aromiB Cr Ha piBHI mmO-
JoBMHU MakcuMaabHOro 30arauenuaa FWHMc, = FWHMc(T) (puc. 9).
3a3HauMMoO, IO AJIA JOCTiMKyBaHUX B pPoOOTi iHTepBaJiB TeMIepaTyp
250< T <650°C, mBuUAKOCTell MPOAYKYBAHHA TOUKOBUX mOe(eKTiB
108< Ko< 1023na/c Ta mo3 onpominenas 10™* <D< 10%3ua cmocrepi-
raeThCsA caMe IIOBepXHeBe 30araueHHA, a He 30igHenHs atoMmiB Cr
(ACcr > 0). ITokasaHo, IO 3a OJHAKOBUX YMOB OHPOMiHeHHS 3i 36iJb-
HIeHHAM T'yCTUHU AMCJIOKAIlili 3MeHITyoTheAd KoHIleHTpaltii Tl Ta Be-
auunan Cc(+0), ACcr, Scr. IlosICHEHHS IIBOTO IIOJISAITAE B TOMY, IO AVC-
JoKalifina migcucrema, ska € epeKTuBHUM cToKoM TII, morsimnHae Hepi-
BHOBaskHi T/l i smenmrye nmoroku Tl Ta moB’A3aHi 3 HUMU TOTOKU KOM-
IIOHEHTIiB cTony, B HacaigoK uoro epekTu PIC ciabimaiors. PospaxyHKn
IIOKAa3yI0Th, ITI0 3i 30iBIIEHHAM 3HAUEHHSA Pp 301JIBITyEeTHCA 032, TPU
AKiM cmocTepiraerhea Buxig Ha cramiomapHuii pexxuMm PIC. B craifiona-
puoMmy pexxkumi PIC sHax moBepxueBoro 3oarauerns aToMmiB Cr (ACq, > 0)
Bigmosinae sHaky guckpuminanty PIC (D, < 0).

ABTOpPU BUCJIOBIIOIOTEH ITUPY HOAAKY A.P.-M.H. A. A. TypKiny, axkuii
JI100’ A3HO IPOUYUTAB TEKCT CTATTi, 32 KOPUCHE OOrOBOPEHHS MTaHoi pobo-
T. ABTOPU TaKOK Iy Ke BAAUYHI PEIleH3eHTYy CTATTi 3a IiHHI KPUTHUHI
3ayBasKeHHA. PoO0Ta BUKOHAHA B paMKax ITiJIb0BOI ITporpaMu HayKOBUX
mocaimxens HAH VYrkpaiau «Amepwi Ta pagiamiiiai Trexsosorii aisa eHe-
PreTUYHOTO CeKTopy i cycuimbumux morped» Ha 2019-2023 pp.
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Effect of TEG on Oxidation of TiC—ZrC Equimolar Blend at
Mechanical Alloying

T. G. Avramenko, A. M. Kuryliuk, O. I. Nakonechna, and N. N. Belyavina

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

A detailed x-ray diffraction study of TiC—ZrC equimolar blend at mechanical
alloying in a planetary ball mill is provided. An essential oxidation of carbide
components is established. As found, Oxygen from the charge and reaction
zone of the mill promotes gradual decomposition of ZrC with the formation of
cubic ¢-ZrOz, which further transforms into its monoclinic modification m-
ZrQ;. TiC accumulates the Oxygen in tetrahedral voids of its crystal lattice,
forming Ti.CO, oxycarbide. Addition of 3% vol. TEG powder to the initial
TiC—ZrC charge completely inhibits the oxidation.

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

IIpoBemeno meTanbHe PEHTTEHOCTPYKTYPHE OOCTIIKEHHS MPOAYKTIB MeXaHo-
XeMiuyHOTO 00pPO0JeHHS B IIJIaHETAPHOMY MJMHI JBOX €eKBIMOJISPHUX CyMiIei
TiC—ZrC ra TiC—ZrC + 3% 06. TPT, B peaybTaTi AKOro MoKasaHo, 1110 Kapoigui
komnoHeHTH eKBimMosisipHOi TiC—ZrC cyminni BUABIAAIOTE CXUJIBHICTD JI0 iX CYT-
TE€BOTO OKUCHeHHA. [Ipy 1iboMy HaABHUEA B IIUXTi Ta peaKIiiHiA 30HI ManHA
KMCeHb CIIPUSE MOCTYIIOBOMY pPO3Iany Kapbiny mupkoHiio ZrC 3 yTBOpeHHAM
cTabisizoBaHoi Byriemnem Kyoiunol mogudikaiii okcuay mupKoHito c-Zr0s, axa
3 yacoM TPaHC(POPMYEThCA B TOT0 MOHOKJIIHEY Moau(pikaiiro m-ZrO,, a kKapoin
TiC makonuuye OKcures B TeTpaeIpUYHMNX IIOPAX MOr0 KPUCTATIUHOI I'DATHUIIL
3 yrBopeHHAM oKcukapb6iny Ti.CO,. [Jo6aBka 3% 06. HOPOIIKY TepPMOPO3LINPE-
Horo rpadirty (TPT) no Buxiguoi cyminti TiC—ZrC moBHiCTIO mepeIrKkoa:Kae mpo-
Ilecy OKMCHEHHS KOXXHOTO 3 KapOifiB, a MexaHoxeMiuHa aKTHUBAI[is cyMimiei
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714T. G. AVRAMENKO, A. M. KURYLIUK, O.I. NAKONECHNA, and N. N. BELYAVINA

BUKJNKAaEc BUOMBaHHSI aToMiB MeTany (ckopimre, fioHis Ti*" ra Zr*") mo peariiii-
HOI 30HM MJIMHA 3 YTBOPEHHAM CTPYKTYPHUX AedeKTiB B I'PATHUISAX KapOigis,
1110 CTBOPIOE IIePeIyMOBH JJIsA OJaIbIIOT0 GOPMYBaHHS B3AEMHUX TBEPAUX PO-
3unHiB 3amimienusa Zr;—,Ti,C. Ogep:kana B pobori MX akTuBOoBaHa ApibHOIIIC-
nepcHa (posmip xpucramitie o 20 um) cymim TiC—ZrC + 3% 06. TPI' moxe
0yTu peKoMeH0BaHa AK e(peKTUBHUI HATIOBHIOBAY JIJIsI CTBOPEHHSA KOHCOJIiT0-
BaHMX HAHOKPHUCTAJIUYHUX KepaMik Ha 6asi TiB; Ta inmux 6opumis.

KarouoBi ciioBa: MexaHOXeMiUHUI CHHTE3, TEPMOPO3IInpeHuii rpadir, kapoism,
KpHCTaJiuHa CTPYKTYpAa, PeHTr'eHiBcbKa UM PaKIlis.

(Received February 4, 2022; in final version, May 19, 2022)

1.INTRODUCTION

TiB.—TiC and TiBs—ZrC ceramic composite materials are known to have
high hardness, good wear resistance, high fracture toughness and cor-
rosion resistance [1-5]. However, since it is very difficult to compact
these materials by conventional sintering, to synthesize TiB,—TiC and
TiB:—ZrC composites the method of reaction sintering of powder charge
of B4C, pure Ti and Zr metals at temperatures above 1500°C is applied.

Problems related to complicated compaction of ceramics at direct sin-
tering of TiB2 and TiC powders were eliminated by applying mechanical
treatment of the initial charge in a high-energy planetary mill at the
first technological stage. As a result of such processing for 30 hours the
crystallite size of phase components decreased to 15 nm and the compo-
site sintered at 1500—2100°C from the processed powder demonstrated
quite good characteristics [6].

High mechanical properties of TiB,—TiC composite materials (rela-
tive density is above 98%, hardness of 94.7 HRA, tensile strength of
487-776 MPa, fracture toughness is up to 7 MPa-m'/?[7]) and TiB;—ZrC
[6], as well as the possibility of their direct synthesis from ultrafine
powders of components [6] prompted us to provide mechanical pro-
cessing of equimolar mixture of TiC—ZrC carbides. Milled charge will be
used as precursor for further synthesis of TiB,—TiC—ZrC ceramic nano-
composite material.

2. MATERIALS AND METHODS

The charge of raw carbide powders (Table 1) was sealed in ZrO; vial and
subjected to cyclic processing (10 min of processing and 2 min of cool-
ing) in BM 6 Pro planetary ball mill. Eleven ZrO:balls (15 mm in diame-
ter) were used for the processing of the charge; the mass ratio of the
balls to powder was 10:1. During experiment the temperature of the
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TABLE 1. Materials studied.

TiC (CBC grade, ZrC (‘9 grade, Thermoexfoliated
Experiment| 99.9% wt. purity) | 99.9% wt. purity) graphite (TEG)
% wt. | % vol. % wt. ‘ % vol. % wt. ‘ % vol.
1 36.7 43.9 63.3 56.1 - -
2 36.7 43.9 63.3 56.1 3.7 3.0

working area in the reaction zone did not exceed 70°C, the rotation
speed of the vial was 500 rpm.

Phase transformations taking place at mechanical alloying have been
studied by x-ray diffraction methods on the test samples selected after
each complete hour of milling. XRD data was collected with DRON-3M
automatic diffractometers (CuK, radiation) in a discrete mode under
the following scanning parameters: observation range 26 = (20—-100)°,
step scan was 0.05° and counting time per step was 3 s. Sample was ro-
tating in the plane of the cuvette attachment during measurements. The
original software package [8], including full complex of standard
Rietveld procedures, has been used for analysis and interpretation of
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 quantitative phase
analysis using PDF data for phase identification and the least square
method for lattice parameters refinement; testing of the structure mod-
els and refining crystal structure parameters (including coordinates of
atoms, atomic position filling, texture, etc.); calculation of the parame-
ters of the real structure of the individual phases (coherent block sizes
and lattice strain values).

3. EXPERIMENTAL RESULTS
3.1. Experiment 1. Mechanical Alloying of TiC—ZrC Equimolar Blend

The results of x-ray phase analysis indicate that with increasing of mill-
ing time, the phase composition of the equimolar blend studied gradu-
ally changes. Therefore, the presence of the c-ZrO; cubic oxide phase
was detected on diffraction patterns of 2 hours milled test samples, in
addition to the phases of the charge components (Fig. 1). Besides, the
quantity of this phaseis gradually increasing with milling time increas-
ing. Advanced phase analysis (Table 2) has revealed that the apparent
balance of phase content is somewhat disturbed, namely, the weight ra-
tio of phases containing Titanium (TiC) and Zirconium (ZrC and c¢-ZrO3)
does not correspond to the charge composition. A detailed study of the



716T.G. AVRAMENKO, A. M. KURYLIUK, O.I. NAKONECHNA, and N. N. BELYAVINA

A ‘O O A e 4dh

e 2h

e 0Oh

Intensity, arb. units

3I0I3I5‘4‘0‘4I5I5IOI5I5 60

20, degree
Fig. 1. Diffraction patterns of test samples of mechanically alloyed TiC—ZrC
equimolar blend. Phases are marked as: ®—ZrC; 0—TiC, A —c-ZrO;.

final test sample (4 h of milling) has revealed that it contains the low-
temperature monoclinic modification of zirconium oxide m-ZrO; in ad-
dition to the mentioned TiC, ZrC and c-ZrO; phases. Taking this into
consideration, the quantitative phase content becomes completely bal-
anced (Table 2).

According to the data of Ref.[9], at certain conditions the oxygen at-
oms presented in charge can diffuse into ZrC grains with the formation
of a layer of carbon-stabilized ¢-ZrO; phase. In our experiment, the lat-
tice parameter of the milled chargeisa=0.5125 (2) nm. As the oxidation
process develops, ¢-ZrO: transforms into its monoclinic modification m-
ZrQ2, which exists in a fine crystal state. It is this process takes place at
oxidation of ZrC carbide during mechanical alloying of TiC—ZrC blend.
Herein, the presence of x-ray amorphous m-ZrO; phase in milled sam-
ples causes a certain discrepancy in the quantitative content of the test
samples studied (Table 2).

The lattice parameters of both carbides are changed with processing
time increasing (Fig. 2). To clarify the nature of these changes we pro-
vided a detailed x-ray diffraction study of the crystal structure of ZrC
and TiC phases milled.

It is known that in the crystal structure of monocarbides of stoichio-
metric composition (NaCl type) atoms of metal components (Zirconium or
Titanium) and Carbon are arranged in the regular systems of points of
Fm3m space group as follows: four atoms of Ti or Zr are placed in 4(a) 0 0
0; four atoms of C are placed in 4(b) 0.5 0.5 0.5. Therefore, the occupation
density of 4(a) position by metal atoms was refined in the first turn and
possible arrangement of Oxygen atoms at formation of Zirconium or Ti-
tanium oxycarbides was simulated. As a result, it was obtained that the
imperfection of the crystal lattice of carbides gradually increases with
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TABLE 2. Phase composition of mechanically alloyed blends.

Mill- Experiment 1. TiC-ZrC Experiment 2. TiC-ZrC + 3% vol.
ing TEG
time ¢,/ Phase compo-|Lattice parameter a, nm| Phase com- Lattice parameter a, nm
h, sition? 7rC TiC position 7rC TiC
ZrC (63) +
0 qu (63) + 0.46826(4) 0.43262(3) +TiC(37)+ 0.46826(4) 0.43262(3)
+TiC (37) +C
gr
ZrC (63) + ZrC (63) +
1 ©TiC (37) 0.46814(6) 0.43246(9) +TiC (37) 0,4682(1) 0,4324(1)
ZrC (59) +
+ TiC (39) + ZrC (63) +
2 +e-Zr0, (1) + 0.46830(9) 0.43259(2) +TiC (37) 0,4683(1) 0,4325(1)
+m-ZrO;z (?)
ZrC (51)+
+TiC (45) +c- ZrC (62) +
3 7x0s (4) + m- 0.4682(2) 0.4328(1) 1 TiC (38) 0,4682(2) 0,4326(2)
+Zr0;2(?)
o e
4 0.4681(1) 0.4331(4) +TiC(39)+ 0,4681(1) 0,4327(1)

(10) + m-ZrO,
?)?

D Phase composition on % vol.
2 Quantitative balance for all present phases: ZrC (32) + TiC (40) + ¢-ZrOs (12) + m-ZrO; (16).
3 Vial debris.

+¢-Zr0; (1)®

processing time, and the Oxygen presented in these lattices partially fills
the tetrahedral voids of 8(c) 0.25 0.25 0.25 position. Accuracy of the cal-
culations was controlled by the reliability factor Rz, which usually did not
exceed 0.03 (Table 3). Figure 3 gives solid evidence of the decrease of
metal component in the crystal lattices of carbides.

Analysis of the parameters of the real structure of carbides by the ap-
proximation method on (111) and (222) reflections (TiC and ZrC pow-
ders were used as standards) have shown that fine crystal state with the
crystallite size D of about 30 nm is formed in test samples after 1 hour
of milling. As milling time increases, the crystallite size of ZrC carbide
continues to decrease down to 13 nm, while Dricis not changed (Table 4).
There is no lattice strain (¢) in ZrC carbide milled, but its value changes
slightly for TiC phase. Dislocation density p increases with processing
time increasing for both carbides. It should be noted that it was impos-
sible to define the parameters of TiC real structure in some cases due to
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Fig. 2. Dependences of lattice parameters of ZrC (a) and TiC (b) on milling time.

the significant broadening of the diffraction peaks. Calculated parame-
ters of the real structure of carbides milled are listed in Table 4 and pre-
sented in Fig. 4.

Thus, mechanical alloying of the TiC—ZrC equimolar blend is accom-
panied by an essential oxidation of charge. In subsequent experiment

TABLE 3. Crystal structure refinement for mechanically alloyed ZrC and TiC.

. Experiment 1. TiC-ZrC Experiment 2. TiC-ZrC + 3%
Mﬂl- vol. TEG
ing
time Phase con- C Phase con-
Compound tent, at.% Rz om- tent, at.% Rz
t,h pound
zr| c|o zr| c|o
0 ZrC 50 50 - 0.018 ZrC 50 50 - 0,022
1 Z1r0.80C 47 53 - 0.026 ZreeC 49 51 - 0,020
2 Zro.82C 45 b5 - 0.029 ZTo.89 47 53 - 0,018
3 Zro8C000s 43 55 2 0.029 ZresC 45 55 - 0,034
4 Zr0,69C00,07 41 59 4 0.031 ZI'(],75C 43 57 - 0,031
. Experiment 1. TiC-ZrC Experiment 2. TiC-ZrC + 3%
Mﬂl- vol. TEG
ing
time Phase con- C Phase con-
Compound tent, at.% Rz om- tent, at.% Rz
t,h - pound -
Ti|]c]|o Ti|]clo
0 TiC 50 50 - 0.018 TiC 50 50 - 0.016
1 Tip.02C 48 52 - 0.026 Tio.ss 47 53 - 0.021
2 Tio.7sC 44 56 - 0.029 TisC 45 55 - 0.013
3 Tip75C0013 40 53 7 0.029 TisC 46 54 - 0.024
4 Tige7CO04s2 32 48 20 0.016 TipeeC 48 52 - 0.015
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Fig. 3. Dependences of Zirconium (a) and Titanium (b) content in the metal lat-
tice of ZrC and TiC on milling time.

3% vol. of thermoexfoliated graphite (TEG) was added to the initial
charge in order to suppress oxidation.

3.2. Experiment 2. Mechanical Alloying of TiC—ZrC Equimolar Blend
with Addition of 3% vol. TEG

Diffraction patterns of the test samples do not contain any additional
phases (Fig. 5, Table 2). Dependences of the crystal lattice parameters
of TiC and ZrC carbides on processing time are like those for charge
milled without TEG (Fig. 2, Table 2). However, lattice parameters of
TiC phase are slightly smaller.

Refinement of the crystal structure of TiC and ZrC carbides milled
has revealed the absence of dissolved Oxygen and the decrease in filling
of their metal sublattices by Titanium or Zirconium atoms (Table 3, Fig.
3). Besides, this value gradually decreases with the processing time for

30
: . S 5 °
= —
X . —e— TiC-ZrC
Qg = —o— TiC- ZrC +TEG
o 2 o
] —e— TiC—ZrC w2k
a o —o— TiC-ZrC+TEG g .
() [:¢]
g o /
E . \. E .
N ER) o
2 \; 8
& \ ) .
=}
(=]
12+ of °
1 2 3 4 1 2 3 4
Milling time ¢, h Milling time ¢, h
a b

Fig. 4. Dependences of the crystallites size (a) and the density of dislocations (b)
of ZrC carbide on milling time.
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TABLE 4. Parameters of the real structure of mechanically alloyed ZrC and TiC.

Experiment 1. TiC-ZrC Experiment 2. TiC—ZrC + 3% vol.
. TEG
Milling - - - -
timet, h Crystal- Lattice Dislocation| Crystal- Lattice Dislocation
lite size strain &. % density p, | litesize strain &. % density p,
D, nm » 1 Et12 D, nm » 01 E+12
ZrC
0 >150 - - >150 - -
1 28(4) 0.0 0.372(5) 21(3) 0.29(2) 0.154(6)
2 19(3) 0.0 0.849(4) 17(1) 0.31(2) 1.010(5)
3 16(1) 0.0 1.230(5) 15(2) 0.46(2) 2.230(8)
4 13(2) 0.0 1.720(7) 13(2) 0.52(4) 3.060(8)
TiC
0 >150 - - >150 - -
1 30(4) 0,08(1) 0.291(4) 19(2) 0.16(3) 0.557(6)
2 30(4) 0.30(2) 1,040(7) 19(9) 0.00 0.556(6)
3 24(2) 0.21(2) ? 20(3) 0.00 0.693(7)
4 ? ? ? 20(3) 0.11(2) 0.758(7)

ZrC carbide, while for TiC phase it begins to increase after passing a cer-
tain minimum (Fig. 3).

Calculation of the real structure parameters of carbide phases shows
that the nature of changes in the crystallite size and dislocations density
of for both charges milled is the same (Fig. 4). However, ZrC crystal lat-
tice just accumulates the internal stresses in the presence of TEG and
isn’t decomposed with the formation of oxycarbide phase (Table 4).

In general, the experiment on mechanical alloying of equimolar TiC—
ZrC blend undoubtedly shows that the addition of 3% vol. of carbon in
the form of TEG to the initial charge leads to complete inhibition of the
oxidation.

4. DISCUSSION

Study of the kinetics of transformations of the carbide components of
equimolar TiC—ZrC blend shows the tendency to oxidation of the pow-
ders milled (Table 2). Moreover, the oxidation of charge components is
carried out in different ways. Oxygen presented in the charge and reac-
tion zone of the mill promotes the gradual decomposition of ZrC with the
formation of c-ZrO; carbon-stabilized cubic modification of zirconium
oxide, which further transforms into its monoclinic modification m-
ZrQ;. Generally, the transformation of ZrC takes place as:
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Fig. 5. Diffraction patterns of test samples of mechanically alloyed TiC—-ZrC +
+3% vol. TEG equimolar blend. Phases are marked as: ® —ZrC, 0—TiC, C—
Graphite.

ZrC + 02 — Zr:C + ¢-ZrOs + m-ZrO, + CO,T.

There is almost no solubility of Oxygen in the ZrC crystal lattice at me-
chanical alloying in contrast to the significant solubility of Oxygen in
the tetrahedral voids of TiC lattice. Thus, the oxidation of TiC titanium
carbide occurs according to the scheme:

TiC + Oz — Ti,CO, + CO.T.

Addition of about 3% vol. TEG powder to the initial TiC—ZrC equimolar
blend completely inhibits the oxidation of the carbides. But the metal
sublattices of both carbides are gradually depleted by Titanium or Zir-
conium atoms at mechanical alloying of both mixtures studied (TiC—ZrC
and TiC-ZrC + TEG) (Table 3). At this, the clusters of these atoms, more
properly, Ti*" and Zr* ions, are saturated the reaction zone of planetary
mill. This process dominates at the beginning of mechanical alloying (up
to 1 hour of processing) and is accompanied by a decrease in the lattice
parameters of both carbides (Fig. 2).

The dynamics of further changes in the parameters of TiC and ZrC
crystal lattices in dependence on the existing structural defects is quite
interesting (Fig. 6).

The obtained dependences (Fig. 6) could be explained only by assum-
ing the existence of dissolution of Zirconium atoms/ions in TiC lattice,
which leads to an increase in its lattice parameter and a supposed de-
crease in the degree of structural defect. In return, Titanium at-
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Fig. 6. Dependences of TiC and ZrC lattice parameters on the structural defects
induced at processing of TiC—ZrC + TEG charge.

oms/ions dissolution in ZrC lattice results in a decrease in its lattice pa-
rameter and a supposed increase in the degree of defect of the structure.
That is, the preconditions for formation of mutual Zr,_,Ti,C substitu-
tional solid solutions are created at mechanical alloying. Previously,
such solid solutions were obtained from a mixture of TiC—ZrC by the
method of spark plasma sintering (SPS) [10—13]. B. C. Ocak et al. [14]
have studied the effect of graphene nanoparticles (GNP) dopants on
TiC—ZrC ceramics obtained by SPS. It was shown that the highly dense
(relative density is over 99% ) ZrC-TiC—GNP composites are formed at
sintering of the initial charge with addition of 3% vol. GNP. The phase
composition of these composites is formed by Zr; ,Ti,C substitutional
solid solutions of [14].

In this work it was shown that the addition of 3% vol. TEG to ZrC—
TiC powder blend completely prevents the oxidation of carbides at me-
chanical alloying. Moreover, the addition of 3% vol. Carbon is known to
significantly improve the fracture toughness of TiB;—TiC ceramics due
to the fact that graphite inclusions prevent the growth of cracks [15].
Thus, TEG dopants to ZrC—TiC charge may act in two ways, namely,
they prevent the oxidation of a charge milled, and on the other hand,
TEG dopants create preconditions for improving the mechanical prop-
erties of bulk composite material.

5. CONCLUSIONS

Detailed x-ray diffraction study of test samples of equimolar blends of
TiC-ZrC and TiC-ZrC + 3% vol. TEG mechanically alloyed in a plane-
tary mill under the same mode has revealed the following.
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Carbide components of TiC—ZrC equimolar blend are significantly ox-
idized at processing. Oxygen present in the charge and reaction zone of
the mill promotes the gradual decomposition of ZrC with the formation
of carbon-stabilized cubic modification of zirconium oxide c-ZrOg,
which eventually transforms into its monoclinic modification m-ZrO,,
while TiC carbide accumulates the Oxygen atoms in tetrahedral voids of
its crystal lattice, forming of Ti.CO, oxycarbide.

Addition of TEG (3% vol.) to the initial TiC—ZrC charge completely
inhibits the oxidation.

Mechanical alloying causes an extraction of metal atoms (rather Ti*"
and Zr*" ions) from charge to the reaction zone of mill with the for-
mation of structural defects in ZrC and TiC crystal lattice, which cre-
ates preconditions for further formation of Zr;_.Ti.C solid solutions.

Fine-crystalline (crystallite size up to 20 nm) TiC-ZrC + 3% vol. TEG
activated powder can be recommended as an effective filler for the cre-
ation of consolidated nanoceramics based on TiB; and other borides.
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Structure of High-Entropy CoCrFeNi Alloy Obtained
by Laser Alloying

V. V. Girzhon, V. V. Yemelianchenko, and O. V. Smolyakov

Zaporizhzhya National University,
66 Zhukovsky Str.,
UA-69600 Zaporizhzhya, Ukraine

The structural-phase state of the CoCrFeNi high-entropy alloy obtained by
laser alloying of technically pure iron surface layers with a mixture of pow-
ders of pure elements Co, Ni, Cr in an equiatomic ratio was investigated by
XRD, EDX and metallographic analyses. As shown, the formation of multi-
component substitutional solid solution based on f.c.c. lattice, which is typi-
cal for high entropy alloys in the surface layers during laser alloying took
place. The influence of the atmosphere, in which alloying is carried out, on
the processes of structure formation and phase composition of alloyed sur-
faces are analyzed. As determined, during laser alloying in the air exother-
mic oxidation processes occurs, which, as a result, lead to the formation of
oxygen- and chromium-enriched areas on the peripheral areas of laser spots.
Laser alloying in argon atmosphere provides a uniform distribution of all el-
ements on the surface of the laser alloying zone.

Key words: high-entropy alloy, laser alloying zone, chemical inhomogeneity,
substitutional solid solution, high cooling rates, phase composition.

Metogamu XRD, EDX Ta merasorpadiunoi aHai3u JOCTiKEHO CTPYKTYPHO-
¢asosuii cran Bucokoenrpomitinoro crony CoCrFeNi, omepsxamoro 3a Jomomo-
TOI0 JIA3ePHOIO JIeTYBaHHS IMOBEPXHEBUX ITapiB TEeXHiUHO YMCTOTO 3ajisa cy-
MimImio mopommkiB yuctux enemenTiB Co, Ni, Cr B ekBiaTOMHOMY CIiBBiZHO-
menHi. [Tokazano, 110 mpu JIazepHOMY JIeTYBaHHI ¥ TOBepXHEBUX ITapax Bif-
OyBasocsa opMyBaHHA 0araTOKOMIIOHEHTHOT'O TBEPAOT0 PO3UNHY 3aMillleHHSA
Ha ocHoBi I'lTK-rpaTHuUIli, 110 XapaKTepHO OJA BUCOKOEHTPOIiAHUX CTOIIiB.
IIpoanasrizoBano BIJIMB aTMoc(epy, B SAKiHA 3miliCHIOBAJIOCSA JIeT'yBaHHSA, Ha
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IIPOIlEeCH CTPYKTYPOYTBOPEHHS Ta (pas3oBuil CKJIa A JJeroBaHUX IapiB. BcTaHOB-
JIeHO, IO NP Jla3epHOMY JieT'yBaHHI Ha IMOBiTPi BigOyBaroThCcA eK30TEepMiuHi
IIpoIlecy OKUCHEHHSA, IKi, K HaCJIiloK, IPUBOIATH A0 YTBOPEHHA 30araueHux
OxcuresoMm i XpomMoM AiaIAHOK Ha mepudepiiiHuX OKoJIaxX JasepHux miaMm. Jla-
3epHe JIeTYBaHHA B aTMoc(depi aproHy 3a0esmnedmio PiBHOMIpHUHA PO3mOmija
yCixX eJIeMeHTiB 110 TIOBEPXHi 30HU JIa3€PHOTO JieTyBaHHSA.

KarouoBi ciroBa: BICOKOCHTPOHIMHUI CTOI, 30HA JIa3€PHOT0 Jel'yBaHHI, XeMi-
YHA HEOJHOPiAHiCTh, TBePAUI PO3UUH 3aMillleHHSA, BUCOKI IITBUAKOCTi 0X0JI0-
I:KeHHs, (pas3oBuil CKJIa.

(Received December 20, 2021; in final version, April 28,2022 )

1.INTRODUCTION

Typically, high entropy alloys (HEAs) are alloys containing from 5 to
13 elements, the number of each varies within 5...835 atomic percent
(equiatomic or close to equiatomic concentration of elements). A char-
acteristic feature of HEAs is the presence in their phase composition of
one or more multicomponent substitutional solid solutions based on
b.c.c., f.c.c. or h.c.p. lattice. The formation of such solid solutions is
explained by the high values of mixing entropy in comparison with
traditional alloys[1].

Structural features of HEAs provide their high mechanical proper-
ties (hardness, wear resistance, efc.) in a wide range of temperatures.
The increase of these properties caused by significant distortion of the
crystal lattice due to the difference in the atomic radii of the substitu-
tional elements [2].

HEAs based on f.c.c. solid solution are characterized by low strength
and high ductility, and HEAs with b.c.c. structure, on the contrary, by
high strength and low ductility. Therefore, to achieve a set of required
physical and mechanical properties of a particular product, it is neces-
sary to be able to obtain alloys with a certain predetermined crystal
structure [3].

The vast majority of known HEAs were obtained by vacuum-arc
melting, or melting in an argon atmosphere. However, in many cases it
is efficient to obtain high performance of ready parts not in the whole
volume, but only in certain surface areas that are exposed to the most
intense mechanical stress, i.e., the creation of local coatings with high
mechanical properties. Among the known methods of obtaining such
coatings, laser alloying is one of the most promising due to the high
manufacturability of the process [4]. Significant cooling rates of the
melt (10%...10° K/s), typical for this method, prevent the progress of
diffusion processes during structural formation, which can lead to re-
distribution of chemical elements and the formation of other, undesir-
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able, intermetallic phases. In addition, the advantages of the method
include high adhesion between the coating and the matrix material [5].

The small number of scientific publications devoted to the produc-
tion of HEAs coatings by laser alloying, proves that this problem re-
quires further study. Therefore, the purpose of this study is to obtain
and analyze the structural-phase state of a high-entropy alloy of the
Co—Cr—Fe—Ni system obtained on the surface of samples from ARMCO
iron by laser alloying.

2. EXPERIMENTAL/THEORETICAL DETAILS

Samples of technically pure iron (ARMCO-iron) were selected as the
alloying object (matrix). Alloying was performed on a pulsed YAG la-
ser (A=1.06 um). The alloying components were an equiatomic mixture
of pure elements Co, Ni and Cr powders with a fraction size less than
50 um. The alloying was performed in protective argon atmosphere and
in air atmosphere. The phase composition of the surface layers of the
samples was controlled by XRD (CuK,-radiation), EDX and metallo-
graphic analyses.

3. RESULTS AND DISCUSSION

At the first step of the research, the alloying of the samples was car-
ried out in atmospheres of air and argon with a power density 1 GW /m?
and a pulse repetition frequency 2 Hz. The thickness of the backcoat
was 120 pm.

According to XRD data, two phases were detected after alloying in
the air atmosphere in the laser alloying zone (LAZ): b.c.c. and f.c.c.
solid solutions (Fig. 1, a). Precisely determined lattice parameters of
the obtained phases are presented in Table 1. It should be noted that
the lattice parameter of the f.c.c. phase actually coincided with the lat-
tice parameter of the HE-alloy of the same system, given in [7]. The
lattice parameter of the b.c.c. phase was slightly larger than the lattice
parameter o-Fe. Therefore, we can assume that the b.c.c. phase is a
substitutional solid solution of chromium in iron, because according to
[8] Fe and Cr form continuous series of solid solutions, and the size of
chromium atoms is larger than the size of iron atoms. Due to the low
solubility of oxygen and nitrogen in the a-Fe lattice, their effect on the
lattice parameter change can be neglected. The sizes of Co and Ni at-
oms are smaller than those ones of iron atoms.

EDX analysis of the alloyed surface of the sample (Fig. 2) showed
that the distribution of alloy components on the LAZ surface is homo-
geneous except for the peripheral regions of the laser spots. Elevated
chromium and oxygen content was observed in these areas. This fea-
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ture of the distribution of chemical elements can be explained in the
following way. As known [9], that from all of the elements of the sys-
tem, chromium has the greatest tendency to interact with oxygen and
can form refractory oxides. The crystallization of the melt pool in the
surface layers began with the areas that had the lowest temperature,
i.e., in the peripheral areas of the laser spots. In the first stages of crys-
tallization, the most refractory phases were formed. Taking in consid-
eration the fact that laser alloying was performed in air atmosphere,
we can assume that this was the main reason for the formation of oxy-
gen and chromium-enriched areas. The absence of reflections from the
lattices of oxides on the diffractograms indicated a small volume frac-
tion of them.

In order to eliminate the influence of the air atmosphere on the pecu-
liarities of the distribution of elements on the LAZ surface, laser alloy-
ing in an argon atmosphere was performed. It turned out that this
treatment provided a homogeneous distribution of all the elements on
the LAZ surface (Fig. 3). This indicated the legitimacy of the assump-
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Fig. 1. XRD-patterns from the surface layers of samples of armco-iron after
laser alloying with an equiatomic mixture of powders Co, Cr, Ni.
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tion about the reasons for the heterogeneity of the distribution of ele-
ments during alloying in air atmosphere.

It should be noted that alloying in an argon atmosphere led to a de-
crease in the intensities of diffraction maxima from the b.c.c. phase
lattice (Fig. 1, b). This redistribution is explained by the fact that in
the absence of oxygen, the temperature on the surface of the sample
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TABLE 1. Lattice parameters of phases in LAZ after alloying under different
conditions.

Thickness of Atmosphere of |Phase composition| Lattice parameters,

backcoat, pym treatment nm

120 b.c.c. 0.28695 +0.00011

Alr f.c.c. 0.35724 +0.00016

120 b.c.c. 0.28699 + 0.00011
Argon f.c.c. 0.35732+0.00016

150 b.c.c. 0.28713+0.00011

Air f.c.c. 0.36011+0.00016

150 f.c.c. 1 0.35992 + 0.00016
Argon f.c.c. 2 0.35521+0.00016

during alloying was lower than during alloying in the air [10]. This can
be caused by the absence of exothermic oxidation processes of both the
organic components of the binder and the metals. As a result, the pene-
tration depth decreased and, as a consequence, the amount of iron in
the LAZ reduced. This caused a decrease in the volume fraction of
b.c.c. phases. Indeed, according to EDX studies, the ratio of the
amount of iron to the total amount of all other components in the LAZ
after treatment in an argon atmosphere reduced from 2.45 to 1.76.

The decrease in the temperature of LAZ during alloying in argon can
also explain the presence of areas that contained an increased number
of individual components (Fig. 3), as the residence time of LAZ in the
liquid state diminished.

Precise calculations of lattice parameters (Table 1) after alloying in
argon atmosphere revealed their slight increase. This could be ex-
plained by the fact that the part of chromium atoms, which bound to
oxides during alloying in air atmosphere, in this case participated in
the process of LAZ structure.

The obtained data on the LAZ phase composition demonstrated an
excess of iron in it (b.c.c. phase formation). This indicated that the
chemical composition of the LAZ surface layers did not fully corre-
spond to the region of homogeneity of the solid solution typical for Co—
Cr—Fe—Ni system HEAs [11]. In order to reduce the amount of iron in
LAZ at the next step of the study alloying was performed with a back-
coat thickness 150 um.

After alloying in air atmosphere (Fig. 1, ¢) in the LAZ surface lay-
ers, f.c.c., and b.c.c. phases were again detected, and the volume frac-
tion of b.c.c. phases was smaller than after alloying with a backcoat
thickness 120 um, which was the expected result. The lattice parame-
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Fig. 2. Distribution of chemical components on the surface of LAZ after laser
alloying in the air atmosphere.

ters of both solid solutions (Table 1) increased markedly. The growth in
the b.c.c. phase parameter is quite easily explained by the augmenta-
tion in the relative amount of chromium in the LAZ. The parameter of
the f.c.c. phase differed significantly from the previous one. This al-
lowed us to assume that the formed f.c.c. phase is not identical in
chemical composition to the same phase formed in LAZ during alloying
with a smaller thickness of the backcoat.

Alloying with a backcoat thickness 150 um in an argon atmosphere
(Fig. 1, d) led to the formation in the alloyed layers of two f.c.c. solid
solutions with different lattice parameters (Table 1). The presence on
the diffractograms of reflections from the lattice of the two f.c.c.
phases only indicated the absence of condition for the formation of the
b.c.c. phase. This can be explained by decrease in the amount of iron in
LAZ, caused by lower temperatures of structure formation in the ab-
sence of oxygen.

The formation of two f.c.c. solid solutions could be due to the rather
inhomogeneous distribution of chemical elements in the LAZ, caused
by high cooling rates of the melt and the Marangoni—Gibbs effect [12,
13]. Therefore, in order to align the chemical composition, the laser
remelting of alloyed surface with a lower power density (0.5 GW /m?)
in argon atmosphere was carried out. After such treatment, only one
f.c.c. phase was observed in the LAZ (Fig.1, e). The lattice parameter
of the obtained solid solution (0.35994 + 0.00016) nm practically coin-
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Fig. 3. Distribution of chemical components on the surface of LAZ after laser
alloying in the argon atmosphere.

cided with the lattice parameter of the multicomponent substitutional
solid solution, the formation of which is typical for HEAs of this sys-
tem [14]. Thus, the described method makes possible to obtain a coat-
ing type HEAs on the surface of the iron.

4. CONCLUSIONS

1. Laser alloying of the ARMCO-iron surface layers with a mixture of
powders Co, Ni, Cr, taken in the equiatomic ratio allows to obtain a
highly adhesive coating, which contains phases typical for high-
entropy alloys.

2. After laser alloying in air atmosphere contrast to alloying in a neu-
tral environment the alloying zone is characterized by an increased
content of matrix iron, which is caused by higher temperatures due to
exothermic oxidation processes and the consequent increase in melt
pool depth.
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Effect of Ar Annealing on Diffusion and Thermal Stability
of Transition Metal Thin-Film Systems
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The processes of diffusion-induced structure and phase formation in na-
noscale Ni/Cu/V thin films deposited by DC magnetron sputtering on a Si
(100) substrate after annealing in the temperature range of 200-550°C in
vacuum (1073 Pa) and argon (200 Pa) atmospheres are studied. Thermal sta-
bility, diffusion mass transfer of components and changes of phase composi-
tion in vacuum and Ar atmospheres are analysed using synchrotron and cop-
per radiation x-ray diffraction (XRD) and secondary ion mass spectrometry
(SIMS). Due to the different diffusion mobility of Cu and Ni atoms with the
temperatures increase in the studied interval, the two regions with different
Ni and Cu concentrations are formed. Grain boundary and bulk mechanisms
of Cu and Ni diffusion and the influence of the heat treatment atmosphere
are discussed. As shown, annealing in vacuum atmosphere, compared to an-
nealing in argon, results in an increase in the onset temperature of the Cu-
based solid solution formation by 100°C and a decrease in the concentration
of Ni in this solid solution. Thus, upon annealing in vacuum, the thin film
maintains thermal stability over a larger temperature range compared with
annealing in argon.
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Key words: nanosize films, solid solution, synchrotron radiation, heat treat-
ment, diffusion, phase formation.

Hocaigsxeno mpomecu audysiliHO-iHAYKOBAHOTO CTPYKTYpo- Ta (as3oyTBo-
peHHA B HaHOpo3MipHUX ToHKUX miaiBkax Ni/Cu/V, omep:KaHUX METOAOIO Ma-
THETPOHHOTO ocai»KeHHs Ha migkaaguHKy Si (100), micas Bigmany B inTepBasi
remnepatyp 200—550°C y armocdepax Bakyymy (1072 ITa) ra apromy (200 IIa).
Tepmiuny crabinbHicTb, AUGY3IHHUI MacoIepeHOC KOMIIOHEHTIB Ta 3MiHY da-
30BOT'0 CKJIay B aTMOc(epax BaKyyMy Ta apr'OHY IIPOAHAJi30BAaHO 34 JOIIOMO-
TOI0 METOJl PeHTI'€HOCTPYKTYPHOI (asoBoi anaxisu (XRD) i3 BuKopucTanHaM
CUHXPOTPOHHOTO Ta MiJHOTO BUIIPOMiHIOBAHHS Ta BTOPWHHO-MOHHOI Mac-
cuekrpomerpii (SIMS). Uepes pisay nudysiiiny mobinbHicTs aTromiB Cu ta Ni
i3 3pocTaHHAM TeMIepaTypH y AOCHiAKyBAaHOMY iHTepBasi ()OPMYIOTHCS ABi
ob6JiacTi 3 pisHOIO KOHIeHTpaIriero Ni ta Cu. OGroBopooOTLCSI 3€pPHOTPAHUYHU I
Ta 00’emMHM MexaHismu nudysii Cu ta Ni, a TaKoK BILIUB aTMochepu TepMid-
HOro ob6pobiaenusa. ITokasamo, 1110 BiAIaa y BaKyyMi MOpPiBHAHO 3 BigmaJyioM B
aproHi IPUBOIUTE A0 MiABUINEHHA TeMIIePATyPU MOYATKY YTBOPEHHS TBEP/IO-
ro posunny Ha ocHoBi Cu Ha 100°C Tta moHM:KeHHA KoHIeHTpalii Ni B ibomy
TBepaoMy po3unHi. TakuM YynHOM, 3a YMOB BifItaay y BaKyyMi TOHKOILJIiBKOBa
KOMOOo3uIllia 30epirae TepmMiuHy cTabiibHIiCTD y GiIbIIIOMY iHTEepBaJIi TeMIepa-
TYyp IOPiBHAHO 3 BilITaJI0M B apToHi.

KuarouoBi cioBa: HAHOPO3MipHI ILIiBKHY, TBEPAUHA PO3UNH, CHHXPOTPOHHE BU-
MIPOMiHIOBaHHSA, TePMOOOpOOIeHHA, AU(dy3is, pasoyTBOpeHHAd.

(Received April 5,2022; in final version, April 27,2022 )

1. INTRODUCTION

At present, Cu-based thin-film systems are of great importance and
their research continues, since such systems have unique mechanical,
electrical, and magnetic properties [1], which lead to new opportuni-
ties for their application in various fields of nanotechnology and solar
energy. One of the important elements of solar cells (SC) is metal con-
tacts, which greatly affect their functionality, stability, and cost. Cur-
rently, Ag paste is mainly utilized for metal contacts, usually fabricat-
ed using screen printing technology followed by high-temperature
(700-900°C) annealing [2]. However, insufficient control over this
process can unpredictably disrupt the p—n junction, leading to degra-
dation of the passivation layers and possible shunting of the junction
[3]. While the high conductivity of Ag and the established mass-
production technology remain the main advantages, the great concern
of these contacts is related to high market price of Ag which contrib-
utes to about 40% of the total cost of SC value. Therefore, alternative
contact materials and technologies for their fabrication are also being
considered, but at present their use has not yet reached the level of
commercial product. Cu is one of the most promising materials for re-
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placing Ag and viably reducing the SC cost up to ~100 times while
maintaining high electrical conductivity. However, the high diffusion
activity of Cu at the Si interface remains a major obstacle that pre-
vents the use of Cu as a contact material for SC, since this can lead to
the formation of intermetallic phases of Cu with Si that serve as re-
combination centres [4], as well as compromise the adhesion to sub-
strate [5] due to a porous structure of the Cu/Si interface [6]. An effec-
tive solution of this problem may be the use of a diffusion barrier layer
of different metals such as V, Cr, Ti, and others [7]. Additional chal-
lenging aspect is related to poor Cu oxidation resistance even at low
temperatures. For this reason, the coating layer of Ni, Au, Mo can be
used to prevent oxidation of the Cu film [8]. Therefore, multilayer
metal structures with Cu as an internal and fully protected layer,
providing long-term stable electrical properties of the device, are via-
ble from scientific and applied points of view.

Thermal stability of electric contacts for SC is an important compo-
nent of their functionality. When multilayer structures are considered
as contacts, this becomes vital because various environmental condi-
tions are inevitable during the operation of the SC, such as low and
high temperatures, different atmospheric composition, exposure time,
heating and cooling rate, humidity, etc. In addition, the thermal sta-
bility of multilayer components is essential for their successful fabri-
cation [9]. Understanding of thermal stability of a multilayer metal
device is impossible without studying the diffusion processes inside
these structures. The most commonly corresponding diffusion dis-
tance is in the range of nanometres and the study of diffusion length
allows to characterize the degree of film degradation and can be used as
a measure of its thermal stability. In addition, in nanoscale structures
with an increased number of components and interfaces, diffusion in-
termixing and phase formation should be specifically addressed be-
cause they greatly affect the physical and functional properties of the
material. Interfacial reactions between components can lead not only
to inhomogeneity of phase composition and formation of new phases,
sometimes atypical to the corresponding equilibrium phase diagrams
of bulk materials, but also to degradation of the functional properties
of the elements. Furthermore, the chemical composition of the fabrica-
tion and exploitation environment may affect the structural character-
istics and diffusion kinetics in nanostructured materials at elevated
temperatures [10]. Therefore, the implementation of Cu-based thin-
film elements in advanced devices for microelectronics and photovolta-
ics is greatly restricted by the lack of ample understanding and good
control of their diffusion kinetics and thermal stability under aggres-
sive thermal conditions in various environments.

Thermal treatment of thin films in Ar atmosphere is widespread.
[11-14]. By varying the processing environment, the control over the
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phase transformations kinetics and temperature intervals, structural
properties, surface roughness and thermal stability have been
achieved. However, the annealing environment can affect the diffu-
sion kinetics and thus thermal stability of the structure [15]. It is
therefore necessary to give due consideration to studying the thermal
stability of particular transition metal contacts when exposed to Ar.

This study examined the effect of Ar-annealing on the structure,
phase composition, diffusion behaviour and thermal stability of func-
tional transition metal nanosize film system Ni (25 nm)/Cu (25 nm)/V
(25 nm). The system was deposited by DC magnetron sputtering on a
single crystal Si (100) substrate. In order to simulate in laboratory
conditions, the extremely aggressive thermal effect on functional ele-
ments annealing was carried out under Ar flow (200 Pa) and a wide
temperature range of 200—-550°C. A further comparison was made for
the same structures annealed in vacuum (102 Pa). Such conditions are
much more extreme than the actual fabrication and operational ones,
although they provided the important information on the stability of
studied system in a broad temperature range. The feasibility of sug-
gested multifilm arrangement with Cu layer in the middle and Ni in
the upper part as oxidation barrier and V in the lower part as diffusion
barrier with substrate is discussed.

2. METHODS

Ni (25 nm)/Cu (25 nm)/V (25 nm) thin films were deposited by the DC
magnetron sputtering on single crystal Si (100) substrates at room
temperature from high-purity targets of Ni (99.995 at.%), Cu (99.99
at.%) and V (99.95 at.%). Deposition rates were 0.5 nm/s, 0.27 nm/s
and 0.065 nm/s for Cu, Ni and V, respectively. The vacuum level was
2.0-107° Pa before deposition, while the argon flow during the deposi-
tion process was 6.0-10! Pa. The thicknesses of the film layers were
calculated from known sputtering rates and further verified by depth
profiling. The layer-by-layer chemical analysis was performed by sec-
ondary ion mass spectrometry using Ion Time-of-Flight IV system with
a primary beam of 1 keV O* positive ions. Heat treatment was carried
out in the temperature range of 200—550°C for 15 minutes in a vacuum
of 21073 Pa and in an argon atmosphere (200 Pa). Structural and phase
analysis was performed using x-ray diffraction (XRD) using the graz-
ing incidence geometry in copper radiation (1.5405 A) on the Rigaku
Ultima IV device. For a more detailed study of the thermally-induced
formation of structure and phase composition, synchrotron radiation
with a wavelength of 1.08 A and the grazing incidence wide-angle x-
ray scattering geometry (GIWAXS) on the materials science beamline
BL44B2 (RIKEN SPring-8 synchrotron radiation facility, Japan) were
used. Debye—Scherrer camera with a radius of 286.48 mm and an ‘im-
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age plate’ detector with dimensions of 400x200 mm was applied for
XRD analysis [16]. The angle between the beam and the surface of the
sample was 0.5°. The vertical and horizontal dimensions of the beam
were 0.01 mm and 3.0 mm, respectively.

3. EXPERIMENT

Figure 1 shows the results of XRD studies of Ni/Cu/V thin films after
deposition and heat treatment in vacuum (a) and argon atmosphere (b).
The increased value of the lattice constant of the f.c.c. Cu film in the
initial state (Cu thin film lattice constant = 0.3596 nm) compared to
the bulk (Cu bulk lattice constant = 0.3615 nm [17] is likely due to the
formation of tensile stresses in vacuum condensates, which relax dur-
ing further annealing [18]. As the temperature increases upon anneal-
ing in vacuum (Fig. 1, a), a gradual shift of the Cu (111) peak towards
high diffraction angles and a corresponding decrease in the Cu lattice
parameter are observed. At the same time, the position of Ni diffrac-
tion peaks remains unchanged throughout the whole temperature
range. This diffraction pattern is typical for the Cu-based Ni—Cu solid
solution formation processes and has been previously observed for
submicron films [19-21].

Diffraction data of the Ni (25 nm)/Cu (25 nm)/V (25 nm) thin films
after deposition and annealing in Ar atmosphere in the 350-550°C
temperature range are shown in Fig. 1, b. Similarly, to the vacuum an-
nealing, the Cu peak shift towards high angles is observed, but this ef-
fect is noticeably recorded at a lower temperature (400°C instead of
500°C). The diffraction peak position of Ni(111) is unchanged through
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Fig. 1. X-ray pattern of the Ni/Cu/V thin film in the initial state and after
annealing in vacuum (a) and in an argon atmosphere (b) at temperatures of
350°C, 400°C, 450°C, 500°C, and 550°C (wavelength of 1.54 A, dotted line
corresponds to the peak position of Cu[17] and Ni[22] bulk materials).
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the whole temperature range similar to vacuum annealing. The disap-
pearance of peaks of both Cu and Ni after annealing in Ar at 550°C
makes it drastically different from the result of vacuum annealing.

It should be noted that diffraction peaks from Cu oxide phase are not
observed in both annealing atmospheres, which confirms the effec-
tiveness of using Ni top layer to protect Cu film from oxidation.

At elevated temperatures there is also an obvious change in the in-
tensity ratio of the Cu and Ni peaks and this change starts sooner (at
lower temperature) in the Ar atmosphere. Initially (as deposited), the
stronger peak of Ni becomes less intense than the peak of Cu at 450°C
in Ar (Fig. 1, b), while in vacuum this result becomes apparent only at
550°C (Fig. 1, a). According to the atomic scattering factor, the inten-
sity of the Cu (111) diffraction peak should be higher than that of the
Ni (111) at temperature up to 400°C [23]. However, when applying Ni
as a top layer, it leads to the decrease of the Cu diffraction peak inten-
sity in initial state, i.e., Ini > Icu for all reflection orders. As the anneal-
ing temperature increases, the diffraction peaks intensity ratio chang-
es: the Cu (111) peak intensity becomes higher, and Ni (111) becomes
proportionally smaller. This is most likely result of the Cu-based Ni—
Cu solid solution formation, since the changes are observed only in the
Cu crystal lattice period, but not vice versa. The observed intensities
redistribution may be associated with different diffusion mechanisms
of Ni and Cu atoms.

The XRD data in the Fig. 2 show the temperature dependence of the
lattice parameters of Ni and Cu in different annealing atmosphere.
There is no significant change in the lattice parameter of Ni and Cu at
temperatures up to 350°C. The change in the Cu lattice period (Fig. 1,
a) from 0.3596 nm in the initial state to 0.3585 nm within the temper-
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Fig. 2. Ni and Cu lattice parameters of the Ni/Cu/V system as a function of
temperature based on XRD data after annealing in vacuum and argon for 15
minutes.
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ature range of 350—450°C are defined. The Ni lattice parameter stays
unchanged in vacuum in the entire temperature interval. However, a
significant change in the lattice parameter of Cu is observed in vacuum
at 400°C and at 450°C: in argon atmosphere a =0.3577 nm, and in vac-
uum a = 0.3594 nm. Therefore, a higher concentration of Ni in the
formed solid solution is observed when the films annealed in argon
compared to vacuum.

It is apparent, that annealing thin film structures in Ar tends to be
more vigorous in modifying the initial structures compared to vacuum
annealing. Similar structural changes in thin films occurred in Ar at
lower temperatures than they started in vacuum. For this reason, fur-
ther experiments were performed for thin films annealed in argon to
reveal the underlying mechanisms of such behaviour.

More detailed structural phase analysis was performed using syn-
chrotron radiation. The advantages of synchrotron radiation for the
study of nanosize multilayer films are discussed elsewhere [24]. Fig. 3
(left panel) shows 2D diffraction patterns of the Ni (25 nm)/Cu (25
nm)/V (25 nm) system after heat treatment in an argon atmosphere
(200 Pa) in the temperature range of 200—500°C for 15 minutes, ob-
tained using image-plate detector and radiation wavelength of 1.08 A.

These results were supplemented by traditional XRD data. The
analysis of Debye diffraction rings allowed to exclude the potentially
possible formation of the grains’ predominant orientation, which is
evidenced by the uniform distribution of the intensity of all diffrac-
tion rings. To specify the structural parameters, the dependence of the
diffraction peaks’ intensity on the 20 angle shown in Fig. 3 was used.

While the traditional XRD analysis allowed to detect only the high-
est intensity (111) peaks of Ni and Cu phases in studied thin films, the
use of synchrotron radiation enabled to determine the diffraction of
the 2nd and 3rd orders and, thus, more accurately calculate the lattice
parameters using diffraction peaks at high angles. In the initial state,
only the fce Ni and f.c.c. Cu peaks are present. The b.c.c. V peaks are
not observed, which indicates on its amorphous or fine-grained struc-
ture, most likely attributed to the particularly slow deposition rate of
the growing film on cold substrate. The onset temperature of diffu-
sion-induced solid solutions formation between Ni and Cu according to
these data is 400°C. The composition is gradually homogenized with
the formation of Ni,Cu, solid solution upon further increase of the an-
nealing temperature up to 500°C, which is evidenced by the merging of
the diffraction peaks from two f.c.c. phases. However, it is still possi-
ble to distinguish the signals from residual Cu and Ni f.c.c. phases.

The crystallites size of Cu and Ni phases was evaluated based on the
synchrotron radiation XRD data using the Scherrer equation [25]. In
the initial state, the Cu lattice parameter is 0.361 nm, and for Ni—
0.352 nm. The Ni—Cu solid solution formation is accompanied by a de-
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Fig. 3. Diffraction patterns of the Ni/Cu/V thin film system after deposition
(a) and heat treatment in argon atmosphere at temperatures of 200° (b), 300°
(c), 400° (d), 500° (e), obtained using synchrotron radiation (wavelength 1.08
A) and the corresponding 2D scans of Debye diffraction rings (7, g, &, j).

crease in the Cu lattice period to 0.359 nm at 500°C, while the Ni lat-
tice constant remains unchanged until the formation of the homogene-
ous solid solution. The crystallites size of Ni is 29—-35 nm in the tem-
perature range 20-400°C. The microstrain value decreases from
0.32% t00.25% when the temperature change from room up to 400°C,
which likely indicates on the slight stress relaxation during annealing.
The average size of Cu crystallites varies from 10 to 16 nm, and the mi-
crostrains, respectively, from —0.1 to +0.1% , within the same temper-
ature range.

Based on the synchrotron radiation XRD data (Fig. 4), and accord-
ing to the estimation of the lattice constants ratio using Vegard’s law
[26], a solid solution of Cu7Niss composition is formed after annealing
in argon at 500°C.

Since XRD analysis provides averaged information about the struc-
ture of the entire volume of the thin film, for a more detailed study of
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Fig. 4. Lattice constant of Cu-based solid solution as a function of the atomic
concentration of Cu in Ni calculated from the synchrotron radiation XRD data.

the diffusion processes as a function of temperature, the layer-by-layer
elemental analysis of the nanosize Ni/Cu/V systems using the SIMS
technique was performed (Fig. 5). The intensity distribution of sec-
ondary ions of the main components (Ni*, Cu*, V*), as well as the sec-
ondary complex ions (NiCu*, CuV*and NiV*) was analysed.

The trilayer structure of the film with almost absent mutual diffu-
sion of the components is clearly seen in the initial condition. Howev-
er, a minor signal of Ni appeared at the Cu/V interface is most likely
the result of condensation stimulated fast diffusion of some Ni atoms
through the Cu grain boundaries upon deposition [27]. Diffusion of Ni
in the initial state is undesirable. It is most likely a result of magnetron
deposition and probably can be prevented in further experiments by
adjusting of the spattering parameters. The slope of the curves ob-
served at the interfaces is due to the resolution of the used layer-by-
layer technique. The leaps of intensity seen in the surface area are as-
sociated with oxidation processes, as SIMS technique is highly sensi-
tive to the interatomic interaction and chemical bonding energy [24].
It should be also noted that the thickness of each metal layer in initial
state is similar and equal to 25 nm, however their etching time (x-axis)
is different, especially for V layer due to the fact that V has the lowest
sputtering coefficient (V=85A/s, Ni=190A/s, Cu=320A/s).

The Cu and Ni atoms mutual diffusion is evident when the annealing
temperature increases up to 300°C. Besides, the Ni atoms spread more
intensively into the Cu layer and segregate in the Cu/V interface re-
gion. It follows from the comparison of SIMS and XRD data, that the
diffusion interaction at a temperature of 300°C occurs through the
grain boundary mechanism, since the angular positions of the corre-
sponding Ni and Cu diffraction peaks remain constant. Cu diffuses to
the outer surface and oxidizes, which creates an additional driving



744 A.K.ORLOV,I.0. KRUHLOV, A. LOZOVA et al.

force for diffusion [23, 28]. The diffusion of Cu atoms into V layer
starts simultaneously.

The mutual diffusion of Ni and Cu atoms continues at temperature
of 400°C. In addition, two diffusion interaction regions at Cu/Ni and
Cu/V interfaces are still clearly observed at this temperature. The dif-
fusion of Ni atoms into the Cu layer is more intense, which is con-
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Fig. 5. The intensity of Ni*, Cu*, V* and Si* secondary ions current as a func-
tion of the sputtering time of Ni/Cu/V/Si thin films after deposition (a) and
annealing in an Ar atmosphere at temperatures of 300°C (b), 400°C (c), 450°C
(d), 500°C (e), 550°C (f). The regions of the two Cu—Ni solid solutions formed
at 450°C (d) are marked in yellow and grey colours.
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firmed by the results of synchrotron analysis, where the Cu peak shift
is fixed at 400°C and, as a result, a Cu-based Ni—Cu substitution solid
solution is formed. The concentration of Ni atoms in the Cu layer is
equalized at a temperature close to 450°C. The most pronounced diffu-
sion interaction is observed in the film volume (particularly, in the Cu
layer) due to the diffusion mobility of Ni in Cu. In the temperature
range of 300—400°C, Ni atoms diffuse through the Cu layer and accu-
mulate at the Cu/V interface, while V acts as a diffusion barrier be-
tween the interacted layers and the substrate. As the annealing tem-
perature increases further, a certain critical concentration of Ni at the
interface with V layer is accumulated when the Cu and V profiles at
this interface are blurred. The position of the Cu/V interface is shifted
towards the substrate. At 450°C, not only the two regions of the solid
solution with concentration of components are observed, but also the V
diffusion towards the free surface begins with its gradual accumula-
tion in the near-surface region. A significant intensification of the va-
nadium diffusion activity is observed approaching to temperatures
~0.3-0.35 Tmeiting, where Tmering = 1910°C. This corresponds to the onset
of the diffusion activation by the volume mechanism. A V layer with a
small content of Cu atoms is formed in the near-surface area when the
temperature reaches 500—550°C. The argon atmosphere contributes to
the accumulation of impurities in the film from the residual atmos-
phere. Moreover, vanadium has a strong susceptibility to oxidation
and adsorption of impurities when it comes to the surface under ther-
mal exposure. These two factors can cause the disappearance of dif-
fraction peaks of Niand Cu at 550°C in Ar due to a decrease in the crys-
tallinity of the studied thin film because of high impurities content. To
be fair, the obtained results at 550°C are not sufficient enough to satis-
factorily explain the disappearance of diffraction peaks. It should be
noted that Cu atoms are observed on the outer surface in the entire
temperature range. This may be due to the fact that Cu has a lower sur-
face energy (1.825 J/m?) than Ni (2.34 J/m?) and V (2.55 J/m?) [29].
Therefore, the results of SIMS depth profiling studies showed that the
use of top and bottom barrier layers (Ni to prevent oxidation and V to
prevent diffusion with the substrate) upon annealing in argon atmos-
phere turned out to be not very hostile up to 400°C, after which the de-
velopment of various diffusion processes is irresistibly activated and
the thermal stability of the system is violated.

4. DISCUSSION

It is well acknowledged that annealing in chemically inert Ar is a com-
mon pathway to minimize the oxidation of thin-film functional ele-
ments in microelectronics technologies, especially for ‘noble Me—
transition Me’ layers combinations [13]. However, the results demon-
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strated in present study show that thermal exposure of transition met-
al thin film in argon can undesirably affect the diffusion-mediated
thermal stability compared to the similar vacuum annealing.

Most of the thin-film materials contain impurities that physically or
chemically adsorb during condensation or heat treatment from atmos-
phere being partially in their molecular state. Impurities play a signif-
icant role and can accelerate diffusion reactions, especially in the case
of nanoscale systems [30]. During thermal treatment in vacuum, de-
gassing of impurities occurs much faster than in an argon atmosphere.
This is due to the fact that the partial pressure of saturated vapour im-
purities in the material in argon atmosphere is much lower than in
vacuum, which significantly reduces the probability of their evapora-
tion [31]. Furthermore, volatile chemical compounds have a higher
tendency to decompose in vacuum. Annealing of defects and impurities
in vacuum, in comparison with argon atmosphere, slows down the dif-
fusion intermixing between conductive and barrier layers. As a result,
the Ni/Cu/V thin film structure remains more thermally stable in a
vacuum. Due to the annealing of volatile chemical compounds, there is
a certain deviation from the original composition, and such non-
uniformity of chemical composition has a huge effect on heterogeneous
nucleation [32]. In addition, the heat transfer of materials through the
surface is higher in argon compared to vacuum, which contributes to a
faster establishment of the temperature equilibrium over the entire
area of thin-film material. Due to these factors, the stresses arising in
the material can additionally accelerate the diffusion interplay be-
tween the film components during thermal exposure in an Ar atmos-
phere compared to the vacuum.

Since the diffusivity of Ni in Cu is higher than of Cu in Ni, the both
grain boundary and bulk diffusion of Ni atoms into the Cu layer at
200-550°C is taking place, herewith Cu diffuses only through the Ni
grain boundaries. The XRD analysis characterizes a bulk diffusion,
and the SIMS technique characterizes both bulk and grain boundary
diffusion through the averaged depth elemental distribution. It fol-
lows from SIMS data that Cu diffusion into the Ni layer is observed,
while Ni crystal lattice remains unchanged according to the XRD data,
indicating on the grain boundary mechanism of Cu mass transfer. The
presented data and analysis support that vacuum annealing leads to
slower interdiffusion between components and, as a consequence, thin
film structures retain their thermal sustainability better compared to
the argon ambient.

5. CONCLUSIONS

The structural phase transformations and layer intermixing during
heat treatment of Ni/Cu/V/Si (100) thin films are studied in the tem-
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perature range from 200°C to 550°C for 15 minutes in inert Ar atmos-
phere and vacuum (102 Pa) using a combination of structural (XRD)
and chemical (SIMS) experimental techniques. The diffusion of Cu at-
oms to the Ni boundaries and diffusion of Ni atoms in the Cu grains
volume in the temperature range of 300—500°C causes the formation of
Cu-based solid solutions with different Ni concentrations regardless of
the annealing atmosphere. Vacuum annealing compared to Ar reduces
the temperature of the Ni in Cu substitutional solid solution formation
by 100°C and reduces the Ni concentration in this solution. The V ad-
hesion layer prevents the Cu and Ni atoms intermixing with the sub-
strate and averts the silicide formation below 400°C in argon. Further
increase of annealing temperature leads the V diffusion towards the
outer surface and its accumulation in the near-surface region. Ni top
layer prevents Cu oxidation during annealing in both atmospheres.
Studied trilayer structures appeared to be thermally more sustainable
under vacuum annealing compared to Ar.
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cKkJamanga 25 MKM, TpuBajdicTh o6pobsenns — 50 c. BukopucrosyBauch 3pa-
3ku Kpuiti 40X 13 micasa mom’ AKINYBaJIbLHOIO TEPMIUHOT0 00POOIEHHA 38 TEM-
nepatypu Bignamy 800°C (BuxigHuii cTaH), IIicJisg JOJAaTKOBOTO rapTyBaHHS Bif
remuepatrypu 980°C 3 0XOJIOMKEeHHAM B MacJji Ta Iiciad ZOZAaTKOBOI'O TapTy-
BamH4A Big Tremmeparypu 980°C 3 mactynHuM Bigmasom 3a Temmoepatypu 250°C
YIIPOLOBIK roguHMu. BeTaHOBIEHO, 1110 micasg Y3YO BigOyBaeThCsa CyTTEBE 3Me-
HIITeHHS IIIePCTKOCTA MOAM(PiKOBAHOI ITOBEPXHI Ta IiABUIIIeHHS MiKPOTBEPIO0-
CTH IJISl YCiX BUNAJKiB IIOPiBHSAHO i3 BUXiZHMM cTaHOM. 3 BpaxXyBaHHAM JaHUX
PEHTI'€HOCTPYKTYPHOI aHaisu OOroBOPIOIOTHLCS OCHOBHI UMHHUKHU Hedopma-
IifiHOrO 3MiIlHEHHSA MOBEePXHEBUX IapiB Heipsxasilfinoi xpumi 40X13 3a pis-
HUX KOMOiHAI[i} TepMiUuHOT0 Ta YILTPA3BYKOBOTO YAAPHOIO BILINBY.

KarouoBi caoBa: Heipskasiilima Kpwuilsd, mMop@oJioris moBepxHi, MiKpoTsep-
Iicts, medopMaillis, HaNIpy:KeHHSA, yJIbTPA3BYKOBe yaapHe 00po0JieHHSA, Tep-
MiYHUI BILIUB.

The influence of ultrasonic impact treatment (UIT) on the microhardness,
roughness and structural-phase state of the stainless steel AISI 420 surface is
studied. Ultrasonic impact treatment is performed in an inert environment
under the same conditions—the amplitude of the hub end was 25 pm, the du-
ration of treatment—50 s. Samples of AISI 420 steel are used after softening
heat treatment at annealing temperature of 800°C (initial state), after addi-
tional hardening from 980°C with oil cooling and after additional hardening
from 980°C with subsequent annealing at 250°C for one hour. As established,
that after UIT there is a significant decrease in the roughness of the modified
surface and increase in microhardness for all cases compared to the initial
state. Taking into account the data of x-ray diffraction analysis the main fac-
tors of stainless steel AISI 420 surface layers deformation hardening under
different combinations of thermal and ultrasonic impact are discussed.

Key words: stainless steel, surface morphology, microhardness, deformation,
stress, ultrasonic impact treatment, heat treatment.

(Ompumano 31 6epe3us 2022 p.; ocmamour. 6apiaum — 27 keimnsa 2022 p.)

1. BCTYII

Kpung 40X13 BigHocUThCA MO0 Heip:KaBillHMX, KOPO3iMHOCTIAKMX
KPUIb MAPTEHCUTHOTO KJIACY i € IMOIIMPEeHNM MaTepisfAaoM y PisHUX Tra-
JYy3AX MammHoOyayBanHsa. [laHa KpUIls Mae 3aJJ0BiJIbHE CITiBBiHOIIIEH-
HS XapaKTEePUCTUK MIITHOCTHM Ta ILIACTUYHOCTH, XOPOIIy KOPO3iiiHy
CTiiKicTh B aTMoc(epi moBiTPA, ¥ BOAL Ta B PAMi KUCJIOT i BUKOPHCTOBY -
€TbCA IJISI BUTOTOBJIEHHSA OiJILIITOCTY CyYacHUX aeTajeil MallluH, eJeMe-
HTiB KOHCTPYKI[if Ta TEXHOJIOTiYHOTO iHCTpyMeHTy. SIK mpaBumio, Taki
BUPOOM IPAITIOIOTh B yYMOBaxX IMUKJIIUYHUX HaBaHTaKeHb, IIiJl BILIMBOM
OKHCHUX IIPOIIECiB, a TaKOK a0pasuBHUX yacTUHOK [1]. Ilpu nbomy Mak-
CUMAJbHI MOMIKOAMKEHHS Ta iHTeHCHMBHE 3HOIIYBAHHS JIOKAJIi30BaHI y
IIOBEPXHEBOMY pPoOouOMYy IIapi gerasi. ¥ 3B’ 3Ky 3 IIIM 0COOJIMBOI aKTY-
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aJIbHOCTH HAOyBAIOTL 3aBAAHHS IIOBEPXHEBOT'O 3MiITHEHHS 34 PaXYHOK
3MiHM BJIACTHBOCTEH Ta MeXaHi3My 3HOITYBaHHS TiIBKHK POOOUOTO IIapy.

Omip pyfHyBaHHIO IIiT BIIMBOM ITUKJiuHOI medopMailiii € ogHieo 3
HaBaKJIUBIMMINX MeXaHIUHNX XapaKTepMCTUK KOHCTPYKIIMHUX MaTe-
piamxis [2]. OcKinbKHu BTOMHA TPIllIMHA 3aPOIKYETHCA AK ITPABUJIO B TO-
BEepXHEBUX IIapax, TO MOAM(IiKAIlid IIOBEePXHi € IePCIeKTUBHUM 3aCO-
00M 30iIbIITeHHA BUTPUBAJIOCTH TaKUX MaTepiaiaiB [3—5]. YucaenHi mo-
CHi»KeHHA BILIMBY iHTEHCUBHOI ILJTaCTUYHOlI Aedopmallii Ha BTOMY
KOHCTPYKI[IMHIX MaTEPisIiB cBiguaTh mpo Te, 1Mo (pOpMyBaHHS 3MiIl-
HEHOIO IMIapy YHOBIJILHIOE KiHETUKY 3aPOKEHHS Ta MOIINPEHHI BTOM-
HUX TPIIllUH i CYyTTEBO MiABUINYE ITUKJIIYHY AOBroBiuHicTh [6]. IHIITIM
HeraTUBHUM (haKTOPOM € HAKOIIUUEHHA HAIIPYKEHb PO3TATY B OBEPX-
HeBHUX IIIapaxX Ta B 30Hi 3BapHUX 3’€THAHb. SAJUIIKOBI HAIIPYKEHH PO-
BTATY MOXKYTHb 3PEIITOI0 IIPUBECTU 0 MPOIleCiB pyHHYBaHHSA B 3BapHUX
KOHCTPYKIIifAX, BKJOUAIOUN KPUXKe PYWHYBaHHA, BTOMY, KOpo3iliHe
PO3TpPiCKyBaHHSA MiJ HAIIPYTOIO i PO3TPiCKyBaHHS BiJf MIOBTOPHOI'O Ha-
rpiBauua [7].

Tomy onmTmMmisalris IIOBePXHEBOI CTPYKTYPU Ma€ 3HAUEHHS AJA IIO-
JITIIIeHHS TepMiHy cIy:KO0u MeTaseBuX MmarepianiB. IIlpu mbomy Besn-
Kuii iHTepec mpe[CcTaBIAIOTh HOBI TeXHOJIOTII 00pobOJeHHS MeTaIeBUX
IOBEePXOHb, 3aCHOBAHI Ha CTBOPEHHI HAHOKPUMCTAJIUHOI CTPYKTYypHU B
IMOBepPXHeBUX Inapax [8]. 3a3Buuaii inTeHCHBHA IIJIACTUYHA JedopmMalrisa
(ITIT) smificHIOETHCA 3a YMOB BHCOKOTO THCKY 3 BEJIMKOIO TipOoCTaTUY-
HOI0O KOMIIOHEHTOIO, III0 MePeIlKoIKae pyHHyBanHio 3paska. Haiibinxbim
MIOITUPEHNMH B TaHUM Yac cIIoco0aMM CTBOPEHHSA TiraHTChKUX BeJINUNH
nedopmallil MaCUBHIUX MeTaJeBUX MaTEPiAIiB € KpyUeHHA IIi/l TUCKOM B
Kamepi BpimxkMmena, piBHO-KaHajlbHe KYTOBE IIPECYBaHHsS, I'BIHTOBA
eKCTPYy3ia Ta akyMyJaboBaHa mpokaTKa. OgHaK I[i MeToau He MAlOTh Te-
XHOJIOTIUHOI ITePCIEeKTUBYU Ta BUKOPUCTOBYIOTHCSA B OCHOBHOMY AJIA I0-
CJIiI»KeHHA eKCIIepUMeHTaJIbHUX 3pas3KiB.

Haii6iap11 BUCOKMME TEXHOJIOTIUHUMU MOMKJIMBOCTSIMU BOJIOIIE Me-
roma III]] 3acHoBaHA Ha BUKOPHMCTAHHI YIbTPa3BYKOBUX KOJWBaHb [9].
YabTpasByKoBe yaapHe 00po0ieHHA € eeKTUBHOIO METOI0I0 3HUKEHH T
BeJIMUNHY 3AJIUNTIKOBUX PO3TATYBAJbHUX HAIPY KEeHb B IETAAX, KOHC-
TPYKI[IAX Ta 3BapHUX 3’eTHAHHAX. B mporeci Y3YO yIbTpasByKOBi KO-
JUBAHHA 3 HU3LKOIO aMILIiTyJ0I0 Ta BHCOKOIO YAaCTOTOIO uepe3 OOMKH;
0es3mepepBHO BILIMBAIOTH HA IOBEPXHIO METAJy, 110 O0YMOBJIIOE JIACTH-
YyHY nedopMaillito ToOBEpXHEBOTO II1apy, 3MEeHIIIeHHA po3Mipy 3epHa, Je-
dopmariro Kpucrtaxiuuoi rpatuuili. Kpim Toro, B mporeci ¥Y3YO mkiza-
JIVBi 3aJIMINIKOBI HAIPYyKeHHA PO3TATY e()eKTUBHO yCyBalOThCA i B IIO-
BepxXHeBOMY Iapi hopMyIOThCA CTHUCKAJIIbHI HaANpPy:KeHHA, AKi cupud-
IOTh IiABUINEHHI0O MiKPOTBEPAOCTH, CTiAKOCTH A0 KOPO3il Ta BTOMHOIL
mimaocTu [ 7—10].

CyuacHi morasaam Ha eBOJIIOIiI0 MiKPOCTPYKTYPH KOHCTPYKIIIMHUX Ta
iHCTpYMEHTAJNIbHUX BYTJIEIIEBUX KPHUILh IIi/l Uac iHTeHCUBHOI IJIACTUYHOL
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medopmarii moBepxHi mpencraBieHi B oryani [11]. 3asmaunmo KinabKa
BIAJUX MPUKJIaAiB mogudikallii moBepxHi kpurb. Tak B pobori [7] mo-
KasaHo eheKTUBHICTh 3aCTOCYBaHHSA YJIbBTPA3BYKOBOT'O yIapHOTO 00pO-
OJIeHHS AJIA SHUKEHHS BeJINUYNHN PO3TATYBAJIbHIX HAIPYIKEHb B 3Bap-
HUX 3’eTHAHHAX TPyO 3 Heip:xaBiitnoi Kpurmi 316L. Y3VYO mposenena
yIOapHOIO TOJIOBKOIO 3 4 OoifikaMu. BusHaueHnHs piBHSA 3aJHIITIKOBUX Ha-
[IPYsKeHb IIPOBEIEHO METOAO0I0 Sin®y Ha PeHTI'eHiBCbKOMY AudpaKTOMe-
Tpi. 3acTocyBauHA ¥ 3YO J03BOJNIO 3HU3UTH PiBeHb HAIIPYKEHb B 3Ba-
pHOMY 3’emuHanHi 3 ~200 MIla o ~600 MIIa. I'mu6uua MmoamnpikoBaHOTO
IIapy gocArajia mpu IiboMy 4 M.

B po6ori [12] moBepxHIo 3paskiB Heip:kapitinoi kpuii SUS301 3wmi-
HeHOo MeTo010 ¥Y3YO 3 BUKOPUCTAHHAM KYJILOK. Ile yMOMKIUBUIO 3Me-
HIITHUTHU IIePCTKicTs, Buximuol moBepxHi 3 0,708 mkm mo 0,024 mKM Ta
MiABUITUTU MiKpoTBepaicTs 3 269,52 HV 1o 415,38 HV. ABTropamu [13]
Y3VYO0 sacTocoBaHO I 3MIiITHEHHS ITOBepXHi Heipskasifimoi kpuri 316.
B nporteci ¥Y3YO suauenuda R, i R, sMenmnyerscsa 3 4,04 MM i 25,7 MKM
y Buxigmomy crtaui go 0,578 MM i 4,4 mMxM, BigmosigaHo. MiKkpoTBep-
Iicth moBepxHi 3pocrae 3 2,4 I'lla go 4,5 I'lla. Beanunua 3aJIUIIKOBUX
HaAIIpy:KeHb B IIOBEPXHEBOMY ITapi smeHIyeThbea 3 ~180 MIIa go ~700
MIlIa.

MikpoTBepicTh Ta CTPYKTYpPHO-(Pa30BUII CTaH ayCTEHITHOI KPHIIL
12X18H10T micia iHTeHCUBHOI ILJIACTUYHOI gedopMaIliii 3a JOIIOMOTOIO
Y3VYO BOpomoB:K PisHOT0 UaCy Ta y PisHUX cepemoBUINAX TOCJIiIKeHO B
po6ori [14]. Beranosieno, mio nicaa Y3YO Ha moBiTpi Ta B aproHi cmo-
cTepiraeTbcda popMyBaHHA HETUNOBUX KOMipUacTUX CTPYKTYP 3 PO3Mi-
pom Komipok 200—700 HM, 110 3a0e3IIeUye BeJIUUYNHY MiKPOTBEPAOCTHU
Ha piBHi ~4 I'Ila.

Y mochimxenui [15] mokazaHo epeKTHUBHICTL 3acTocyBaHHA Y3YO
IJIS IIiABUIITEHHS MiKPOTBEPAOCTH Ta CTyHeHs pedopMallii HeipkaBiii-
moi Kpumi AISI 321. B mpoiieci oO6po0eHHA B iHEPTHOMY CepPemgOBMIITi
MiKpoTBepAicTs 3poctae 3 1,8 I'lla y Buxiguomy craui go 4,7 I'lla nicas
250 ¢ obpobaennsa. TosmuHa 3MilfHEHOTro IIapy cramoBuTbh 150—-250
MKM B 3aJI€KHOCTI BiJ TpUBAaJIOCTH OOPOOIeHHS.

MeTtoo gaHOi POOOTHM € MOCTiMKeHHS eBOJIONil MiKpOTBEepaOCTH,
MOP(OJIOrii ITOBEPXHi, 3AJIMIIKOBUX MaKPOHAIIPYKEHb, CTYIIeHIO Aedo-
pMmairii, cTpyKTypHO-(a3oBoro ckJaany Heip:xapiiaoi kpuii 40X 13 mic-
Js pisHMX KoMOiHAIi#l TepMiYHOTO Ta YJIbTPA3BYKOBOT'O YIapPHOTO
BILJIUBY.

2. MATEPIAJI I EKCIIEPUMEHTAJIBHA METOJJUKA

B arKocTi MaTepiaay OIS DOCTimKeHHA oOpaHo Heip:KkaBiliHy KpHILA
40X13 mactynnoro xemiumoro ckjaany (% Bar.): Fe ~ 84%; Cr ~ 12—
14%;C~0,35-0,44% ; Si~0,6% ; Mn ~0,6% ; Ni~0,6% ;S ~0,025%.
3pasku AJA DOCHiAKeHHsS BUTOTOBJIAJUCA 3 rapAvYeKaTaHuX MPYTKIB i
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miggaBajgucsa oM’ AKITYBAJIbHOMY TepPMiuHOMY OOpPOOJIEHHIO V BUTJISAMI
Bigmasy 3a remmnepatrypu 800°C (Buxiguwuii cram). Ilicia Takoro Bigmamry
KPHUILS MA€ 3ePHUCTY CTPYKTYPY, IO CKJIAAZAEThCA 13 cyMiri pepuTHOI
MAaTpPHIli, 3ePHUCTOTO IEPJiTy 3 BEJIUKHUMHK Ta APiOHMMM YaCTHHKAMN
kapb6igy (Cr, Fe):sCs [16]. Ilpum mboMy cmocTepiraeTbcsi depryBaHHS
KPYIIHO3EPHUCTOTO Ta ApiOHO3epHUCTOTO (hepury. ¥ Benumkux (mo 10
MEKM) (epUTHUX 3epHaXxX moJieapuuHoi opmu xKapOigHi BumiieHHA, po-
smipom mpmbamusuao 200 HM, pPO3TaIIOBYIOThCA, AK IPABUJIO, IIOOJIH3Y
abo 3a me:xxamu 3epeH. Kapbigu 6inbiroro posmipy 1,5 MKM poararrio-
BYIOTBLCS 3a MexXaMH 3epeH. TaKo)K HasgBHA HeBeJINKa KiJIbKicTh Kap0bi-
IiB ycepenuHi ApiOHUX 3epeH Qepury.

Taxosx mocaimKysBaaucsa 3pasku kpuni 40X13 micasa momaTKOBOTO
rapryBauHsa Big remmepatypu 980°C 3 0X0JIOAKeHHAM B MacJIi Ta micjas
rapryBaHHsa Bix Temmeparypu 980°C 3 HACTYyIIHMM BimmayioM 3a Temiie-
parypu 250°C yopoxos:k rogunau (tabdia. 1, pexkumu 1, 3, 5).

Astopu [17] mokasanm, IO Ha BiAMiHY BiJ 3€pHUCTOI CTPYKTYypH
Kpuii 40X13 micaa moMm’aKITyBaJIbLHOTO BifmaJy, BHACJIZOK 3arapry-
BaHHA KPUIA HAOyBa€e BUCOKOI TBEPAOCTH 3aBAAKM YTBOPEHHIO MapTEH-
CHUTY 3 HEe3HAUHOIO KiJbKicTI0O KapOiAiB, 1110 He POSUMHUNJINCS, 1 3aJIMIII-
KOBOI'O ayCTeHiTy. ¥ MaTPHUIi MAPTEHCUT MAae€ IIepeBakHO rojJdacTty ¢o-
pMy, IpOoTe 3yCTPivaeThCA TAKOMK MAPTEHCUT Y BUIJISAAL IJIACTUH IITH-
punoio menrie 200 am. Heposunneni kap0igu MaroTh mepeBaskHO (hopMy
rJa00yJaiB, MaKCUMAaJbHUYN po3Mip AKux He mepeBuirye 500 am. ITopaxn
i3 BeJIMKMMHU YacTUHKaMU KapOifiB cmocTepiraroThecsa TaKOMXK IysKe api-

TABJINIA 1. Pesxumu TepMigHOro T4 KOMOiHOBAaHOTO OGPOOIEHHA.
TABLE 1. Conditions of heat and combined treatment.

Ne YMmoBu 06pob6IeHH S Ilosnauenus
ITom’ axITyBabHE TepMiuHe 06pOOJIeHHA 3a TEMIIEPATyPH
1 . o . . TO-1
Bigmasy 800°C — Buxiguuii crau
ITom’ aximryBajibHE TepMiuHe 0OPOOJIEHHS 3a TEMIIEPATYPHU
2 Bigmamy 800°C tra Y3VYO B iHepTHOMY cepeoBHUIIli TO-1+¥Y3¥YO
(t=50c, A=25MKM)
3 TapryBamusa Big remneparypu 980°C 3 0X0JI0I:KeHHAM B MacJIi TO-2
Taprysamua Big remneparypu 980°C 3 0X0JI01KeHHAM B Ma-
4 ciaita mactynauM Y3YO B iHepTHOMY cepegoBMIIfi TO-2 +¥Y3¥YO
(t=50c, A=25 MKM)
5 TapryBanusa Big remneparypu 980°C 3 HacTyITHUM Biamaaom TO-3

3a remiepatypu 250°C yIpogoBK roguHn

TapryBanusa Big remneparypu 980°C 3 HacTyITHUM Biamaaom
6 3a remmepatypu 250°C yupogos:k roguau ta ¥ 3YO TO-3 +¥Y3¥YO
B iHepTHOMY cepenoBuiiii (t = 50 ¢, A = 25 MKM)
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OHi YacTUHKMU, III0 MAlOTh BUTATHYTY (popMy. ¥ CTaHi BiAmyIieHOro Ma-
PTeHCUTY HAHOPO3MIipHiI YaCTMHKM KapoOigy poamipom g0 40 HM posmo-
TiIAI0THCA IO MeXKax MapTeHCUTHUX 1iactuH [18]. Taki vacTuaKET po-
smipom 0 10 HM BUABJIEHI TaKOMK IO AUCJIOKAIIiAX BCEePEeINHI MapTeH-
CUTHUX KPHUCTAJiB.

YinTpasByKoBe yaapHe 00po0JIeHHS IPOBOAUJIOCEH Y iHEPTHOMY cepe-
TOBUIII OJia 3amobiranua okucHeHHIO [19] Ha mpunazai ¥Y3I'-300 3a meTo-
nukroio [20, 21]. Haa Y3YO BUKOPUCTOBYBAJINCH 3Pa3KU Y BUTJIALL ITH-
Jiaapis giamerpom 10 mm i Bucoroio 5 mm (£0,1 mm). AMmuriTyna Topiis
KOHIleHTpaTopa ckaazanaa A = 25 MKM, TpuBaJIicTh 00pobsenuda — 50 c.
B mporeci HaBaHTa)keHHA 3pas3oK omepakyBaB 10°-10° ygapis. s
Y3Y0O BUKOPHCTOBYBAJHCH 3PA3KM MiCJaA IIOM’ SIKIIYBAJBHOTO TEPMid-
HOTro 00pobJieHHA 3a TeMmepatypu Bigmamy 800°C, micasa mogaTKOBOTO
raptyBaHHA Bim Temmeparypu 980°C 3 0X0J0MKeHHIM B MAacCJi Ta Iicjas
rapTyBaHHA Big TemnepaTtypu 980°C 3 HacTynHUM Bigmasom 3a Temmepa-
Typu 250°C yaopomoB:x rogunam (Tabdua. 1, kombiHoBaHi pexxumu 2, 4, 6).

BumipooBaHHS MiKpPOTBEPIOCTH IOBEPXHi 3pasKiB IIPOBOAMJIOCH HAa
npuaazni IIMT-3 3a meTomoio BikKkepca i3 HaBanTaxernHam 100 r.

Kpim Toro, ¢gismko-MexaHiuHi BIaCTHBOCTI MOBEPXHi 3pasKiB mocJri-
IKYBaJIMCh METOAOI0 iHCTPYMEHTAJLHOTO iHJAEHTYBAaHHS 3 BHKOPIC-
TaHHAM YHiBepCcaJIbHOTO MiKpo/HamHo TBepaomipa «Micron-Gammay
[22—-24]. KopeKIlia ekcriepuMeHTAJIbHIUX AidTpaM iHAeHTYBaHHS 3/ilic-
HIOBAJIach 3TiIHO METOIMKMU, 110 oIlrcaHa y pobori [25]. Axamisa i 06po-
OJIeHHSA 3apeecTPOBAHUX AidTrpaM iHIeHTYBaHHS IJIs BUSHAUEHHS TBEP-
moctu Hir i KOHTaKTHOIO MOJZYJIIO IIPYysKHOCTU E mIpoBOoamnch 3a MeTO-
IWKOIO, IO IeTaJIbHO BUKJIageHa y [26].

JJisa ominKku MopdoJiorili moBepxXHEBUX MIapiB KPUIllI BUKOPHCTOBYBa-
au inrepdepenniiinuii nmpodimomerp «Micron-Alpha» [27]. IIpunaxn
YMOMKJIUBIIIOE OE3KOHTAKTHOIO METOAO0I0 PEECTPYBATH TPUBUMIPHY TO-
norpadiro moBepxXxHi 3 HAHOMETPOBOIO PO3ALIBHOIO 37aTHiCTIO. Po3mipn
moJiAd cKkamyBauHuA cTaHoBUIM 210x150 MKM.

PenrrenocTpyKTypHa (ha3oBa aHaiza MpoBeleHAa 3 BUKOPUCTAHHIM
mudparromerpy Rigaku Ultima IV, 3 rpadgiToBuM MOHOXPOMATOPOM, ¥
MigHOMY BUnpoMiHOBaHHI (Acuko = 0,15418 HM) 3 BUKOPUCTAHHAM CXe-
Mu (okycyBaHHA 3a Bperrom—BpenTaHo. YMoOBU IIPOBEIEHHS AOCJi-
IKeHb: inTepBaa KyTiB 20 = 20°-120°, kpoxk siiomku — 0,04°, uac Bu-
TPUMKHU B TOUIi — 2 C; TPUBAJIICTEL 3TOMKHU OAHOTO 3paska — 90 xB.

Amnajiza omep:xaHnX PEHTIeHiBCbKUX CIEKTPIiB Ta IPOBeAeHHA Kilh-
KicHOI Ta aAKicHOI (pa30BOi aHaIidW 34ilICHEHO 3 BUKOPHUCTAHHAM IIPO-
rpamuoro 3abesmeueHHa PDXL, mixkHapomuoi 0asu gaHux au@paririi
ICDD (PDF-2) Tta Binkpuroi 6a3u kpucragorpadivaux ganux COD. Po-
3paxyHOK po3Mipy obJacrteit koreperTHoro posciauua (OKP) ra cryme-
HA AedopmMallii KpUcTaJiuHOl I'PATHHUIIL IIPOBEEHO 3a MeToA010 XoJije-
pa—Baruepa. Kinbkicua ¢asoBa anainisa mpoBemeHa Metomolo RIR
(Reference Intensity Ratio), aka mosasarae y mopiBHSHHI BigHOIIIEeHHS



MOIU®IKAITISI IOBEPXHEBUX IITAPIB HEIPAKABIVHOI KPUITI 40X13 757

iHTeHCHBHOCTEHN HaNOLILINI CUILHENX pedieKciB asu i KOPYHAY B iX cy-
MiIlli 3 MACOBUMU YaCTKAMMU.

BusHaueHHs BeJUUYMHN HANPY:KeHL 1-TO POy IIPOBEIEHO METOHOI0
sin?y 3 Bukopucranuam gudpaxromerpy Rigaku Ultima IV. Iia anasri-
3¥ BUKOpHUCTAaHO Audparmiiamnit makcumyMm (211), 3BHaUeHHAX KYTiB Y =
=0, -10, —20, —-30, —38. O6pob6IeHHA OfeP:KAHUX CIEKTPiB IPOBEAEHO 3
BUKOPHCTAHHAM IIporpaMuoro 3abesmneuenns Rigaku. [lis pospaxyHKy
BeJIMUNHHI HAIIPYKEeHb 1-To poay BUKOPHCTAHO 3HaUeHHA Mmoayasa FOHr'a
E=214TTla ra koepimnienra [Iyaccona u=0,3.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

Ha pucynky 1, a HaBeleHO MiKpOTBepAicTh Heip:xasiiinoi kpuii 40X13
micJasa pisHUX PeXMMIiB TePMiUHOTO Ta KOMOIHOBAaHOTO OOPOOJIEHHSA BIU-
3HAUeHy 3a MeTonoi0 Bikkepca. ¥ BUXiZHOMY CTaHi MiKpOTBepaiCcTh
cranoBuTth 2 I'Ila (TO-1), micna rapryBauua 3pocrae a0 7,2 I'lla (TO-2),
a micss rapTyBaHHA 3 BignasoMm saMeHITyeTbeA a0 5,8 I'la (TO-3). Ilicasa
KOMOiHOBaHOT0 06pO0IeHHA MaKCUMAJIbHe 3POCTAHHA MiKPOTBEPIOCTH
mo 13 I'lla dpixkcyeThea nada 3paska, SKUil 3a3HAB rapTyBaHHS 3 HACTYII-
HuM Y3YO (TO-2 + ¥Y3YO0).

CaMe mJis bOro BUOAAKY (PiKCYeThCA i MaKCcMMaIbLHUI PiBeHD 3aJIH-
IMKOBUX Hampy:keHb mouan 4 I'lla (pume. 1, 6). Ilig yac sacTocyBanHs
ycix BuAiB KOMOiHOBaHOTO OOPOOJIEHHS HAIPY/KEHHS B IIOBEPXHEBOMY
mIiapi 3pocTaioTh MOPIiBHAHO 3 BUXigHUM cTaHOM. MoOKHA 3poOUTH BU-

Mikporeepaicts Hv, ., I'lla
Hanpysenns E, I'lla

VmoBHu 00pobiaeHHsa VmoBu 06pobiaeHHA

a o

Puc. 1. 3mina mikporsepgocTu (a) Ta 3aJUIIKOBUX HAIPYKeHb (0) 3pa3KiB 3
Heip:kasiitnoi Kpuili 40X 13 micasa pisHUX pesKUMiB TepMiuHOT0 00POOJIeHHSA Ta
¥Y3VYO0 B inepTHOMY cepemoBuimi ympomos:x 50 c.

Fig. 1. Change of microhardness (a) and residual stresses (6) of AISI 420 sam-
ples after different modes of heat treatment and UIT in an inert environment
for 50 s.
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CHOBOK, ITI0 (pOPMYBaHHSA CTUCKYBAJLHUX HAIIPY:KEeHDb B IOBEPXHEBOMY
Irapi € ofHUM 3 BAXKJINBUX (haKTOPiB 3MiITHEHHA 3a JaHUX YMOB 00p00-
JeHHA. Bimomo, 110 camMe HAIIPYKEHHS CTUCHEHHA Nal0Th 3MOTY HiBH-
ITUTU TPiMTUHOCTIHKICTh Ta BTOMHY MiITHicTh MaTepiaxis miciaa Y3VO.

Ha pucynky 2 npeacrasieHi pe3yabTaTH IIIOA0 TPUBUMiPHOTO pejbe-
¢y moBepxHi Kpuili 40X13 y Buxigmomy crani, micaa ¥Y3YO B aprosi,
micya raptyBaHHA Ta ¥Y3YO B aproxi, micasa rapTyBaHHSA 3 BimmasioMm Ta
¥Y3VYO B aprosi.

Jiia kinbkicHOI OIiHKM peabedy chopMOBaHUX TOBEPXOHb BUKOPHC-
TOBYBaJM IlapameTpu niepctkoctu R, Ta R,. PospaxyHoOK ImapamMeTpiB
IITePCTKOCTU ITPOBOAUIIN 3a I’ AIThMa MapaJieIbHO PO3TaIlIoBaHUMU 0a30-
BUMH JIiHIIMH B MeKaxX 3apeeCTPOBAHUX MiJAHOK. Y cepeaHeHi 3HaUeH-
Hs BUBHAUEHUX IIapaMeTpPiB HaBeAeHi B Tab. 2.

Ax Mo:xHa 6aunTH 3 HaBeIeHUX Pe3yJIbTaTiB, 34 BCiX YMOB 00pOOKU

8 2

Puc. 2. Tpusumipsi Tonorpadii moBepxHi 3paskiB Heipxasiinoi kpumi 40X13:
a—TO-1;6 — TO-1+¥3Y0; 8 — TO-2+¥Y3YO0; 2 — TO-3 + ¥Y3VYO.

Fig. 2. Three-dimensional topographies of the surface of AISI 420 stainless
steel samples: a—HT-1; 6—HT-1 + UIT; 8 —HT-2 + UIT; 2—HT-3 + UIT.
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BimOyBaeThCA 3MEHINEHHS IIePCTKOCTU IIOBEPXHi IOPiBHAHO 3 BUXin-
HUM CTaHOM. II[0 MOKe IIiABUIUTH HOBroBiuHicTh. B mpormeci ¥Y3YO 3a
paxyHoOK mjaacTU4HOI medopMallii BUXimHMX MaKpoHepiBHOCTeH, HAOY-
THX B PEe3yJIbTATi TOKAPHOTO 00pOo0JeHHA, (POPMYETHCA IIOBEPXHSI, IO
Ma€ BUCTYIIM Ta 3allafWHN HEe3HAYHOI BUCOTH, TOOTO CIIOCTEPiraeThCs
IOoCTaTHBO pPiBHOMipHMI peisibed neOopMOBAHOIO ITOBEPXHEBOIO IIapy.
Y BuximHoMmy cTaHi 1mepcTKicTs ctaHoBUTH R, = 0,093 MM, R, = 0,267
MKM. Ilicaa ¥Y3YO B iHepTHOMY cepemoBHIIli 3a TPUBAJIOCTi 00POOIeHHA
50 c 11i mapamMeTpu JocATaIOTh MiHiMaJbHUX 3HaUeHb — R, = 0,023 MKM
ta R.=0,065 MKM.

Ilicns rapryBauHa Big Temnepatypu 980°C 3 0X0JMOAKEHHAM B MAaCJIi
ra HacTynHUM Y3¥YO B iHepTHOMY cepenoBHUIi (GOPMYETHCA AEINO iH-
i xapakTep IIoOBepPXHEBOro peabedy Kpuili. Tak, Ha TOBEPXHi cIioc-
Tepiraiorbea s3amagmuu ramomuoio 0,1-0,2 MxM. 3amaguHU MOMKYTh
CYTTEBO BILIMBATH Ha BTOMHY MIiITHiCTBh AeTaJieii UM TOTOBUX BUPOOIB,
OCKLJIBKY BOHU € KOHI[EHTPATOPaMU HAIIPYKeHb, a Koe(pilieHT KOHIeH-
Tpallil HanpysKeHb 3aJIeKUTh BiJl pagiycy 3alafiHU Ta BUCOTU HEPiBHO-
cTell MOBepxHi. YcepeaHeHI 3HAUEHHS MHapaMeTpPiB IMIEPCTKOCTU IIPU
boMy cTaHoBIATE — R, =0,032 MmKm Ta R, = 0,096 MmKM.

Axmro micasa rapryBamua Bim temmepatypu 980°C 3acTocyBaTu Bin-
naJ 3a reMmueparypu 250°C yIpomoB:K rOIUHM, a IIiCJId I[LOTO IIPOBECTU
¥Y3VYO B aprosi, To HepiBHOCTI ITOBEPXHi 3TJIaAKYyIOThCA i mapamerpu R,
Ta R, mpubJan3HO BiAIOBiZar0Th TUM 3HAUEHHAM, IO CIIOCTEPIraloThCA
micasa Y3YO Buxigmoro spaska. Taka onTumisailis peabedy ImoBepxHe-

TABJIAIA 2. I[Tapamerpu 1epcTKocTu moBepxHi kputli 40X13 y BuxigHomy
cTaHi Ta micig pisHMX KoMOiHAI[iM TepMiuHOTO Ta YJAbTPa3ByKOBOI'O YAApPHOIO
BILJIUBY.

TABLE 2. Surface roughness parameters of AISI 420 stainless steel in the ini-
tial state and after various combinations of thermal and ultrasonic impact
treatment.

Pexumu 06pobienasa ‘Ra, MKM |R;, MKM

ITom’ armyBaIbHe TepMiuHe 00pOOJIeHHA 3a TeMIIepaTypu

Bigmamy 800°C — BuxigHuii cran 0,093 0,267

ITom’saxiyBaibHe TepMiuHe 00pOOJIeHHA 3a TEMIIEPATyPU
Bigmasy 800°C ra Y3VYO B imepTHOMY cepeIoBUIIIL 0,023 0,065
(t=50c, A=25MKM)

Taprysaunusa Big remmeparypu 980°C 3 0X0JI0KeHHAM B MacJi
Ta HacTynHuM ¥ 3¥Y O B iHepTHOMY CepeIoBUIITL 0,032 0,096
(t=50c, A=25MKM)

Taprysanusa Big remmeparypu 980°C 3 HACTYIHUM BiAmaaom
3a remnepatypu 250°C ynpomoB:k roguuu tra ¥ 3YO0 0,023 0,058
B iHepTHOMY cepemoBuiii (t =50 ¢, A = 25 MKM)
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BUX IIIapiB Ta 3MeHIIEHHS IIapaMeTpiB IIIEPCTKOCTH ITOBEPXHI MOXKe
MMiABUIITUTH JOBTOBiUHiCTE Ta BTOMHY MiITHicTh BUpo6iB [28].

Ha pucynky 3, a HaBeaeHi 3apeecTpoBaHi AisirpamMu iHAeHTYBaHHS
3paskiB Heip:kaBiiHol Kpuri 40X 13 y BuXigHOMYy cTaHi Ta micaa pisHuxX
pesxuMiB TepMmiuHOro 06pobaenua 3 HacTynHUM Y3VYO. [I1a npuriaamy
IpeJcTaBIeH] TakoK MiKpodoTorpadii BigouTKiB imgenTopa bepKoBu-
ya (puc. 3, 0, 8) Ha TTOBepPXHi BuxigHoro 3paska micaa ¥Y3YO ra 3paska
micya rapryBanHa Bim Temnepatypu 980°C 3 0X0JIOMKEeHHAM B MAcCJi 3
HactynHuM Y3VYO. BumpoOyBaHHS TPOBOAWINCHL 3 HaBAHTAKEHHIM
50 cH 3i mBugkicTio HaBaHTakeHHA 5 cH/c He MeHIIIe TecTy pasiB Aia
KOKHOTIO 3pa3Ka 3 KPOKOM MixK BizouTramu 50 MKM.

B Tab6auili 3 HaBegeHO MeXaHiuHI XapaKTePUCTUKH 3a pe3yJabTaTaMuI
iHgeHTYBaHHS 3 BUKODPHCTAHHAM iHmeHTOpa BepkoBuua (cepenmi 3Ha-
yeHHA TBepAOCTH Hir, KOHTAKTHOTO MOAYJIO IPYysKHOCTI E Ta po30imx-
HicTh 3HaueHb y % ) 3paskiB Heip:xasiitinoi xpuii 40X13 y Buxizmomy
craHi, micaa Y3YO B iHepTHOMY cepeloBUIIi Ta MiCJaa Pi3HUX PeKUMiB
TepMiuHOTO 00p06IeHH 3 HacTynHUM ¥ 3YO. CepenHi sHaueHHSA BU3HA-

TO-3+¥3¥0 TO-2+¥3¥0 TO-1+¥3¥0 TO-1

50
T 40
5
= 30
[+4]
B
E 20
o
8
o 10

0

0,31 0,81 1,31 1,81 2,31 281
Tnubuna, MEM

Puc. 3. Tumosi gisrpamMu ingeHTyBaHHA 3pasKiB HeipskaBitinoi kputi 40X13 y
BUXiTHOMY CTaHi Ta micasa pisHUX peKUMiB KOMOiHOBaHOTro 00pobOIeHHS (a);
MikpodoTorpadii BiZOUTKIB iHAeHTOpA Ha IOBEPXHI KPUIi Y BUXiTHOMY CcTaHi,
nicaa Y3YO0 (0) ta micas rapryBanHs B Mmacii Ta Y3YO (8).

Fig. 3. Typical indentation diagrams of AISI 420 stainless steel samples in the
initial state and after different modes of combined processing (a); photomi-
crographs of indenter impressions on the steel surface in the initial state, af-
ter UIT (6) and after hardening in oil and UIT (8).
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TABJIAIA 3. MexaniuHi XapaKTepUCTUKY 3a Pe3yJIbTaTaMU iHCTPYMEHTAJb-
HOTO iHAeHTyBaHHA.

TABLE 3. Mechanical characteristics based on the results of instrumental in-
dentation.

Pesxumu o0pobaeHHSA ‘ Hyr, T'Tla Hir, % E,T'Tla E, %
TO-1 (BuximHuii cTan) 2,878 3,2 195 4,3
TO-1+¥3YO0 3,754 7,3 190 4%
TO-2 7,5 6,9 185 5,7%
TO-2+¥3YO0 10,722 6,5 187 7,2%
TO-3 6,2 5,2 198 4,7
TO-3+¥Y3YO0 8,6 6,4 197 6,8%

YaJIACA 3a pes3yJbTaTaMM IoHalMeHIe 6-T1 BUMipIOBaHb B 00JIACTAX 3
HaMMEeHIIT0I0 ITePCTKiCTIO MOBEPXHi.

ExcnepuMeHTanbHI pe3yabTaTH CBiguaTh, 1m0 ¥Y3YO 00yMOBIIOE
3MiITHEHHS IIOBEPXHEBUX INIApiB 3pas3KiB Heip:KaBiHOI KPUIIL K Y BU-
XigHOMY CTaHi, TaK i micaa pisHMX BUIAIB TepMiuHOro 00pobaeHHd. I1pnu
npomy, ¥Y3¥YO He BIIMBa€ Ha 3HAUCHHS MOLYJIIO IPYKHOCTH, IKi 3a/I1-
IaI0ThCA MaliyKe He3MiHHUMH 1 JINIITe He3HAUHO 3MEHINYIOThCca Ha 8—10
I'Tla gna saraproBanoro 3paska (TO-2, TO-2 + Y3¥YO0). Cepente 3HaUeH-
HA TBepgoctu Hir 3poctrae 1,3 pasu micaa Y3YO spaska y BUXiZHOMY
craui (TO-1 + ¥Y3VYO0). 3a ymoBu ¥Y3VO Tux 3paskiB, sIKi mIpoUILInN Io-
nmepenHe TepMiuHe oOpoOJeHHA 3HaUeHHS TBepAocTu Hir 3pocTaioTh
mpubausnao B 1,34—-1,42 pasu (TO-2 + ¥Y3VO0, TO-3 + ¥Y3VYO0). IlopiBHAHO
i3 Buxiguum cranom (TO-1) Haiibinbiuii epeKT 3MinuenHa B 3,7 pasis
cuocTepiraerbea nicasa ¥Y3YO saraproBanoro spaska (TO-2 + ¥Y3YO0).

TaxuM YMHOM JOCTiIKeHHS 3pasKiB Heip:xasiiimoi kpuii 40X 13 me-
TOMOI0 iIHCTPYMEHTAJBHOTO iHAeHTYBAaHHA IIiATBEPIKYIOTh e(heKT 3MiIl-
HeHHs IOBepXHeBUX Iapis BHACHILOK Y3YO. Oxep:kaHi gaHi 3a0Biab-
HO y3TOMI:KYIOThCA i3 TMMU, ITIO0 BU3HAUEHi 3a MeTomoio Bikkepca (puc.
1). Tako:x ciaig BigsHauwmTH, 1m0 Y3YO B iHepTHOMY CepemoBUIIli CYTTE-
BO He BIIJIMBAa€E Ha MOAYJIb IPYsKHOCTHU HeipsKaBiliHOI KpHUIILi.

PospaxoBaHa 3a JaHMMHU PEHTI'€HOCTPYKTYPHOI aHaIi3u CTYHiHb Je-
dopmarii Kpucramiunoi rparauIi o-Fe mobpe Kopesioe i3 3sHaUeHHIMUT
MiKpoTBepmocTu i 3poctae 3 0,08% y Buximuomy craui go 0,4% nicuas
KoMmbOimarii rapryBanHa 3 Y3YO (puc. 4, a). Ilicia rapryBanua 3 HacTy-
muuM Bigmagom ta Y3VYO 1e sHauennda € gerrno meamum — 0,3% . Tomy
3HauHe 30iJIbIeHHA MiKpoTBepmoctu miciasa Y3YO Kpwuili, axa migga-
€ThCA TapTyBaHHIO, MOXKe OOYMOBJIIOBATHCHL CYTTEBOIO AedopMalriero
Kpuctaisiunol rpatHulti o-Fe. [ominyBaibHUM (paKTOPOM 3MilTHEHHS
oig guac Y3YO B iHepTHOMY cepeoBHUIINL 3pasKa y BUXiTHOMY CTaHi €
30inbieHHs BmicTy Kapbigaux ¢as FesC, CrasCs 3 9% Bar. mo 17% Bar.
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Puc. 4. Crymius gedopmartii kpucramiunoi rpatuuti (a) Ta BMmicT KapbigHmx
das FesC, Crq3Cs (0) B HeipokaBitimiit kpuri 40X 13 micaa pisHUX peKUMiB Tep-
MiuHOTO 00pob6enuA Ta ¥Y3VYO B inepTHOMY cepemoBuiii (t= 50 ¢, A = 25 MKM).

Fig. 4. The lattice strain (a) and the content of carbide phases FesC, Cr23Cs (6)
in AISI 420 stainless steel after different modes of heat treatment and UIT in
an inert environment (t1=50s, A =25 pm).

micaa 50 ¢ Takoro oopodbaenusa. Iliciia sacTocyBaHHS JOJaTKOBOT'O TEP-
MiuHOro OOpOOJIeHHsS BHXiZHOro 3paska Ta HacTtymHoro ¥3¥VO Taxoro
eeKTy He CIIOCTePiraeTocs — KiMbKicTh KapbigHuX a3 3MEeHIIIyEThCA.

Amnajiza gudgpaxrorpam (puc. 5, 6) moxkasye 30iIbIIIeHHA ITapaMeTpa
KpucTasiunoi rpatraumi o-¢pasu Big a = 0,2864 um g0 a = 0,2870 HM vy
IOBePXHEBOMY iHTeHCUBHO nedopmoBaHoMYy Itapi micias ¥Y3YO0 Buxif-
Horo 3paska. Crmocrepe:kyBaHe 30iJbIIeHHA (GiZsMUYHOTO POIIIMPEHHS
IudpaxIiiHuX JiHi# Big MaTpuuHOl o-(hasm cKOpiln 3a Bce 00yMOBJIIO-
€ThCS BEJUKOIO KiJbKicTiO He(eKTiB (BUCOKOIO I'YCTUHOIO MMCJIOKAIIii)
Ta medopMmarlliiiHol (parmMeHraIieo cyb63epeHHOI CTPYKTypu (3MeH-
IIIeHHAM 00JIacTell KorepeuTHOro poscitoBanus). Poamip OKP a-dasu y
noBepxHeBoMy Imapi kputi 40X 13 micaa Y3VO0 amenmyerses 3 496 Hm
(Buximuuii cram) mo 298 um, a posmip OKP-dasu FesC — 3 426 um mo
124 am. PopMyBaHHS 3arapTOBAHOT'O MapPTEHCUTY OOYMOBJIOE 3MiHY
BMicTy ByTIJIeIio Ta cyTTeBYy medopmairito rpataui. Ilicaa Y3VYO B ap-
roHi saraproBaHol Kpuili mepiom rpartHuili o-Fe 36inbmiyerbcs mo
0,2878 um, a posmip OKP amenmryerbesa 1o 203 am.

Ilicoia rapryBaHHA Ta Bignauay 3 HacTymHUM Y 3Y O mmoBepxHeBUi H1ap
CKJIAMAa€ThCA 3 MOAPiOHEHOro BiANIYIIEHOTO MApPTEHCUTY. ¥ IIbOMY MO-
nudikoBaHOMYy Iapi oCHOBHOIO € a-(asza Fe, KinbKicTh AKOl cKJamae
98% (y Buximmomy craui 91%, a micaa ¥Y3YO BuxigHoro spaska —
83%). Ilpu nibomy KinbKicTh Kapoimaux das FesC, CrasCe sMeHITyeThCA
o 2% (y Buxigaomy craui — 9% , micaa Y3Y0 — 17% ). Posmip OKP a-
Fe cknagae 216 uMm, a poamip OKP-pasu FesC — 215 um. Bigsmauaerbes
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Puc. 5. udpaxrorpamu 3paskiB meip:kasitinoi kpuri 40X13: a — BuxigHwuii
craH; 6 — micasgs Y3YO B aproHi; 8 — Imicjis rapTyBaHHSA BiJ TeMIlepaTypu
980°C 3 oxosomsxeHHAM B Macyi Ta Y3YO B aproui; 2 — micasa rapTyBaHHS Bif
remuepatypu 980°C 3 HacTynHuM Biamaaom 3a temueparypu 250°C yrpomoBix
roaunau Ta Y3YO B aprosi (t =50 ¢, A = 25 MKM).

Fig. 5. XRD patterns of AISI 420 stainless steel samples: a—initial state; 6—
after UIT in argon; s—after hardening from a temperature of 980°C with
cooling in oil and UIT in argon; z—after quenching from a temperature of
980°C, followed by annealing at room temperature 250°C for an hour and UIT
in argon (t=50s, A=25 um).

He3HauHe 30iJbIeHHA mapaMerpa rpatuumni o-Fe no 0,2879 um mopis-
HSHO i3 3arapTOBaHUM CTAHOM Ta 3MEHIIIeHHS iHTeHCUBHOCTHU pedJieK-
ciB Kapbigy. OcTaHHiil epeKT MOKHA MOSICHUTH YACTKOBUM PO3UMHEH-
HaIM Kapbigy 3 npounkHenHAM aToMiB Kapbouy Ta Xpomy 10 I'paTHUIL
o-pasu. IIboMy clipusie TAKOK BUHUKHEHHSA CTUCKYBaJbHUX HAIPYT Y
nmosepxHeBoMy miapi micaa Y3VO [29].

fx BuUIIMBaE 3 JiTepaTypHUX AAHUX, OCHOBHOIO (DiZsMYHOIO IIPUUU-
HOIO IIiIBUINEHHA MiITHOCTH HU3bKOJIEI'OBAHUX KPUIlh 3 Pi3HOIO KOHIIE-
HTpalieio ByrJelio y mpoieci ITII] e ¢jopMmyBaHHA HAHOCTPYKTYPU IJIA
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IarencusnicTs I, BigH. of.

Kyt 20, rpag

Puc. 6. 3mina monoxxenusa sudpparuiiinoro makcumymy (110) a-Fe: a — Buxin-
HUU cTaH 3paska Heip:kaBintuin xpuni 40X13; 6 — micas Y3YO B aprosi; 6 —
micaa rapryBaHHA Big Temmepatypu 980°C 3 oxosmomkeHHAM B Macyai Ta Y3YO
B aproHi; ¢ — micya rapryBanuA Big Temmeparypu 980°C 3 HacTymHUM Bigma-
Jom 3a Temuepatypu 250°C yapomos:x rogunau Ta Y3YO B aprosi.

Fig. 6. Changing the position of the diffraction maximum (110) a-Fe: a—
initial state; 6—after UIT in argon; s—after hardening from a temperature of
980°C with cooling in oil and UIT in argon; z—after quenching from a tem-
perature of 980°C, followed by annealing at room temperature 250°C for an
hour and UIT in argon (t=50s, A =25 um).

Bcix (asoBux ckiaamoBux [30]. Ile, mo-mepire, gedopmailiiiine pynny-
BaHHSA BUXIOHUX 3epPeH IepPJIiTy, i, mo-apyre, yrBopeHus armochep Kot-
TpeJJja HaBKOJIO AUCJIOKAIili BUCOKOI I'YyCTHMHH Ta Cerperaiisi aToMiB
Kapbomy Ha cyOMesKax Iicjsa 4acTKOBOTO PYHHYBAaHHA Ta MOAPiOHEeHHS
Kapb6imgiB. uciokariit y cuiabHO ged)opMOBaHUX 3epHaX (epuTy Ha IBa
HMOPAAKM OiNbIlle, HiXK y BUXiZHMX sepHax. Bimomo, o mucaorarii
CIPUAIOTH po3unmHeHHI0 aToMiB KapboHny y cycimHix mpomrapkax epu-
Ty. Ile moB’sA3aHO 3 TUM, IO eHeprisa 3B’ a3Ky Misk aromamu C Ta Fe B
IeMeHTHUTI HMKUa, HisK eHeprid Bsaemogii Mmisk aromoMm C Ta JHCIOKAILi-
er0. OTiKe, AMCJIAOKAIlil, IO PYXAIOTLCA, MOMKYTH 3aXOILTIOBATH aTOMU
Kapbony 3i 3MeHIIIeHHAM PO3Mipy I€MEHTHUTY B IIPOIeCi IIacTHUYHOI
nedopmallil 3 MOAAJIBIIIUM IIEPETBOPEHHAM HOro Ha (hepur.

HasasuicTs 6esmiui gucrnepropaHnX YaCTUHOK IIEMEHTHUTY, AKi 3HAUHO
HOJIETIIIYIOTh 3aPOKeHHs AUCJIOKAaMil y (¢eputi mix uac medopmarrii,
cupuse moapiOHeHHIO 3epeH (eputry. Haxommuene 6araropasoBe KOB-
3aHHS IIOCTYIIOBO MOAPiOHIOE ITEMEHTUT N0 HAHOPO3MIipHUX YACTUHOK
[31]. ¥ 3B’A3KY 3 UM MOXKHA IIPUIYCTUTH, ITI0 iHTeHCUBHA fedopmMalrisa
moBepxHi JeroBanoi Kpuii 40X13 ob6ymoBiioe opMyBaHHA cyO- i Ha-
HOKPHUCTAJIYHOI CTPYKTYPH B 3epHaX (hepuUTy, MNePJIiTy i MAapTEeHCUTHUX
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KpucTajax, IoaApiOHeHHA KapOigHux das, a TAKOMK CYTTEBe IIigBUIIEH-
HA TYCTHHU Aucaokariii. Bei mi ¢axTopu 00yMOBIIOIOTH CHHEPTETHY-
HUH eeKT CyTTEBOTO 301IBITIEHHA MiKPOTBEPIOCTH IIOBEPXHEBOTO IIIAPY
JIJISI BCiX CTPYKTYPHUX CTAHIB JOCJIIIKEHOI KPUIIi.

Binbin moxJaamHi CTPYKTYPHI AOCTimxeHHSa OYAyTh IIpeACTaBJCHI y
HACTYHOHi pobori.

4. BUCHOBKH

3pasku wmeipskasiiimoi xpummi 40X13 y pisumx craHax micas
oM’ AKIITYBaJIbHOTO TEPMiUHOTO OOPOOJIeHHA 3a TeMIIepaTypH BigmaJay
800°C (cTam mocTaBKm), IIicasA TOAATKOBOTIO rapTyBaHHA Bim TeMmmepa-
Typu 980°C 3 0X0JOAKEeHHAM B MacJi Ta MicJasa JOAATKOBOTO rapTyBaH-
Ha Big Temmepatrypu 980°C 3 HacTyImHHUM BiAlajoM 3a TeMIlepaTypu
250°C yopomoB:K TOAUHU IIifTaBaJMCh BILIUBY YJIBTPA3BYKOBOTO yaap-
HOT'0 00pO6JIeHHSA B iHEPTHOMY CepeoBUIIi (aMILIiTyAa TOPILA KOHIIEHT-
paTopa ckJazaga 25 MKM, TPUBAJIiCTL 00pobaernua — 50 c).

Hnaa ycix womG6iHariii TepMiuHOTO Ta YJILTPa3BYKOBOTO YAApHOTO
BILIUBY CIIOCTEPIraeTbCcsA CYyTTEBE 3MEHIIEHHS IIEPCTKOCTU MOAMU(DiIKO-
BaHOI ITOBEPXHi Ta MiBUIIIeHHA MiKPOTBEPAOCTH MOPiBHAHO i3 BUXiM-
HHUM cTaHOM. MakcuMaabHe 3pocTanHsa MiKkporsepaoctu g0 13 I'lla dik-
CYEThCS AJIS 3pasKa, AKMH 3a3HAB rapTyBaHHA 3 HacTynHUM Y3YO. Ca-
Me JJIA IILOTO BUMNAIKY (PiKCYEThCA 1 MaKCUMAJIbHUI PiBEeHDb 3AJIUIITKO-
BuX HanpyskeHb — moHan 4 I'Ila. 3 pesysabTaTraMy BUMipioBaHb MiKpPOT-
BepAocTu 3a BiKKepcoM AKiCHO KOPeJIITh JaHiI iHCTPYMEHTaJbLHOTO
iHTeHTyBaHHA.

3a JaHUMU PEHTT'eHOCTPYKTYPHOI aHaIidy BU3HAUEHO 3MiHM mapaMe-
TPy I'PATHUIII Ta BMicTy pisHMX (has, cTyleHIo Jedopmallili Kpucrariy-
HOI I'paTHUIli, 3HAUEHb 3AJIUIITKOBUX HANPYsKeHb CTUCHEHHS Ta PO3Mip
OKP. Cuneprernunuii epeKT CyTTEBOro 30iJbIIIEHHA MiKpPOTBEPIOCTH
IIOBEPXHEBOTO Iapy B pedyabraTi ¥Y3YO s BCixX AOCTiIKEeHUX CTPYK-
TypHUX craHiB kpuni 40X13 mos’sa3yeThbed i3 popMyBaHHAM cy0- i Ha-
HOKPUCTAJIYHOI CTPYKTYPH B 3epHaX (hepuUTy, MNepiTy i MapTeHCUTHUX
KpHucTajax, HIoaApiOHeHHAM Kapbigumux ¢as, a TaKOoK IIiABUIIEHHAM T'y-
CTUHU OUCJOKAIiN.
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PHYSICS OF STRENGTH AND PLASTICITY
PACS numbers: 61.25.Mv, 61.66.-f, 61.72.-y, 62.20.-x, 64.75.-g, 89.20.Bb

About Al-Si Alloys Structure Features and Ductility
and Strength Increasing After Deformation Heat Processing

V. V. Kaverinsky, Z. P. Sukhenko, G. A. Bagluk, and D. G. Verbylo

I. M. Frantsevich Institute for Problems in Materials Science, N.A.S. of Ukraine,
3 Academician Krzhyzhanovsky Str.,
UA-03142 Kyiv, Ukraine

A technique of deformation heat processing for Al-Si based alloys is proposed
which can significantly increase their both ductility and strength and also re-
veals additional reserves for their strength and hardness increasing through
cold work hardening. The method includes serial of small hot plastic defor-
mations with intermediate cooling and short annealing. This makes the silicon
inclusion rather small with shape close to spherical, which leads to the ductil-
ity increasing. Then a work hardening processing could be performed for the
material. Finally, both ductility and strength appear higher than in the initial
cast state.

Key words: Al-Si alloys, deformation heat processing, mechanical properties,
silicon inclusions, microstructure.

3amnpornoHoBaHo ciIocid medopMaliifino-TepMiuHOr0o OOpPOOJIEHHS CTOIIIB CHC-
Temu Al—Si, 1110 fa€ MOMKJIMBICTH 3HAYHO IIiABUINUTUA OSHOUYACHO IX IJIACTHUU-
HiCTh Ta MiITHiCTh, a4 TAKOK BiIKPUBAE HOAATKOBI MOMKJIMBOCTI IIiABUIITEHHS 1X
MIITHOCTH Ta TBEPAOCTH 3a PaxXyHOK AedopMalliiHoro smimHeHHA. Mertoma
BKJIIOYAE CEPil0 MaJIUX rapAuYNX MJIACTUYHUX AedopMalliii 3 IPpOMiKHIIM 0X0JI0-
IKEeHHAM 1 KopoTkodyacHuUMU Binmnmanamu. e mae MoKJIMBIiCTH ofepKaTH J0-
CUTh APiOHI BKIIOUEHHA KPEeMHio opMu 61u3bK01 10 chepudHoi, 1110 i mpuBO-
IUTH 10 30ibIleHH A MIacTUYHOCTH Ta MintHocTH. IloTiM a1 maTepisny Morke
OyTu BUKOHaHAa XO0JIOAHA AedopMallia Iaa JoIaTKOBOTO 3MillTHeHHA. B pe3yib-
TaTi i MIACTUYHICTD, i MIITHICTL BUSBJIAIOTHCA 3HAYHO BUIMUMH, HiK Yy BUXiJI-
HOMY JINTOMY CTaHi.
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1.INTRODUCTION

Low ductility is a well-known peculiarity of Al-Si alloys (silumins). De-
spite of their indisputable advantages as low density, good corrosion be-
haviour, decent strength properties at relatively low cost their low plas-
ticity restricts their implementation areas and made for them bad repu-
tation of a material for low quality products. Being an eutectic alloy
type with quite low (comparing with some other Al alloys) foundry
shrinkage silumins are widely used for cast products. Special casting
techniques and modifiers could increase the material strength and/or
ductility. However, in spite even seeming at a first glace significant
growth of ductility, it indeed remains rather low, which does not really
make the material able to plastic deformation processing. Here we have
some examples. In work [1] it was declared on 1.5 times of ductility in-
creasing for alloy AK9M2. Actually, its values grew from 1.2 to 1.8%.
In work [2] the observed change of relative extension was from
0.5...0.7% t00.9...1.1% for AK8M3 alloy.

Most of the studies of Al-Si alloys properties improvement are fo-
cused on the cast state [3—5] which is not surprising, because they are
used primary for cast products. However, brittle at normal temperature
Al-Si alloys could be affected to a hot deformation processing that has
mentioned even in [6]. As known, plastic deformation has an effect on
the material structure. The main idea here is to crush silicon inclusions,
which are the main cause of these alloys brittleness, at the temperature
where the material is plastic enough.

Despite the idea is time after time appeared since 30’s of XX century
this technique still not become widely spread. However, in recent years
is observed an increasing of interest to it. A method of Al-Si alloys de-
formation heat processing by forging was presented in [ 7]. The proposed
technique consists of the following sequence: annealing at 500 =+ 10°C
for 2 hours, hot deformation by forging at a temperature of 510-550°C
(beginning of forging) to 350—400°C (end of forging); an optional inter-
mediate annealing at 510-550°C, a final post-deformation annealing at
520+ 10°C for 2 hours. This method leads to the formation of polygonal
inclusions of silicon fairly evenly distributed in the structure. It allows
toincrease the plasticity values of the material to5=4-16% (depending
on silicon content). Increasing of the strength is up to 15-75% com-
pared with the cast state, but only for alloys with high silicon content
(20—-30% ), the simultaneous increase in ductility for which is insignif-
icant.
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Another example of recently published research of Al-Si alloys forg-
ing technique is [8]. There the casted samples were forged at 300°C with
deformation degree of 156% , 25% , and 35% . Then the samples were an-
nealed at 5635°C for 5 h, followed by aging at 170°C for 2 h. In the struc-
ture were obtained close to spherical shape silicon inclusions with vari-
ous sizes (actually, about 2—5 um, according to the given photos of the
structure). At the most deformed samples they reached relative exten-
sion values up to 12%.

There also exist several others studies on this topic. This proffers
that Al-Si alloys could be effectively affected to plastic deformation,
which leads to shredding and spheroidization of silicon inclusions and
ductility increasing. Nevertheless, attempts to reproduce Al-Si forg-
ing techniques do not always succeed. The practice shows, that the sam-
ples of such alloys could be prone to cracking even during hot defor-
mation. So, statements about the super plasticity of such alloys at tem-
peratures higher than 430°C, like in [6], look somewhat overpriced.

In this work we tried to develop a technique of Al-Si alloys defor-
mation heat treatment that significantly increases their ductility and
reveals the additional resources for their work hardening. Moreover, it
should reduce the likelihood of the material brittle fracture, especially
during the first deformation stages, when the plasticity is still not high
enough. Some attention is also given to the initial cast structure of the
material affected to such processing.

2. RESEARCH MATERIAL AND METHODOLOGY

The chemical composition of the studied material is given in Table 1.

Material for some of the samples was modified using a NaCl + KCl sur-
face flux before the casting. Composition of the flux was ~45% of NaCl
and 55% of KCl that has an eutectic melting point at about 660°C, which
is close to aluminium melting temperature. This might give an addition
of some thousandth’s parts of Na and K.

Another cast structure modification type studied here was treatment
of the melt through adding of ~0.5 g/kg of AgNOs; in a melting capsule
of Al. It was supposed that owing to its thermal decomposition and reac-
tion with Al disperse particles of silver might be obtained which could
be substrates during the aluminium crystals nucleation at the begin-
ning of the alloy solidification. Also, a ‘stormy’ reaction may give the
melt additional mixing.

TABLE 1. Chemical composition of the studied material (in % wt.).

Al Si Mn Mg Cu Fe
Base 6.8—-7.1 0.1-0.2 | 0.05-0.1 0.3-0.5 0.5-0.8
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Others samples were not modified in these ways.

Some samples were additionally alloyed with about 2% of Cu and 1% of
Ag, also they had an increased amount of Mn up to 0.7% . This was made
to study the features of an additional effect of disperse and solid solu-
tion hardening in comparison with the effects of strength growth ob-
tained through the deformation heat processing.

The specimens were casted into a clay mould two at once. Each cast
sample had its own funnel in the mould to fascinate air exit during the
casting. A schematic sketch of the mould is given on Fig. 1. The metal
casting temperature was about 700-750°C.

Casted samples were separated from solidified funnels and their sur-
face layer was deleted by mechanical processing. Thus, their dimensions
become about 8.5x8.5x40.0 mm.

Obtained in this way cast specimens were objected to deformation
heat treatment. In general, its technique consisted in the following op-
erations:

— heating to the temperature from 490 to 540°C;

— hot deformation by forging elongation from the heating tempera-
ture to ~400 — 430°C. Its degree varied from 3—4% to 18—20%;

— cooling to 40—60°C or even to the home temperature;

—next heating to 490-540°C with keeping in a furnace 10—15min and
following hot deformation.

The described heating deformation and cooling cycles proceeded until
the desired resulting deformation degree was obtained.

Here were studied resulting deformations degrees from 25 to 70%.

After the serial of the hot deformations some of the samples were ob-
jected to the cold deformation for work hardening.

The obtained samples both as cast and after different regimes of de-
formation heat treatment were subjected to a technological upsetting
test. The test consisted in pressing of a piece of the sample with initial

=

Fig. 1. A schematic sketch of the used mould: bottom half (a); top half (b).
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height of 8 mm until visible cracks occurred. The ratio between the ini-
tial height and obtained after the critical upsetting (when crack appear)
was estimated for each sample.

Tensile tests were performed to estimate the standard mechanical
properties of the material: ultimate tensile strength, yield strength,
relative extension, and constriction ratio.

Microstructure of the samples was studied through the optical mi-
croscopy with magnification x40, x100, and x1000. To revile the micro-
structure etching was performed at KOH 7% solution with temperature
60—-70°C. For more contrast view of the silicon inclusions an additional
etching at 2% solution of AgNO; was performed for some of the sam-
ples.

3. RESEARCH RESULTS AND DISCUSSION

The microstructure study for the cast samples showed a significant in-
fluence of K, Na additions, as it supposed to be. An effect of AgNO; add-
ing was also observed. Figure 2 shows a comparison of the as cast struc-
ture.

From the given microstructure illustrations it is clearly seen that K,
Na additions qualitatively change the shape of the silicon inclusions
making them polyhedral or even ‘skeleton shape’. The inclusions re-
main rather large, about 30—100 um. AgNO; addition does not as much
qualitatively change the silicon inclusions shape—we still can see ‘nee-
dles’. However, they become significantly smaller and more ramified.
The main effect AgNO; addition makes on the cast dendrite structure
that become denser and disperse.

Numerically it could be said, that dendrite structure density (den-
drites per mm?) in not modified material was 228 + 63 mm 2 and in mod-
ified one it become 848 + 291 mm 2.

But the more important interest of this research is the structure be-
haviour after the proposed deformation heat treatment. Unexpected
was the fact that K, Na modified samples appear the most ‘naughty’
during the hot forging. They became soft but brittle and crumbled un-
der the strikes. Such behaviour was observed mostly at heating to 530—
560°C for hot forging. Decreasing the forging beginning temperature
to 490-510°C allowed partially eliminate this drawback. The observed
fracture is likely be caused by so called hot fragility that may occur at
Al based alloys with Na and K impurities, which was made deliberately
here. According to[6] even less than 0.01% of Na or K is enough.

Asexperiments have shown, even hot deformation could cause cracks
appearing and brittle fracture of Al-Si alloys. So, one of the main tasks
was working out of a deformation regime such materials could with-
stand without fracture, taking into account the facts that the specimens
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Fig. 2. Cast microstructure of the studies Al-Si alloy samples with different
types of modification: a—no modification, x40; b—no modification, x100; c—
NaCl + KCl1 flux treatment, x40; d—NaCl + KCl flux treatment, x100; e—
AgNO; treatment, x40; f—AgNOs treatment, x100.

are affected to strike impact during forging and their temperature de-
creases rather fast because of their small size and contact with cold forg-
ing equipment. In this case the end of forging temperature is hardly be-
ing controlled precisely. Such visual signs as the glow colour of the
heated metal or the colours of surface oxide films do not work in this
case. It could be only estimated by rather crude calculations. An esti-
mated cooling curve of an aluminium sample of the given dimensions
with initial temperature 520°C placed on an iron incus in air environ-
ment with temperature 20°C is shown on Fig. 3.

We can see that that the sample cooled to 450°C less than in 50 sec-
onds. Lower temperatures are not desirable for hot deformation of such
material, especially on early stages when the silicon inclusions are not
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Fig. 3. An estimated cooling curve for 8.5x8.5x40 mm specimen.

yet crushed and spheroidizated enough and the plasticity is rather low.
Hence, on the first stages deformation degree should be low. So, surely
being at the safe temperature range deformations could be reached at a
single stage are not more than 5% . Actually, they were 3—4% . Bigger
deformations, as the practice showed, may cause brittle cracks. Then,
when the material gains enough plasticity the temperature of ending
forging could be decreased to 400 or even to 350°C. That allows making
greater deformations—up to 18—-20% at a single stage.

The typical samples structures after the deformation heat processing
are shown on Fig. 4. From all of the given illustrations we can see sphe-
roidization and shredding of the silicon inclusions. However, the com-
mon structureis different and it depends on the initial cast state and the
deformation—heat treatment. A significant summary hot deformation
of the AgNO; modified samples leads to overcoming the initial dendrite
structure and creation of equiaxial grains with spherical silicon inclu-
sion between them. The average grain size in this case is about 40—-50 um
and silicon inclusion size is 5—10 um. In non-modified samples we can
observe rather coarse matrix structure without clearly seen grains
bounders. The inclusions spheroidization is obvious, but they have
larger size up to about 20 um, but the smallest ones are less than 5 um.

In samples after an additional work hardening followed the hot defor-
mation we can see deformed matrix grains (Fig. 4, e, f). Less hot defor-
mation degree at this case leads to obtaining comparatively larger aver-
age grain size—about 70—80 um. Silicon inclusions are rather small, but
less orbed and additionally crushed. We can see their shape clearly on
the Fig. 5 that was taken at greater magnification (x1000 with oil im-
mersion).

Some of the inclusions in this case are not evenly disperse over the
matrix but form ‘crushed lines’ as we can see at Fig. 5, a or fractured
conglomerates as it shown on Fig. 5, b. Others could be rather separated
but not all of them have equiaxial polygonal or close to spherical shape.
Size of this inclusions is often less than 10 um and the smallest ones are
less than 1 um.
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In the samples that were affected by NaCl + KCI flux treatment dur-
ing the casting despite significant summary hot deformation (50% ) the
silicon inclusions are comparatively bigger that in the others cases con-
sidered there. Their average size is 15—-10 um. However, it is signifi-
cantly smaller than they were at the as cast state. They are rather equi-
axial polygonal and quit evenly distributed in the matrix. The grain
boundaries are not clearly manifested, but the average grain size could
be estimated to be about 70—90 um.

! }!E|HII Hl!'ﬂ!i

Fig. 4. Typical microstructure of the samples after the deformation heat pro-
cessing: a—47% summary hot deformation, AgNO; treatment, x40; b—47%
summary hot deformation, AgNO; treatment, x100; c—38% summary hot de-
formation, no modification, x40; d—38% summary hot deformation, no mod-
ification, x100; e—30% summary hot deformation + 15% work hardening,
AgNO; treatment, x40; f—30% summary hot deformation + 15% work hard-
ening, AgNOs treatment, x100; g—50% summary hot deformation, NaCl + KC1
flux treatment, x100.
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Continuation of Fig. 4.

The average values of the main mechanical properties of the studied
samples in a cast state and after the deformation heat treatment meas-
ured through tensile tests are given in Table 2.

The samples affected the tensile tests are actually not the same as
ones for which the microstructure photos are given above, but quite
similar to make some conclusions.

The cast samples showed an extremely low ductility at tensile tests.
Their relative elongation and constriction ratio are close to zero. Also,
no explicit yield strength was observed for them. The basic non-modi-
fied and not alloyed cast samples type (No. 4) has very low ultimate ten-
sile strength—about 89.0 MPa. It could be significantly increased by
the studied here AgNO; modifying and some alloying with Cu and Ag
(No. 5). However, the strength value remains significantly less than it
is observed in all of the samples type after the deformation heat treat-
ment.

Even not modified samples after summary 52% hot deformation
show a significant growth of the material ultimate tensile strength
which becomes averagely 196.4 MPa. Also here appears explicit yield
strength. More remarkable that the material acquires some plasticity—
the relative elongation has become 6.22% and the constriction ratio
22.45% . Modified samples affected greater summary hot deformation
(~70% ) and subsequent annealing at about 540°C during 2 hours (No. 6)
acquires even more ductility. However, their strength becomes lower,
but still higher as it was for not alloyed cast samples and it is close to the
alloyed ones after quenching and aging (No. 5).

The observed plasticity growth makes possible an additional work
hardening, which is demonstrated with samples of type Nos. 2, 3, and
No. 7 from the table above. It should be noticed, that these sample ac-
quire rather close values of ultimate tensile strength after the corre-
sponding deformation heat treatment. Type No. 3 that was affected
modifying during the casting and greater hot deformation shows more
plasticity remain after the work hardening but the ductility of Nos. 2
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.01 mm

Fig. 5. Typical silicon inclusions in the sample with 30% summary hot defor-
mation + 15% work hardening, x1000.

and 7 is almost exhausted after even less cold deformation. Less hot de-
formation degree and also non-modified cast state cause the fact that
samples of type No. 7 earlier exhaust their plasticity margin with lower
final strength values.

Strength of the material could be even more increased by alloying
that makes possible hardening through quenching and aging. This is
demonstrated by samples of type No. 8 which were alloyed with some
amount of Cu and Ag as it was for the specimen No. 5. Their averaged
tensile strength after the deformation heat treatment becomes 333.3
MPa. Their plasticity is rather low but it is a bit higher than in the as
cast state.

Samples modified with NaCl + KCI flux sowed a high tendency to hot
brittleness during the deformation. Cracks appear from time to time
and some specimens even have fallen apart. Also, when machining
(turning) of the tensile test samples they were likely to tear. Thus, they
were excluded from the most of mechanical properties study. It only
could be said that in technological upsetting tests they show very low
plasticity—visible cracks appear after about 17-28% of upsetting.

The average hardness of the samples is given in Table 3.

For deeper comprehension of the material plasticity behaviour tech-
nological upsetting tests were performed. Its results are shown in Table
4.
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TABLE 2. Main mechanical properties of the studied samples in a cast state and
after deformation heat treatment.

Gy Gu, o 0
No. Sample type MPa | MPa S, % v, %

1 52% summary hot deformation, non-modified 128.0 196.4 6.22 22.45
0, 3 0,
2 30% summary hpt deformatlo'n.+ 12% work 951.6 275.7 0.94 0.93
hardening, non-modified
3 48% summary hot deformation + 27% work
hardening (AgNOs treatment)

229.5 273.0 3.30 9.30

4 Cast, non-modified, not alloyed - 89.0 ~0 ~O
5 Cast, AgNOstreatment, + ~2% Cu+~1% Ag+
+~0,7% Mn, quenching from 510°C and natural - 139.0 ~0 ~O
aging

6 70% summary hot deformation + ~2 h annealing
at 540°C, (AgNO; treatment)
7 25% summary hot deformation + 9% work hard-
ening, non-modified
8 38% summary hot deformation + 6% work hard-
ening +~2% Cu+~1% Ag+~0,7% Mn, quench-
ing from 510°C and natural aging (AgNOs treat-
ment)

63.7 137.122.5758.79

222.4 260.8 0.06 0.06

288.5 333.3 1.42 1.40

Analysis of the obtained complex of the mechanical properties
showed that in the studied case correlation between hardness and tensile
or yield strength exists but is no very strict, as it could be seen from the
plot on Fig. 6.

The cause of such behaviour seems to be following. The alloying with
subsequent quenching and aging increase both hardness and strength in
as cast or deformed state. Its effect is mostly conditioned by precipita-
tion hardening and some solid solution hardening. Reason of the
strength increasing after hot deformation of such alloy is different.
Growth of strength properties after cold deformation is merely a work
hardening that is accompanied with hardness growth and ductility de-
creasing. The observed increasing of strength and plasticity after the
hot deformation by the proposed technique is mostly caused by chang-
ing of the silicon inclusions morphology. Large sized sharp plates of sil-
icon it the as cast material although having some strengthening effect
also work like stress concentrators and micro defects. That is the most
reason of low plasticity of such materials and this also does not allow
them to fully show their strengthening effect. However, it does not so
much affect the material hardness. Shredded and spheroidized silicon
inclusions have significantly less effect as stress concentrators and less
likely forming sharp chips during tensile deformation. Hence, this pre-
vents premature material fracture. Another reason of the strength in-
creasing after the hot deformation may be in changing of the metallic
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TABLE 3. Hardness of the studied samples in a cast state and after deformation
heat treatment.

Z
o

0 3 O O = W N =

Hardness, HV
50.3
96.8
117.4
67.0
112.4
49.2
106.1
131.0

matrix structure. Instead of rough dendrites there appear equiaxial
grains also affected by primary recrystallization. High temperature an-
nealing leads to the collective recrystallization (grain growth) and takes
away all the residual deformation stress, which leads to some strength
decline.

The results analysis shows that the strength highly depends of both
hot and cold deformation degree. There might also occurs their non-ad-
ditive effect but it is not proofed enough. The dependence is not linear.
Summary hot deformation degree up to 40% gives the material addi-
tional strength increasing. Higher hot deformations give it additional
ductility, however there not observed more strength growth and it could
appear even less than it may be obtained after lesser hot deformation.
Cold deformation is able to allot the material merely an additional
strength as much as the plasticity allows it. Hardness of the alloy is
mostly affected by cold deformation (work hardening). The alloying also
increases it. However, the hot deformation might even somewhat de-

TABLE 4. Results of upsetting tests for the samples in a cast state and after
deformation heat treatment.

No. Upsetting degree before cracks appear, %

83.3
59.1
74.6
29.8
31.2
92.1
42.3
61.9

Ok Wh -
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Fig. 6. Correlation between hardness and strength properties for the studied
samples.

crease the observed hardness. Hardness of the material after the hot de-
formation remains on the level about 50 HV, which is close to one of the
cast material after annealing at temperatures higher than 500°C, which
was also observed in our previous study [9]. It is even less than in the as
cast state. Some additional investigations were performed for this phe-
nomenon comprehension. In the Table 5 are given the results of addi-
tional hardness and micro hardness of the metallic matrix measure-
ments.

In as cast state the metal matrix has some residual thermal stress that
resultsinits hardnessincreasing. The value of common hardness in this
case is very close to the metal matrix micro hardness. Annealing re-
moves them and the metal matrix micro hardness becomes significantly
lower. However, it is quite less than the common hardness. The pro-
posed hot deformation treatment technique works like some kind an-
nealing that removes the residual thermal stress and the metal matrix
hardness decline. We can also see that its growth with the summary hot
deformation degree, which may by the result of the matrix grain struc-
ture refinement. But the common hardness stands by the same value
about 50 HV as it is observed for the annealed state. Work hardening
increases the metal matrix micro hardness to the values higher than the
hardness in the annealed state. As a result, the common hardness ap-
pears close to this metal matrix micro hardness (a bit higher). The same
thing is observed for the as cast material. Hence, there is a specific bar-
rier, which is for this material at about 50 HV. It varies depending on
silicon content. For example, for the alloy with 3.5% of Si it will be
around 35...36 HV and for one with 9.0% Si—about 56...57 HV. Thus,
we come to the conclusion that the common resulting hardness of this
material could be mostly conditioned by silicon content or metal matrix
hardness. There is a barrier value of hardness that depends on the sili-
con content. Lower it the common hardness is completely conditioned by
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TABLE 5. Common hardness and metal matrix micro hardness.

Sample type Hardness, |Metal matrix microhardness,
HV HV

52% summary hot deformation 50.3 48.2

29% summary hot deformation 50.2 43.4

As cast state 67.0 65.9

Annealing for 1.5 h at 520-540°C 49.2 41.8

48% summary hot deformation + 117.4 114.2

+ 27% work hardening

Annealing for 3 h at 520-540°C 35.2 29.5
(3.5% Si)

60% summary hot deformation 35.6 33.3
(3.5% Si)

Annealing for 1.5 h at 520-540°C 56.1 40.2
(9.0% Si)

25% summary hot deformation 56.7 44.6
(9.0% Si)

silicon content, higher it mostly caused by the metal matrix hardness
with only a slight effect of silicon.

In the dependence of the ductility properties (6 and y) there was noth-
ing unexpected—they are increasing with hot deformation degree
growth, and subsequent work hardening declines them. Values of 6 and
y are in strict linear correlation between each other.

Technological upsetting tests showed that even in the as cast state the
material could have some plasticity even at the home temperature. How-
ever, it is significantly less than it is observed for all the studied sam-
ples after the deformation heat treatment.

4. CONCLUSIONS

1. A technique of deformation heat treatment was proposed for Al-Si
alloys that allows significant both strength and ductility increasing.
The method consists in a serial of small hot deformations with interme-
diate cooling and short annealing between the deformations. The hot de-
formations beginning temperature should be about 490-540°C. The hot
deformations finishing temperature should be about 450°C the first
stages and could be reduced to 400 or even 350°C for the final stages
when the material obtains enough plasticity. Owing to the ductility ac-
quisition the material could be affected to work hardening to increase
its strength even more. Samples affected 70% of summary hot defor-
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mation could withstand up to 90% upsetting degree at the home tem-
perature. However, it reduces the final plasticity. Strength and hard-
ness of this alloy could be even more increased though alloying which
makes possible a hardening by quenching and aging.

2. The growth of both ductility and strength increasing after the hot de-
formation is mostly caused by changing of the silicon inclusions mor-
phology. They are shredding and their shape becomes polyhedral close
to spherical. Such inclusions still not as much effect as stress concentra-
tors and micro defects tearing the metal matrix during deformation. In-
termediate cooling between the hot deformations lead to some changing
of Si content in the solid solution. According to the phase diagram its
equilibrium content at the heating temperature is about 1% and at the
home temperature it is about 0.01% . So there occurs some dissolution
of the silicon inclusions surface when heating and re-deposition when
cooling. This effect might additionally promote the inclusions spheroi-
dization.

3. Theinitial cast structure has an effect to the structure and properties
in the deformed state. Finer, modified with disperse parcels, structure
allows obtaining of smaller silicon inclusions and disperse equiaxial
grains of the metal matrix. It results in greater values of its plasticity
after the hot deformation and bigger residual ductility after the work
hardening. Such material could withstand greater degree of cold plastic
deformation. However, treatment of the melt with NaCl + + KCI flux
was not benefit for the case. Nevertheless, it affects the cast structure,
especially silicon inclusions shape, the size of the inclusions remains ra-
ther large. Also, samples modified in such a way show a high tendency
to hot brittleness during hot deformation.

4. It was observed an unusual behaviour of the material hardness after
the hot deformation. Although the material tensile and yield strength
increasing, the hardness do not grow and becomes even less than in the
as cast state remaining on the level of annealed cast product. The only
way to increase the hardness in this case is alloying and/or work hard-
ening. Nevertheless, the hardness of the metal matrix could slightly
grow with the hot deformation degree increasing, the common hardness
remains on the same level. It was found out that for the studied material
there exist a barrier value of the hardness which mostly depends on sil-
icon content only. If the metal matrix hardness is lower than this barrier
value the common hardness is standing on it. If the metal matrix hard-
ness overcomes this value, it becomes mostly affect the common hard-
ness, which will be only slightly greater than the metal matrix hardness.
5. Dependence of the strength properties from the hot deformation de-
gree is nonlinear. Increasing the summary hot deformation degree to
the values up to 40% results in the additional strength growth. Higher
summary hot deformation degrees could additionally increase the duc-
tility, but do not give an additional effect to the material strength.
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There could be obtained even less strength values than after lesser hot
deformation.
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Modelling and Simulation of the Plastic Flows in Metal

M. O. Kurin, O. O. Horbachov, A. V. Onopchenko, and T. V. Loza

National Aerospace University ‘Kharkiv Aviation Institute’,
17 Chkalov Str.,
UA-61070 Kharkiv, Ukraine

One of the most important problems in cutting theory is modelling behaviour
of cut material accompanied by significant plastic deformations. Determina-
tion the chip patterns formation allows to build a theory of entire complex of
processes and phenomena occurring in cutting zone. Various schemes, meth-
ods and types of processing define a wide variety of implementation schemes
with a wide range of orientation cutting edge relative to velocity vector of
main working movement. In this regard, it becomes necessary to analyse
basic schemes of metal flow around plate. Combination of various schemes
can be used to obtain any processing scheme using the principle of superposi-
tion. Before, we have developed a new method constructing velocity fields,
which is devoid of drawbacks and contradictions of other methods determin-
ing the displacements velocity fields. Thus, it becomes necessary to obtain
particle velocity fields for basic schemes using the hyperbola method.

Key words: hyperbola method, plastic deformation, potential flow, velocity
fields, vortex flow.

Ogmiero 3 HaWBaXKIUBIMINX MPobaeM Teopil pisaHHA € MOIE/IIOBAHHS IIOBEIiH-
KM MaTepisaay, 10 3pidyeThcA IIPU pisaHHi, III0 CYIPOBOAMKYETHCA 3HAUHUMU
mwracTuyHUMU gedopManisvy. BusHaueHHA YyTBOPEHHS CTPYIKKY JA€ MOMKJIU-
BicTh mOOyAyBaTH TEOPil0 BChOT'O KOMILJIEKCY HPOIieciB i ABHII, IO BimOyBa-
IOTBCA B 30HI pizamusa. PismomamiTHi cxemMu, MeToqu Ta BUAU OOPOOJIEHHS BI-
3HAYAIOTh PiBHOMAaHITHI cXeMu peaJsridalrii 3 MIMPOKUM AiAIa30HOM OpieHTAIil
Pikyduoi KPOMKHU BilHOCHO BEKTOpPA IIIBUJKOCTH OCHOBHOI'O POOOUYOro pyxy. ¥
3B’SI3KYy 3 IIMM BMHNKAa€ HeOOXiIHicTh mpoaHalisyBaTu OCHOBHI cxeMu OOTi-
KaHHS MeTaJly HaBKOJIO ItacTuHu. KomMOiHAIIA Pi3HUX cxeM Mo:Ke OyTU BU-
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KOpHCTaHa AJId OJep:KaHHA Oyab-IKOi cxeMu o0po0JeHHs 3a IPUHIIUIIOM CY-
nepmoauriii. Paminie mamu OyJjia po3pobjeHa HOBa MeToJa IOOYIOBU IIOJIiB
IMIBUAKOCTHU, SIKa 11030aBJjieHa HeJOJiKiB i mpoTupiv iHIIINX MeTo] BU3HAUYEHHSA
mepeMiIieHb DoJIiB MIBUAKOCTeli. TakuM YMHOM, BUHUKAE HEoOXigHicTh omep-
JKaTH T0JIS IITBUAKOCTH YACTUHOK AJIA 6a30BUX CXeM METOIO00 Timmep6oJrn.

Kuarouori ciaoBa: meroma rimepboJsn, miaacTuuHa gedopMaiiis, IOTEHIIAHMI
MOTiK, ITOJIS INBUIKOCTEHN, BUXPOBUM IIOTiK.

(Received February 24, 2022; in final version, May 2, 2022 )

1.INTRODUCTION

The most important general problem of any type machining of metals
is to determine the main technological parameters, which include en-
ergy-power characteristics, such as deforming force, work, power, as
well as the optimal parameters of the processing mode. Metal forming
operations [1] are distinguished by the importance of such components
as the maximum allowable degree of deformation workpiece [2], as well
as its shape and initial dimensions [3].

The optimal technological parameters of mode turning [4], milling
and drilling [5] should be understood as such processing parameters
that, at maximum productivity [6], guarantee at least required quality
of products [7], and ideally, the most favourable characteristics of the
surface layer [8], providing an increase in resource characteristics and
levelling negative impact of technological heredity [9] of previous op-
erations. Real technological processes have operations [10] in which
processing modes can rarely be called optimal [11], so the need to en-
sure quality of surface layer [12] forces us to assign processing modes
to detriment of productivity [13], especially in grinding operations.

Determination of energy-power characteristics is fundamental to
purpose of technological processing modes [14], therefore, the choice
of equipment and equipping the operation, as well as the parts obtained
quality depends on the magnitude of these factors [15]. Calculation of
the power characteristics cannot be carried out without determining
stress-strain state of the metal during processing [16]. Based on above
considerations, it can be concluded that in order to effectively predict
the power characteristics of various processes and operations of pres-
sure, rolling and cutting, it is necessary to develop mathematical mod-
els reflecting relationship between functional characteristics of pro-
cess and technological parameters of the processing modes. Correct
construction of model is possible if a structural and logical scheme.
One determines the methods and sequence of theoretical and experi-
mental studies. The most suitable methods for calculating plastic de-
formation processes are methods based on a closed system equations of
continuum mechanics [17]. In this case, the deformed metal is consid-



MODELLING AND SIMULATION THE PLASTIC FLOWSIN METAL 787

ered as an idealized continuous medium [18] with averaged mechanical
properties of a real metal. In fact, a four-dimensional space is intro-
duced to describe the deformation process. The deformation process as
a whole can be described by introducing function of four variables de-
scribing the field of displacement velocities. In most cases, solving ap-
plied technological problems for constructing desired velocity field,
one can do with functions of two or three variables, especially when de-
scribing stationary processes. Analysis of process kinematics and ini-
tial prerequisites, as well as a rational choice of the coordinate system
make it possible to quickly obtain displacement velocity field. Calculat-
ing stress-strain state of the metal and energy-power characteristics is
based on velocity field.

2. LITERATURE REVIEW. FORMULATION OF THE PROBLEM

The chip formation process, which ensures the formation of a new sur-
face, is accompanied by significant elastoplastic deformations, defor-
mation rates, friction forces along the front and rear surfaces of the
tool, build-up, an increase in hardness of deformable metal layers and
significant heat release in the contact zone [19]. The emergence and
development of mechanical, thermal and thermomechanical phenome-
na in the cutting zone is accompanied by occurrence of such important
contact processes as adsorption, adhesion, desorption, redox process-
es, thermal destruction of cutting fluid, efc. This complex phenome-
non has a significant impact on tool wear and the quality of the ma-
chined surface. [20]. Therefore, an important problem of cutting me-
chanics is to simulate behaviour of the cut layer during various techno-
logical processing operations, under conditions of significant plastic
deformations.

A wide variety of geometric shapes of cutting inserts, which are
widely used in modern cutting and differ in a wide range of angles and
geometry of chip breakers, requires the construction of velocity fields
that would describe the contact of removed chips with the wedge [21].
A detailed description of such contact requires a breakdown of the rake
face of the tool into elementary components the pattern of velocity
fields in the flow around which is known. Further, the subsequent con-
struction of an integral picture is required, taking into account tool bit
peculiarities and the kinematics of processing.

In the mechanics of a deformable body, a postulate is formulated
[22], which reflects key requirement for the velocity fields of dis-
placements in the plastic flow of metal. The essence of this postulate
boils down to the following: the velocities field of particle displace-
ment during plastic flow of metal, taking into account its incompressi-
bility in considered region, should be solenoidal or vortex, which is
mathematically expressed as follows:
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1)

VvV =0,
VxV=0.

A large number of plotted particle displacement velocity fields that
satisfy condition (1) have shown their effectiveness for investigation
state of the material of a part and chips with various processing meth-
ods. Previously, we developed the hyperbole method [23] and noted its
versatility, which makes it possible to solve a large class of problems in
the analysis of deformation fields arising in deformation zone during
various mechanical operations. Thus, the hyperbole method made it
possible to effectively research the process of chip flow and its defor-
mation when a wedge is introduced into the material for free and non-
free cutting, as well as when an abrasive grain is introduced, which is
important in the research of abrasive processing methods [24].

It is easy to see that direction of metal flow during deformation can
be approximated by a hyperbola [25], just like flow of metal chips dur-
ing cutting, if we analyse the macrostructure of the metal and direc-
tion of the fibres in part after forming processes [26]. At the same
time, variety of metal forming operations [27] from dividing opera-
tions and punching to multi-strand stamping including the tools used
in this case raise issue of finding an approximating flow curve for each
operation individually. In most cases, the desired curve cannot be de-
scribed by one branch of the hyperbola [28] (Fig. 1) within the selected
coordinate system. As well, in certain operations of metal forming by
pressure using tool the working surface of which or its part is a circle
or an arc. In our opinion, all variety of metal production lines can be
reduced to solving several problems that satisfactorily describe behav-
iour of the metal during deformation, namely: the flow around a
wedge, plane and cylinder.

3. STRUCTURE OF INVESTIGATION OF ENERGY-POWER
PARAMETERS OF MACHINING PROCESSES

An increase the efficiency of technological processes is inevitably asso-
ciated with optimization of processing modes [29] and the prediction of
power factors [30]. Many works are devoted to research the plastic flow
of metal [31], the main results of which are presented in review [32].

The theoretical calculation of power factors is most rational to carry
out according to methodology described in [33].

In this case, the deformable metal is considered as an idealized con-
tinuous medium with averaged mechanical properties of a real metal.
Actually, in this instance, a four-dimensional space is introduced to
describe the deformation process, and deformation process in general
can be described by introducing function of four variables:
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f(x,y,2,ct) =0.

A theoretical analysis of the majority of technological processes
along with the conducted experiments allows us to determine the na-
ture of dependence velocity of particles plastic deformable metal on
coordinates. The velocity of particles in four-dimensional space can be
represented through a velocity vector:

V=vi+vj+vk+ovn. (2)

The law constancy of a volume during the deformation is expressed
by the continuity equation:

divV = 0. 3)

Using Egs. (2) and (3), we can determine the form of functional de-
pendence of speed on coordinates. Thus, the particles velocity field of
material is determined, which makes it possible to calculate the strain
rates and their intensity using the formulas:

€ _ L aI/fh + Vqu aH 1 + Vv% aH 1
e H 1 8g1 H 1 H 2 aq2 H 1 H 3 a§I3 ,
1 aI/‘h + i aI/qz _ I/‘h OH 1 Vv‘lz 0H, 2

€y = —— - ,
"= H, &q, H, 6q H/H, dqg H,H, 0q,

(4)

where ¢1, ¢z, and gs are orthogonal curvilinear coordinates.
In this case, the coupling equations hold:

X = x(ql’Q2’Q3)’ y= y(ql,qz,Q:g)’ 2= 2(q1’qz,Q3),

- (%)

i1\ g,

— Lamé parameters,

\/5 2 2 2 3 2 2 2 2
81 = ?\/(th‘h - 8‘12‘12 ) + (gflz‘b - 8‘1343 ) + (8113(13 - g‘11‘11 ) + 5(8(11‘12 + 8‘12(13 + 8‘Iafh ) : (5)

Next, it is necessary to determine components of deformation to
find the energy-power process parameters:

e, = Iglldt, €y = _[szzdt,

and deformation intensity:
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2 3
€ =5 (1 — €5,)% + (€yy — €33)° + (€55 — €)% + 5(6122 +e, +el).

An important characteristic machining processes is work of defor-
mation which allows us to determine the power parameters. The total
work of deformation is determined by integrating elementary work by
volume:

ov ov o oV
A=“lj[pvg+1>xa+g@+ggjdmt. (6)

Two functions were introduced in [5] by author. The first is called
speed function:

ov
L=pV—/. 7
p o (7

Part of equation (6) expresses the energy dissipation function:

E=p Y p ¥ p&, 8)
ox Yoy 0z

The speed function is work aimed at increasing kinetic energy of el-
ementary volume of metal in deformation process. The energy dissipa-
tion function is that part of work that take place into the material’s
own deformation. Taking into account (7) and (8), we rewrite equation
(6) in the following form:

A= j j j j (L + E)dVvdt. (9)

If deformation is carried out at a low speed, then velocity function
has a sufficiently small value in comparison with the energy dissipa-
tion function and can be neglected. In this case, work of deformation
will be determined through the function of energy dissipation:

A= ijdth. (10)

Investigations in the deformation zone flow of deformed metal [34],
especially in particular case of the formation and flow of chips [35]
with different variants of flow around the cutting wedge [36], will al-
low constructing the initial velocity field, investigating in detail the
stress-strain state in deformation zone and energy-force characteris-
tics of the process. This approach will also make it possible to design
model of the formation, development and annihilation of dislocations,
which are the key to understanding the whole range of contact process-
es, such as hardening [37], adsorption, adhesion, etc.
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3.1. Wedge Flows

For the convenience of work, the designations in parametric equations
describing coordinates and velocity components will be marked with
indices corresponding to position of curve in the plane quadrants. In
this case, first number denotes the quadrant—beginning of movement
along curve, and second—the end. The plastic flow of a metal upon
penetration wedge into a rigid-plastic body has symmetry and geomet-
ric similarity relative to the axis of symmetry of the wedge, which is
quite obvious and confirmed by recently developed model of crystal
plasticity with gradient enhancement [38]. This flow is most typical
for separation operations of metal forming or cutting.

The equation for branches of hyperbolas lying in quadrants 21 can
be written by the system of equations:

x,,(t) = asinh(ot + C)cos a + b cosh(wt + C)sina, (11)
Y,,(t) = —asinh(wt + C)sin a + b cosh(wt + C) cos a.
where o, C is some constants, ¢ is time, a is semi-major axis, and b is
semi-minor axis.

The components of speed movement are obtained by differentiating
system (11) with respect to time [23]:

{szl(t) = awcosh(ot + C)cos a + bosinh(wt + C)sin a, (12)

V,2:(t) = bosinh(ot + C) cos o — aw cosh(wt + C) sin a.

The field of particle velocities during flow around edge of the wedge
can be represented as:

V., (%, y) = Vy(o(x, y)(e* —1)) *[(xcosa — ysina)e’ sina + y],
V(1) = Vo (o(x, y)(e® —1))*[(x cos o. — y sin a)e” cos o — x],
e*{x, cosa + [sin® a(l — e*)((a(x, y))*(¢® sin® a — 1) — x2)]/*}
(1 - e’ sin® a)®
+(a(x,y))’,
a(x,y) = [(xcosa — ysina)’e® — (x* + y*)]"* (1 - ) 2.

o(x,y) = + (13)

where V) is cutting speed, e is eccentricity of hyperbola, x, is coordi-
nate determines the plastic flow beginning.

In order to obtain equation of the hyperbolas branches located in
quadrants 34, it is necessary to change the signs to opposite in the
equation y (t) of system (11), then we get:
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{x34 (t) = asinh(wt + C)cos a + bcosh(wt + C)sin a, (14)
Y,,(t) = asinh(wt + C) sin a — b cosh(wt + C)cos a.
System (12) will take the form:

V., @) =ao cosh(wt + C)cos o + bosinh(wt + C)sin a,

{Vym (t) = awcosh(wt + C)sin o — bosinh(wt + C) cos a. (19)

The field of particle velocities during flow around edge will take the
form:

V.o, (2, y) = Vy(o(x, y)(e* —1)) *[(xcosa + ysina)e’ sina — y],
V54 (2, ) = Vy(o(x, y)(e? —1)) /*[~(x cos o. — y sin a)e” cos o + x],
e*{x, cosa + [sin® a(l — €*)((a(x, y))* (¢? sin® o — 1) — x2)]V*}

(1 - e*sin® a)?
+a(x, y))?,
a(x,y) = [(xcosa + ysina)’e® — (x* + y*)]2A - e*) /2.

+ (16)

o(x,y) =

3.2. Flow around a Plate with Horizontal Component Only

The equation of hyperbola located in quadrants 21 is identical to the
previously obtained system (1)—(3). To obtain equation for the branch-
es of hyperbolas located in the 3" quadrant in the form of system (11),
we will use the following algorithm. First of all, in the adopted coordi-
nate system, is necessary to change sign in equation y(¢) of system (11),
then it is necessary to take into account that true angle [y]=n -7y, and
the true one [a]=-n/2+v/2, but taking into account that a=-y/2,
[a]=-1/2 — a, bss=atg((n —y)/2) is the hyperbola parameter. After sub-
stituting [a] and bs3 into system (11), we obtain the equations describ-
ing the desired trajectory of motion:

2
X3,(t) = —asinh(ot + C)sina - a—cosh(mt + C)cosa,
b (17

2
Ys3(t) = —asinh(wt + C)cosa + % cosh(wt + C)sin a.

Differentiating system (17) with respect to time, we obtain the
speeds:
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2
V.33(t) = —ola cosh(wt + C)sin o + % sinh(wt + C)cos a],
(18)

2
V,s5(t) = co[% sinh(wt + C) sin a. — a cosh(wt + C) cos a].

Using the technique described in [23], we obtain from system (18)
the velocity field in Euler coordinates:

V. o5 (,y) = Vy(o(x, y)(e* — 1)) *[cos a(x sina + ycosa) — (e* —1)y],
V,53(x, ) = =V, (0(x, y)(e® —1))*[¢* sina(x sina — y cos a) — (¢* —1)x],
o(x,y) = ((¢* —1)(e” sin® o — 1)) ?*{[cos® a(x) (¢* —1) — (a(x, y))’A -  (19)

1/2

—e” sin® a))]"? - x, sina(e® - D + (a(x, y))’,

a(x,y) = \/(Jc2 +1y°)(e® —1) - (ycosa + xsina)’e®.

3.3. Flow around a Plate with Vertical Component Only

To get the trajectory 23 from equations (11) describing the motion
along the hyperbola, it is necessary to swap x(¢) and y(¢) and change
sign in expressions to the opposite, then we get:

X,5(t) = —(-asinh(ot + C)sin a,; + b,; cosh(wt + C)cos a,,), 20)
Y,3(t) = —(a sinh(wt + C)cos a,; + b,; cosh(wt + C)sina,,).

Evidently [vlI=n/2-y is valid angle, and

[oes]=—[vl/2=—n/4+V/2=—1/4 — a3 hyperbola parameter

bas=atg(n/4—-v/2)=a(a-b)/(a+b). Then we get the equation:
sinogs =—2"%(cosa + sina) and cosoes = 27V%(cosa — sina). After substi-
tution, system (20) will take the following form:

Xy5(t) = — \/ga sinh(wt + C)(cosa + sin o) —
- M cosh(wt + C)(cos a — sin a),
2(a +b)
73 (21)
Yos(t) = —% sinh(wt + C)(cos o —sina) +
+ M cosh(wt + C)(cos o + sina).
2(a +b)

The velocities will look like this:



794 M. O.KURIN, O. 0. HORBACHOV, A. V. ONOPCHENKO, and T. V. LOZA

V20

V. 55(t) = 5 [a cosh(wt + C)(cos o + sin o) +

a
+a sinh(ot + C)(cos o — sin o],
5 (o )(cos o —sin )] (22)

\/5(0 a-b
_[a
+

A sinh(wt + C)(cos o + sina) —

V,03(t) =

—a cosh(wt + C)(cos o — sin a)].

System (22) is transformed into the following:

V.5 (2, 1) = Vy(0(x, y)) 7?2 — €)' (—(y sin 20 — x cos 2a)e” + 2ye® — 1),
V,25(%, ) = =V (o(x, »)) *(2 - €*) ! (~(x sin 2a + y cos 20)e” — 2x+/e” — 1),
((2-€”)Y,(sina +cosa) — (1 +ve* —1){(x, y))*
o(x, y) = X
2(e® sin 20, — 2v/e® —1)?
y 2¢° (@t )’ e —2\e* -1
e’ +2ve? -1 ’ 62 +2Ver —1
1/2
2Ve? —1(x* + y®) — e*(sin 20(x* — y®) + 2xy cos 20.)
e’ —2ye” -1 ’

C(x, y) = (1 - sin 20) Y7 (€* + 2Ve® —1) — (a(x, y))*(e” sin 20 — 2ve® —1))"/%,

a(x, y) = [

2107

1.5-10°
-3
= 10
510~
0 /SN LU0 ER
-2-10° -1-107 0 107 2:107°
m

Fig. 1. Displacement velocity field around a wedge (top) quadrants 21.
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where Yy is coordinate determines the plastic flow beginning.
To describe the trajectory of movement 11, we use same technique,
change y(¢) to x(¢) and change the sign of y(t) to the opposite:

x,,(t) = —asinh(ot + C)sina,, + b, cosh(owt + C)cosa,,, 23)
Y;,(t) = —(asinh(ot + C)cos a,; + b, cosh(wt + C)sina, ;).

In this case, the actual angle will be [y]=y+mn/2, and
[oi1]=—(rn/2+Y)/2=—n/4-y/2=—-1/4 + q. Hyperbola parameter
bu=atg(n/4+vy/2)=a(a+b)/(a—b), sina;=2"%(sina—cosa) and
cosar = 27/2(cosa + sina). After substitution, we get:

x,(@) = %Sinh(mt + C)(cos o —sina) +

. V2a(a + b)

cosh(wt + C)(cosa + sin o),
2(a - b)

(24)
V2a .
Yys(t) = —Tsmh((x)t + C)(cosa + sina) +
. JV2a(a + b)
2(a - b)
The speed will look like:

cosh(wt + C)(cosa —sin o).

-2:107° -1-107° 0 107 2-107
m

Fig. 2. Displacement velocity field around a wedge (bottom) quadrants 34.



796 M. O.KURIN, O. 0. HORBACHOV, A. V. ONOPCHENKO, and T. V. LOZA

[a cosh(wt + C)(cos o — sin o) +

N a(a +b)

V20

V@)= 5 [-a cosh(wt + C)(cos o + sina) +

+ a(a—+bb) sinh(wt + C)(cos o — sin a)].
a —

sinh(wt + C)(cos . + sin a)],

(25)

System (25) is transformed to the form:

V., (x, y) = Vy(o(x, ) /(2 - €*) ' (~(ysin 20 — x cos 2a)e” + 2yve® - 1),
V(x5 y) = =V, (olx, y)) (2 - €®) (—(y cos 2a. + x sin 2a)e” — 2x+/e? —1),
o(x, y) = (2Ve® -1 - e*)Y,(sina + cosa) + (1 + Ve® —1)(cos o —

. ) 1 202 9
- ’ ’ ’ 26
St ) 2(e® sin 20, — 2\/ﬂ)2 e —2er 1 Hate ) (26)

a(e,y) = —2Ve? —1(x® + y?) + €*(sin 20u(x? —
’ e +2Ve? —1

x, y) = (Y7 (€* —2ve* —1) —(a(x, y))*(e” sin 2a — 2V/e* ~1))"%.

1/2
y?) + 2xy cos 2&)]

1.5-107°

107

5107

-2-10° -1-107° 0 107 2107
m

Fig. 3. Deformation intensity around a wedge (top) quadrants 21



MODELLING AND SIMULATION THE PLASTIC FLOWSIN METAL 797

4. INVESTIGATION MATERIAL DEFORMATION PROCESS
IN CUTTING ZONE

The systems equations of displacement velocity field above satisfy
condition (1) obtained by us, which is quite easy to verify by perform-
ing appropriate calculations. Here and below for cases we have got con-
sidered will not give intermediate analytical expressions due to the
bulkiness of the expressions obtained. We will only outline sequence of
mathematical operations that allow us to determine the important
physical quantities characterizing the deformed state of chip material.
Based on displacement velocity field, it is easy to calculate a strain
rate component, which in the case of specifying the velocity field in
Cartesian coordinates, can be calculated using the dependencies:

av, av, ov, oV,
€, = »€,, = ——58&, = + ’
ox " oy Y oy ox @7
av, v, v, ov, oV,
€. = €, = + » €,y = +—=.

* 0z’ ¥ oz oy ¥ ox oz

Next, we determine the components of deformation for Cartesian
coordinates

e, = Iaxxdt, e, = jsyydt, e, = stydt,

e. = [e.dte, = [e.dte, = [e,dt. (28)

Complexes of formulas (27) and (28) allow calculating the intensities

-5-107
=
-1-107°
-1.5-107* -
-2-107°  -1-107° 0 107 2107
m

Fig. 4. Deformation intensity around a wedge (bottom) quadrants 34.



798 M. 0.KURIN, O. 0. HORBACHOV, A. V. ONOPCHENKO, and T. V. LOZA

of strain rates and strain in Cartesian coordinates:

J2 3
& ? (Sxx &y )2 + (gyy —&, )2 + (Szz & )2 + E(Szxy + 82y2 + 82295)’
e (29)
2 3
e = ry \/(exx -e, ) + (e, —e., ) +(e, —e.) + E(ezxy + ezyz +e’,).

It is enough in the first approximation to analyse displacement ve-
locities field and deformation intensities field to assess the deformed
state of material. Let us carry out calculation and construction the
fields of displacement velocities and deformation intensities for spe-
cific processing conditions. The specified geometric shapes tool inter-
action modelling will be carried out under identical initial technologi-
cal conditions. As an example, let us take the processing modes typical
for operation of broaching grooves in heat-resistant alloys. Consider
the deformation process material in contact with the tool in the form of
wedge-plane at a processing speed V=4 m/min. In order to obtain a
more visual picture and convenience of analysis, we will choose the tilt
angle of working planes for wedge and plate section at velocity hori-
zontal component y=60° (streamlines 21, 34 and 33). To describe the
plastic flow of metal along streamlines 11 and 23, we take y=30°. The
plastically deformed zone boundaries, as well as the length of contact
of chips with plate front surface are: |Xo =|Yo|=2.23-10%m,
C~0.2.102m. The deformation intensity calculation is performed at

-2-10"°

-2-10° -1-107 0
m

Fig. 5. Displacement velocity field around a plate (horizontal component)
quadrants 33.
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-1-107°

-2-107°

-2:107 -1-10° 0
m

Fig. 6. Deformation intensity around a plate (horizontal component) quad-
rants 33.

the final moment of time ¢, = (| Xo| + C)/V.

Let’s consider the plotted graphs in detail. It is most convenient to
analyse the displacement velocity fields in parallel with deformations
(Figs. 1-10). This approach ensures integral picture formation of the

2107

g 107

0 107 2-107°
m

Fig. 7. Displacement velocity field around a plate (vertical component) quad-
rants 11.
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plastic flow of the metal. The streamlines of the displacement velocity
fields for all consideration problems have a characteristic slope rela-
tive to the ordinate axis, corresponding to inclination plane angle
(Figs. 1, 2,5, 7, 9). For all cases, velocity modulus decrease is noted as
we approach the origin of the coordinate system. This is explained by
the deceleration of the metal against tool surface in directly contacting
layers and a natural resistance decrease metal flow with distance from
disturbance source, which is working part of the tool. The strain inten-
sities field repeats tool geometry for all considered cases (Figs. 3, 4, 6,
8, 10). The highest deformation intensity corresponds to the lowest
metal flow rate, which is explained by the much larger metal defor-
mations near the shear plane.

Let us analyse in detail the features of obtained fields for each of
tasks. Flowing around a wedge the fields of displacement velocities and
deformation intensities have symmetry about the OX axis, the isolines
inclination angle corresponds to angle wedge. At the start point
|Xo|=|Yo|=2.23-102m, the flow rate is equal to processing speed,
which corresponds to undeformed material flow rate and it is con-
sistent with the initial conditions.

The flow around plate at horizontal velocity component in octant 33
(Figs. 5, 6) also agrees with the physical concepts we are developing.
This reduces speed as it approaches origin where the tool plane is locat-
ed. The isolines of strain intensity field repeat flow lines material. The
magnitude of deformations intensity is greater than in case of flow
around a wedge (Figs. 3, 4), with similar technological processing pa-
rameters (angle of inclination working plane, coordinate beginning

0 5107 107
m

Fig. 8. Deformation intensity around a plate (vertical component) quadrants
11.
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2107

0 5107 107
m

Fig. 9. Displacement velocity field around a plate (vertical component) quad-
rants 23.

plastic deformation and processing speed). Indeed, the value of mini-
mum deformation intensity at plate flow in octant 33 exceeds analo-
gous value for the wedge by a factor of 1.5, while the core of maximum
deformation is located not near tool surface, but near beginning of
plastic flow plane.

The deformation increase in comparison with the wedge is explained

107

-2:107°

-1-107° -8107% -6-107% -4-10% -2-107* 0
m

Fig. 10. Deformation intensity around a plate (vertical component) quadrants
23.
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TABLE 1. Examples the displacements velocity field construction.

Machining pro-

coss Geometry of tool Approximating line

3

L _
Turning ’\2/ 12 hyperbola

23 hyperbola

5
1 2
F\U/ 12 hyperbola

23 hyperbola
34 hyperbola
45 hyperbola

12 hyperbola

23 vortex or potential flow
around cylinder

34 hyperbola

by twofold greater angle of metal rotation of streamlines—120° versus
60° at wedge. The deformations highest intensity near the plane of de-
formation beginning is apparently a consequence of the pressure ex-
erted by deformed metal layers along entire perimeter of maximum de-
formation zone, which in this regard can be considered a deformation
core. Distance between deformation intensities isolines decreases pre-
cisely near the core of deformations maximum, which indicates the
growth of function gradient most intensively in this field region. A
more detailed analysis of the deformation mechanism of nucleus for-
mation is possible when considering separately the deformation com-
ponents.

At the vertical component of velocity (octant 11) the patterns of dis-
placement velocities fields and deformation intensities are symmetric
to fields of octant 33 relative to bisector of second and fourth octant
central angles (Figs. 7, 8). The strain intensity field is also character-
ized by presence of deformation core bounded by a closed isoline. Na-
ture values change is like octant 33. Flowing around a plane with a ver-
tical component (23) the deformation rate fields are like flowing
around part of a wedge (Fig. 9, 10). We can conclude that all fields
have one of the types geometric symmetry (axial or rotational), which
confirms correctness of our physical concepts.
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Summing up, we can conclude that constructed fields of changes in
functional parameters are consistent with physical concepts developed
by us in this work, as well as with experimental studies.

Let’s consider several examples of constructing displacement veloci-
ties field depending on the processing method and geometry of the tool
working part (Table 1). At the heart of any cutting tool is a cutting
wedge, the geometry of which varies in a wide range depending on the
method and processing conditions. As we know the kinematics of metal
flow is determined by the insert geometry and the processing speed.
Therefore, there is no fundamental difference in processing method
choice. It is enough to consider the flow around several chipbreakers of
different geometries during turning.

Flow around plates sections formed by the broken line the metal
streamlines are well approximated by the branches of hyperbolas. It is
equally possible to use displacement velocity fields describing flow
around both the potential and vortex cylinders to describe sections of
circular arcs.

Developed technique can be applied to mathematical modelling [42],
to solve assessing energy-power characteristics problems [43] behav-
iour structures during machining [44] and contact phenomena such as
adsorption and adhesion in the processing zone during cutting.

5. CONCLUSION

Based on results of macrostructure analysis metal and direction of
forgings fibres after various types of metal forming operations by
pressure, the hyperbola method is proposed for displacement velocity
fields constructing and analysing metal deformed state in processing
zone. The structure for investigation of energy-power characteristics
of metals mechanical processing is presented. It is shown that key sys-
tem of equations are dependencies describing velocity fields of metal
particles satisfy solenoidality requirement. An approach to description
metal flow is proposed with various processing methods. The method
essence consists in dividing tool working surface of complex geometry
into flat and cylindrical shape sections. Problems modelling metal
plastic flow are considered when flowing around a wedge; plate at ver-
tical and horizontal components of speed; vortex and potential flow
around the cylinder with ductile metal. On the hyperbola method, dis-
placement velocity fields have been developed. It describes metal plas-
tic flow at absolutely solid tool penetration into a rigid-plastic half-
space. The material deformation process modelling is carried out for
all solved problems under specific processing conditions. The fields of
displacement velocities and deformation intensities are constructed.
The features of metal flow are noted at modelling various problems. On
the choice flowing around a cylindrical surface type general recom-
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mendation are given at solving technological problems. Based on the
simulation results, it can be concluded that functional parameters
changes are consistent with physical concepts developed by us in work
and experimental research. Several examples of displacement veloci-
ties field construction are considered depending on processing method
and the tool working part geometry. For each case a sequence the ap-
proximating curves is proposed of streamline.
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BniuB nracTHYHOCTH Ha KOHCTPYKIIIHY HATIHHICTh MeTaJIeBUX
CTOIIiB

I0. d. Memkos, I'. I1. 3imina

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

B crarTi Ha OCHOBI maHWMX TeMIIEpaTyYpPHUX 3aJIEKHOCTE! MEXaHIUHUX Xapak-
TEePUCTUK KPUIlb Ha CTAHJAPTHUX 3pa3Kax i 3paskax 3 HaHeCEHUMU KOHITEHT-
paropamu Hamnpy:keHb (KH) pisHOro crymeHio ToCTPOTH IIPOaHaJIi30BaHO
BILJIMB BJIACTMBOCTI IIJIACTUYHOCTH Yk (BiIHOCHE 3BY:KEHHA) HA KPUTUYHY TeM-
mepaTypy KPUXKOCTU IIPU PiBHMX YMOBaxX HAIPYKEHO-Ae(GOPMOBAHOTO CTAHY
(HOC) — =a Tomkux nnactuHax (ITHC), ma 3paskax 3 KijbIeBUM Hajapisom
(CHC) nmpu po3TaryBaHHi i Ha IpU3MaTUYHUX 3pasKax 3 HaHEeCeHOIO TPiIlTuHOI0
IPY TPhOXTOUYKOBOMY BUTHHIi. BusaBieHo, 1110 OKpUXUYeHHS Kpulli mig gieto KH
CIIPUUMHSE caMe JIOKaJibHa ItacTuuHicTh B 30HI KH uepes edexTt medopma-
IiAHOro 3MiIlTHEHHS MeTaJly, IO BUMiPIOETHCSA IIapaMeTPOM 3JIaMOCTiHKOCTU
Kpurti B,. KpurnuHa BenmuunHa 3JaMocTiikocTu B, mpu Temiepatypi Tc 3a-
aexkuthb Big roctporu KH, Bugy HIC, a rosoBHe, Bif IIJIaCTUYHOCTH KPUIIi Y
BUMIipi IIOKa3sHMKA 3JIaMOCTiHiKOCTH, TOOTO 3 ypaXyBaHHAM BILIUBY (haKTOpy
medopmariiitnoro smimuenHs. Hatibinbime poss MJIaCTUYHOCTHA METATY IPOSAB-
JS€ThCA B IpOoCcTUX BuAax Hampy:keHoro crany (ITHC), ne Hemae BeIuKOI KOp-
crtrkoctu HIIC, ax B ymoBax CHC, Tomy excrpemanbsao roctpi KH (Tpimuan)
HaNObiJIbIIle OKPUXUYIOTh METAJ cCaMe B TOHKUX IJIACTUHAX, a He B ILJIaCTUHAX
(bankax) momipHoi ToBIMHU. IloKasaHo, I1T0 KOHCTPYKITiMiHA HagiiHiCTL BU-
pob6iB 3 kpwuri 3 KH (ks) mo pisHOMYy perynioeThbeca (GaKTOPOM MJIACTUYHOCTU
(uepes B,) B ymoBax pisuux BuzaiB HIIC.

Karouosi cioBa: MinHicTh, mJIaCTUYHICTh, 3JIaMOCTiNKiCcTh, KPUXKicTh, cTabi-
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JBHICTHh MIiITHOCTHM KPHIli, KOHCTPYKIIiliHa HAAiMHICTh, KOHIIEHTPATOP HAIPY-
JKeHb, Tpill[uHA.

Based on the temperature dependences of mechanical properties of steels for
standard specimens and specimens with stress raisers (SR) of different
sharpness the effect of ductility yx (reduction in area) on the critical temper-
ature of brittleness is analysed under the various stress-strain state (SSS)—
for thin plates (biaxial stress state—BSS), for specimens with circular notch-
es (triaxial stress state—TSS) at tension and for prismatic pre-cracked spec-
imens at three-point bending. As ascertained, embrittlement of steel due to
SR is caused by the local ductility near SR via the strain hardening of metal,
which is characterized by the parameter of break resistance B,. Critical value
of break resistance B,. at temperature Tc depends on SR sharpness, SSS
mode, and on ductility characterizing by the coefficient of break resistance,
i.e., accounting for the influence of strain hardening. The effect of ductility
is most vividly manifests itself for BSS, so, the sharpest SR (cracks) embrit-
tle metal to maximum extent in thin plates, not in bars (plates of moderate
thickness). As shown, structural reliability of steel products with SR (ks) is
governed by ductility (via B:) by a different way for various SSS.

Key words: strength, ductility, break resistance, brittleness, strength stabil-
ity of steels, structural reliability, stress raiser, crack.

(Ompumano 12 kgimnsa 2022 p.; ocmamour. gapiaum — 2 uepsns 2022 p.)

1. BCTYIIL. IIOCTAHOBKA 3AJTAYI

IInacTruHICT, KOHCTPYKI[IMHUX MeTajJleBUX CTOMNIB Ma€ NMpU3HAUEeHHS
3abe3meuyBaT BUpPOOAM i HaBaHTAKEHUM eJIeMeHTAM KOHCTPYKI[iH
(EK) rapanToBany HagilHICTh CTOIY B YMOBaX IIPUCYTHOCTU B HUX pe-
TyJIApHUX KOoHIeHTpaTopiB HampyskeHb (KH) a6o BumamkoBux medex-
TiB, HaAOPUKJAZL, TpimuH. ['apaHToBaHa cujJaoBa HAMIHHICTE BUPOOY
O3HAYae, IO MiIHicTh BUPOOY (Onr) He MOKe OYyTH HUMKUOIO, HidK MiIl-
HiCcTB caMoro Meraiy (Go,2): Onr> Oo,2 (OnrF — CEDESHE HOMiHAJIbLHE Ha-
npy:keHud pyinyBaHHsa EK, 6o,2 — yMOBHaA MeKa MIMHHOCTH METAJY),
aJjie e MOYKJIMBO JIMIIIE 38 HASIBHOCTH B MeTaJIi JOCTATHBOI IIJIaCTUYHOC-
. YyTaIuBicTh MeTaseBuX cToIriB o Aii KH peryaoeTbeda BiIacTUBiCTIO
mIacTUYHOCTH (Yx — BiHOCHE 3BY)KE€HHA IIPU PO3PUBi 3paska) i sase-
JKUTH BiZl MiITHOCTHU CTOIY Go,2 i Temnepatypu T [1], aje 0coGJIUBO CUIIE-
HO Big mapameTpiB Hampy:KeHo-gedopmoBanoro crany (HIIC) Bupody —
Buny HIC (ninitinuii um 06’eMmuUM poarar) [2], cuau KH (o, — xoedi-
I[I€HT KOHIleHTpaIii Hampy:KeHsb [ 3, 4]) Ta ix.

OcKinmbKM B peaJbHMX BHPOOAax IPHCYTHI Bci pakTopm pasom, TO
MIPaKTUKOI0 BUPOOJIEHO yCTAJIeHI HOPMATHUBY AJIA XapaKTepPUCTUK ILIac-
TUYHOCTU Yx B 3aJIE}KHOCTL Bi MiHOCTU KpUILi i BifToBifHO K0 chepu
3acTOCyBaHHA — OYAiBHUIITBO, MAIIMHOOYyAyBamHA, TOIO [5]. Ocobru-
BOCTi BILIMBY BKasaHUX (paKToOpiB Ha MinHicTs Bupo06iB uu 3paskis 3 KH
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(O~F) PETEIBbHO PO3TJIAHYTI B QyHIaMEeHTAIbHUX POoOOTAX KJIACUKIB MU-
HyJoro [2, 4, 6], ame oKpeMo IIUTAaHHS IIPO BILJIUB BJIACTUBOCTU IIJIACTH-
YHOCTHU HA CTYIIiHb OKPUXUYEHHS KPUIh ITiJl Ii€l0 KOHIIEHTPaTOpPiB Ha-
Ipy:KeHb Yy KiJTbKicHOMY BUMipi 6yJI0 JMITe YaCTKOBO OKPECIEeHO BIPO-
ITOBXK KiIBKOX OCTaHHiX POKiB B poborax aBTOpiB [7, 8]. B mux poborax
aBTOPHU IIOKAa3aJiM, IO caMa II0 Cco0i XapaKTepHUCTUKA IJIACTUUHOCTU
KpuIi yg, 3BicHO, Bifirpae MO3UTUBHY POJIb ¥ 3MEHIIIeHHI YyTINBOCTHU
Kpuiri 1o ii okpuxueHHd mig miero KH, ajge oqHO3HAUHOI KOpeaAIil MixK
MIOKa3HUKaMHU g I CXUJIBHICTIO 1O KPUXKOCTHU, HATIPUKJIAL, V BUTJIALL
KPUTHUUYHOI TemMIepaTypu Kpuxkoctu T¢ aaa mesHoro KH BcranoBuTu
HEMOKJITBO, OCKIJIBKY HA ITI0 3aJICXKHICTh IEBHIM YMHOM BILJIMBA€E BECh
KOMILIEKC MeXaHIUHUX BJIaCTUBOCTEN CTOITY.

Byno BusBiewno [7], 110 6ibIT BUPa3HOIO B ILOMY BilTHOITIEHHI MOXKe
OyTu iHIIIa, clelliaJbHa KOMILIEKCHA XapaKTepucTuKa B,, HazBaHa aB-
Topamu [7, 8] 3mamMocTiliKicTIO, KA MOoeaAHye B co0i ABi HAWBaKJIMUBITITi
BJIACTHBOCTI MeTaly — MiIlHiCTE i mIacTUYHICTh. 3JIaMOCTifiKicTs By —
e He caMa MiITHiCTb, a TOU pe3epB MIITHOCTH, SKUI HOUYNHAETHCI Y Me-
TaJli IpU HaBaHTaYKeHHI 3pasKa BUIIE MeKi IJIMHHOCTHU Go,2 O CAMOT0
PO3PUBY B «IINHITi» Sk:

Br=SK/Go,2- (1)

Ot:xe, B medopMallifHOMy pes3epBi MinmHocTu B, BIaCTHUBiCTh MilHOC-
T MeTaJly peaidyerbcd y (opMmi medopmaliiinoro sMilfHeHHA B XOMi
IJacTUYHOI AedopMmaliii, ToMmy BeJimurHa B, 3aJI€KUTh BiJf KOMILIEKCY
BJIACTUBOCTEU — Yk Ta n, e n — IOKa3HUK JAedopMaIniiiHoro sMinHeH-
HA MeTasry 3a XosoMoHOM [9]. TuM caMuM BUKOPUCTAaHHA KOMILJIEKCHO-
ro MoKasHUKa B, 3aMicTh JiuIlie MJIaCTUYHOCTH x POSIINPIOE MOYKJIIBO-
CTi aHAJIi3W MUTAHHA IIPO BIIUB MJIACTUYHOCTU HA OKPUXYEHHA KPHUIIL
OiJ 1ieio KOHIIEHTPATOPiB HAIPY KEeHb.

Tomy B maHi#t po6oTi OyJio mocTaBIeHO 3aBHAHHA 3’ fACYyBaTU, SKUM
YUHOM BJIACTHUBICTh IJIACTUYHOCTH MEeTaJy Uepes3 IIOKa3HUK 3JIaMOCTili-
KocTi B, BILIMBAa€ Ha 3aXUCT MOro Biff okpuxueHHA B ymoBax aii KH pis-
HOI cuim Ta npu pisHuX Bugax HIC — miaackomMy Hampy:KeHOMY CTaHi
(ITHC) i cknagaomy (TpuBicHUU poaTdAr) manpy:xenomy craui (CHC),
cupuunHernomy aiero KH.

2. MATEPIAJIN I METOOUKA POBOTH

[ BUKOHAHHSA MOCTABJIEHUX 3aJad He 0yJI0 HeoOXigHOCTHY 34ifiCHIOBA-
TH CIEIiAJbHI eKCIIePUMEHTH, OCKLIbKY MOTPiOHUH A aHadisu HaOip
eKCIIEpIMEHTAJIbHIUX JaHUX OYB HOCTYIIHUI 3a pesyJbTaTaMu poOiT iH-
IINX aBTOPiB, ONMyOJiKOBAHMX B HAYKOBIil JiTepaTypi Ta iHIINX miKepe-
aax [1, 10-12], 3 akux MokHa O0yJIO 3OiIHCHUTH PO3PaxXyHKOBEe BMU3HA-
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YeHHs nmapameTpiB B:, B (KpUTUYHe 3HAUEHHS 3JaMOCTiAKOCTH 3a Te-
MaepaTtypu Kpuxxoctu T 3paska 3 mesaum KH).

Haii6inpmn BaskanBi A1 IOCTABJIEHOI 3aJaUi eKcIepuMeHTaJIbHI pe-
3yJabTaTu OyJiu ofep:kaHi B qucepraitiiiaiit po6ori A. B. Illuauna [10], oe
JocaimsKyBaJiachk (pismuHa ODpPUPOga KPUXKOCTH MeETaJIiB Ha 3pasKax 3
KH pisnoi cunu, B Tomy umci 3 Tpimuuaamu B ymoBax ITHC i CHC (puc.
1). HocaimxyBaanch ABa MOAEJIbHUX CTONM — M’ AKe apMKO-3aJi3o (o-
Fe) 3 6o,2=140 MIla, yx =83% Ta HMU3BLKOILJIACTUYHA €BTEKTOITHA KPU-
g Y8 y Biamamenomy craui 3 6o,2 =350 MIla, yx=13% (taba. 1), a Ta-
KOJK TUIIOBi KoHCTPYKITitiHi Kpuri ct.3cu, 10XCHJII Ta AK35 i nekinbka
BapisaHTiB 3BapHUX IBiB Kpuri 12XH2M[P3.

B po6ori [10] mpexncTaBieHi meBHi TeMIIepaTypHi 3aJIeKHOCTi 6a30BUX
MeXaHIYHUX BJIACTUBOCTEM (Go,2, Yk, Sk) i cepefHa HOMiHa/IbHA HAIIpyTa
py#nyBaHHA 3paskiB 3 KH — onr (Ha po3Tar) i 6co (Ha TPHOXTOUKOBUH

30
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Puc. 1. 3pasku, gKi BUKOPHUCTOBYIOTHCS IIPU IPOBENeHHI MeXaHIUHUX BUIIPO-
OyBaHbL: Ha OOHOBiCHUI Po3TAr (a), Ha cTaTuuHui BUruH (0), Ha PO3TAT B yMO-
Bax CHC (8), Ha poaTtar B ymoBax ITHC [10] (2).

Fig. 1. Specimens for mechanical tests: uniaxial tensile test (a), static bending
test (6), biaxial tensile test (8), triaxial tensile test (2).
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TABJINIIA 1. Kpurtuuni nmapamMerpu KPUXKOTO CTaHYy KPHIb B IOJi PisHUX
ITHC i KH (3a ganumu [10]).

TABLE 1. Critical parameters of brittle state of steels at various biaxial stress
states and stress raisers (according to [10]).

5 Go,25 Yk, G0,2¢» SKcy o B.. Br/Brc D,
Ne | Kpuna | HIC () | yr | o0 | B | wirma | mma Y 7 (e | (R | ey |70
1  oFe IIHC,K3(0,25) 140 83 5,0 500 950 58 1,9 2,6 0,38 100
2 v8 (0,25) 350 13 2,7 500 975 10 1,95 1,38 0,72 200
3  aFe IIHC,K2(0,05) 140 83 50 490 970 60 2,0 25 0,40 70
4 V8 (0,05) 350 13 2,7 540 1010 8 1,84 1,47 0,68 200
5 o-Fe IIHC,K4(0,05) 140 83 5,0 445 920 65 2,2 2,27 0,44 100
6 V8 (0,05) 350 13 2,7 440 970 12 2,2 1,23 0,81 240
7  o-Fe IIHC,K, 140 83 5,0 350 950 70 2,7 1,85 0,54 130
8 V8 (rpimmma) 350 13 2,7 340 920 13 2,7 1,0 1,0 300
9 «Fe CHC,K3(0,25) 140 83 50 470 960 60 2,0 25 0,40 110
10 8 (0,25) 350 13 2,7 825 940 2 1,14 2,4 0,42 125
11  oFe CHC,K2(0,25) 140 83 5,0 420 970 70 2,3 2,17 0,46 110
12 V8 (1,0) 350 13 2,7 770 950 2 1,23 2,20 0,45 125
13 o-Fe CHC,K4(0,05) 140 83 5,0 420 980 65 2,3 2,17 0,46 120
14 y8 (0,05) 350 13 2,7 650 960 3 1,5 1,80 0,54 150
CHC, t =9 Mmm
15a BurHH, 420 980 65 2,3 2,17 0,46 115
156 T to18wm 20 83 80 o0 975 70 27 1,85 054 140
(TpimuHa)
CHC, t =9 Mmm
16a BurHH, 550 1020 7 1,85 1,46 0,68 180
166 8 to18awm 20 12T 60 970 12 21 1,30 0,77 220
(TpimuHa)

BUTUH) (prC. 2) A BCiX ZOCTiMKEHUX CTOIIiB.

3a KpuUTHUUHY TeMHOepaTypy Kpuxkoctu Tc spaska 3 KH npuiimanach
TeMIIepaTypa, Ipu AKili HoMiHAaJbHe HAaIPY:KeHHSI PYHHYBaHHA Onr 400
Oco CIiBIazaJI0 3 6a30BOI0 MiITHiCTIO METAJIY Co,2c:

ONF (Gco) = 00,2c. (2)
BigmoBigHo, KpuTUYHE 3HAUYEHHS 3JIaMOCTiHKOCTU By ipu T = T'c:
Brc = SKC/GO,.‘ZC- (3)

KpuruuHiii BeaInunHi 3J1aMOCTiAKOCTH CTOINY B MOMEHT KPUXKOCTH
IJIsI 3pasKa 3 KOHIIEHTPATOPOM HAaIpPyKeHb B, BiAmoBimae KpuTmuHa



812 10. 1. MENIKOB, T'. II. SIMIHA

XapaKTepuCTuKa ILIACTUYHOCTU .. EdeKT OKpUXUeHHS CTOIy Bixo-
OpasKaeTbCcsa Ha 3MiHI BeJIMUYMH TPHOX MOKA3HUKIB — IIJTACTUYHOCTH B
MeKax Yg—\e, 3jaaMmocTifikoctu B,—B;. i Temnepatrypu Kpuxkoctu Tc.
AJe KibKicHI 3aKOHOMipHOCTI MOKHA IPOCTiIKYBATH JIUIIIE HA TTOKAa3-
HUKY 3J1aMocTiikocTu By (Tabu. 1).

Ilopax 3 muMm B mamiii poOOTi aHaidyBaanCh Pe3yabTaTU IOLIOHMX
eKCIIepuMeHTiB inmux aBTopiB [1, 11], me Oyau HaBemeHi meBHiI TeMmIe-
pPaTypHi 3a/1€3KXHOCTI BiIMOBiMHNX MeXaHiYUHNX BJIaCTUBOCTEH!.

B po6ori [10] BumrpoOyBaHHA TPOBOAMINCEH Ha 3pas3Kax 3 KOHIIEHTPA-
TopoMm pisHoro tTumy (K:—K.) (puc. 1), ne K4 — 3 HaBemeHOIO TPiIlIHOIO
BTOMM; ¥ TphoX Bugax HIC — mHa ToKkux (t =1 mm) nnactunax (ITHC,
n.m. 1-8 Tabi. 1); Ha 3pas3Kax 3 KiJbIIeBUM HAAPi30M 3 BEJIUKOIO sKOPCT-
KicTio manpy:kenoro crany (CHC, m.m. 9—-14); mpusMaTUUYHIX 3pasKax
pisHOi ToBIMHU t =9 MM i { =18 MM Ha TphoxTouKoBuUii BuruH 3 KH y
BUIIAAiI Tpimuuam BToMu (m.m. 15, 16) (3pasku g BU3HAUEHHS
B’A3KOCcTU pyiiHyBaHHA cTomiB K1 [12]).

Y pobori [1] HaBemeHOo maHi JuIlle Ay 3pas3KiB 3 KiJIbIleBUMU HaAPi-
samu (CHC).

3. AHAJIISA EKCIIEPUMEHTAJIBHUX TAHUX

IIpu posrasani mpobiieMH OKPUXUEHHA MeTaleBuX cromiB Bim mii KH
MOJKJIMBi IBa CYTTEBO PiSHMX METOAOJIOTIUHMX migxozau. Tpaguiriifino
I IIHOTO POBTJISAAAIOTH 0e3mocepeIHLO MOKA3HUKY MeXaHiuYHUX BJIacC-
TUBOCTEN IIpM PyHHYBaHHi 3pa3KiB 3 HAaHeCEHNM KOHIIEHTPATOPOM, Ha-
mpuKJan, poboTy pyiHyBaHHA (yoapuy B’askictb, KCV abto KCU),
B’s8KicTh pylimyBanuda K., KpUTUUHY TeMIlepaTypy Kpuxkoctu Tc, TO-
mro. Ie#t migxig sgpaBHA TPaAKTUKYETHCA B MaTepissIo3HABCTBI i Bimo0-
pamxeHUi y BiImoBiZHUX HOPMATHUBHUX AOKYMEHTax i crammaprax [12,
13]. Ane 3 TaKUX eKCIepUMEHTAJIbHIX JaHUX BasKKO BiITBOPUTH 3ara-
JBbHY KapTUHY (QisMuHOI IIPUPOJM BILIMBY MEeXaHiUHWX BJaCTUBOCTEH
caMoro MeTaJly Ha OJep:KaHUM pe3yJsibTaT eKCIePUMEHTY, OCKIIbKU
KOXKHUI cTom AJis KoskHoro Buny KH nae cBiii BracHuil KpUTUUHUHA 1O-
Kas3HUK BiJIIOBiTHOI BJIaCTUBOCTH.

B mamiit po6ori 3xiticueno inmuii miaxin. Ha spaskax 3 KH ¢ikcyers-
cd JIUIIe MOMEHT caMoOi KPUTUYHOI CUTYyaIlil B IIpolleci pyiiHyBaHHA, Ha-
IpuKJIaZ, KpUTHUUYHA BTpaTa MimHocTu 3paska 3 KH onr (cco) HuMKUE pi-
BHSA MiIITHOCTH CAMOT'O METAaJy Go,2, TOOTO KPUTEPiil KPUTUUHOTO CTAHY:

oxr (Oco) < 5o, 2. 4)

Takuii cTad B JaHOMY BUIAAKY YMOBHO IIPUHMMAEThCA SIK Iepexim mo
KpuxkocTu 3paska 3 KH, a remneparypa T'c BBa:KaeThbCA TEMIIEPATYPOIO
KpuxkocTtu (puc. 2). Ajle TOJIOBHA CYTh JAaHOTO HigXoAy OO HmpobieMu
TIOJISATAE ¥ TOMY, 11100 BUSHAUNTH, AKUHI BiATYK BUKJINKAE KPUTUUYHA CH-
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Tyallisi y CUCTEeMi BJIaCTUBOCTEH caMOro MeTaly, IO YiTKO (PiKcyeThbesA
Ha (PoHI HAABHUX TEeMIIEPATYPHUX BaJEKHOCTEH Co2, Sk, Yk (puc. 2).
IloganwIimiit anasisi migiAarae came cucreMa BILIMBY BUXiTHUX BJIACTH-
Bocteil metaay npu Tx = 300 K Ha KpuTuuHi mokasHUKY OIpU Tc — Go,2¢,
Skes Ve, Bre Ta iH. 115 KosxHOTrO crasoro sugy KH uun HIIC. B rakomy mi-
OXO0Ii YiTKO BUAHO KOHKPETHY POJb KOMKHOTO (paKTOPy, OKPEeMO YU y
B3aEMO/il 3 iIHNIMMHA, y BiITBOPEHHI KPUTUUHOT'O CTAHY 3a KPUTEPieEM
(4), AKU# € cTAHOM JIMINIE YMOBHOI KPUXKOCTHU JaHOI CHCTEMHU «3pa-
30k + KH».

IIpore, cmix BigsHaumTH, IO OJS METAJEBUX CTOIIB 34 OYAL-AKKIM
KpHuTepieM KPUXKICTh 3aBKAM € MOHATTAM CYyTO YMOBHUM, TOMY B ()i3u-
YHOMY MATEpPifA03HABCTBI HEPIAKO BIKMBAETHCSA OiJIBINI JOPEUHHU Tep-
MiH «KBa3UKPUXKicTb» [14]. AJle CTOCOBHO KpPUTePis 3a yMOBOIO (4) ma-
TiHHA MIiITHOCTU 3pasKa Onr YU Geo HUIKUE PiBHA Go2c TPpU T'c 3 CYTO TeX-
HiuHOTO OOKY O3HAUA€E He IO iHIlle, SK BTPATY CTAO0IIBLHOCTH MiIIHOCTH
cromry min mieto KH, 1110 mposABIsieThCa y HaAMipHi#T 4yTIUBOCTI Onr (Gco)
[0 POBKUAY MIITHOCTH CTOIY Oz, JO Ilepekocy 3paska 3 KH abo immux
IpiOHMX MOPYIIIeHb YMOB eKcHepuMeHTy. ToMy aBTOpM BBaKaioThb
OiJIBINT JOPEeYHUM CTAaH YMOBHOI KPUXKOCTH Ha3BaTU CTAHOM HecTabiJb-
HOCTHU MiITHOCTH CTOIIY Go,2 B yMoBax mii KH [15, 16] mpu Temmepatypi
Tc. Ha Bigminy Big miporo mpu 0iabIn BICOKUX Temieparypax T > Tc ax
mo kimuataux Tc=~ 300 K, me mimuicts 3paska 3 KH onr (oco) cTitixo
TPUMAETHLCA BUIIE BiATIOBiMHOTO PiBHA Go,2 (puc. 2), Takoi HecTabiIbHO-

1100+ a-Fe (3run =18 mm) 1100+ Cranp ¥8 (3run =18 mm)
10004 10004
900 9004 ®
S 800 = 800
i 700j i 700
600- B 1 =
E 5 E 600 -
g 5001 % < 5004 &
£ 400] z g £
& o B 4001 20 g
& 3001 <
= Y60 B = 8004 15 &
2004 ® ©
! 40 g 200+ 10 o
100 5] E\
' 20 © 1004 =]
i = T
0 Eea-aE = 0 = v =
, . L O+————— 05
50 100 150 200 250 300 100 200 300 400
Temneparypa T, K Temmeparypa T, K

a

Puc. 2. TemmepaTypHi 3ajexHoCTi MexaHiuHux BiaacTusocrei o-Fe (a) i kpuii
V8 (6) B yMOBaxX TPHOXTOUKOBOTO BUTHMHY 3pa3Ka 3 TPiIl[MHOIO BTOMH.

Fig. 2. Temperature dependences of mechanical properties of a-Fe (a) and
steel Y8 (6) at three-point bending of specimen with fatigue crack.
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cTu MinEocTH cTomry B ymoBax aii KH Hemae, 11e cTal ¢cTabiIbHOCTH Mill-
HOCTH, III0 MOKe OyTH IIeBHOIO0 O3HAKOI0 KOHCTPYKIIifiHOI HamiiHOCTH
JIAHOTO0 CTOIIY CTOCOBHO 3pas3KiB 3 manuM Bugom KH.

3 tabauni 1 BugHO, 1110 BCiogu, ae Tc< Tk, abo me cTabiIbHIiCTh Mill-
HOCTU HOPYHIYETHCA JIUIIE IIPU HUSbKUX TeMIIepaTypax, HagBHAa IJac-
TUYHICTH CTOIIY MePeBUIYE KPUTUUHY Wk > e, 110 CBIIUUTH IIPO KOHC-
TPYRIIINHY HaAiAHiCTh IPU JaHOMY BUAi BUIIPOOYBAHHSA METAJY.

[ KOXKHOTO KOHITeHTPaTopa Hapy:KeHb HedasesxkHo Bix Bumy HIIC
(ITHC, CHC uu npoMi:KHOTO BUIY IpU BUTHUHI) BigMiuaeTbea iHAUBiTY-
aJbHE 3HAUEHHSA IJIACTUIHOCTH e 0e3 BuaumMoi 3akoHoMipHOcTH. OToXKe,
y kputuuHiii cutryanii npu T = Tc KOKeH KOHIIEHTPaTop moTpedye cBiit
KOHKDETHUH PiBeHBb IJIACTUYHOCTHU ¢ AJSA TOTO, 1100 3AiMICHUTH CBOIO
OKPUXUYBaJbHY (PYHKIIiIIO ¥ BizmoBigaux ymoBax HJIC arigmo 3 cuiroo
IIbOTO KOHIIEHTPAaTOpa, AK 3aKJjajleHa Y BeJIMUNHI TeOpeTUUYHOTO Koedi-
I[ieHTa KOHIeHTPAIlil HATTpyKeHb O[3, 4]:

O = Glmax/GN- (5)

JJId TPy KHO-IIJIaCTUYHMX MeTaJiB KoedillieHT o, HeITpuAaTHUH, ajie
IIeBHUM YMHOM BCe K TaKU BILJINBAE Ha e(DeKTUBHICTH OKPUXUYBAJIbHOL
cuiu KH [4], nyia BusHaueHHA AKOI TOTPiOHO 38HAWTY iHIINI TOKA3HUK
b aef-

4. OBI'OBOPEHHS PE3Y JIbTATIB

3 m.m. 1-8 Tabaumni 1, ge mpeacraBieHi maHi aad wotTupbox Buais KH
(K1—K,) momapHO s IBOX CTOHIIB 3 Pi3HMM piBHEM ILTACTUUYHOCTH
(wx=83% i yxk=13%) BuntuBae, 1o A8 KoxkHoro tuny KH 3i cBoim
pPiBHEM O KPUTUYHUY ITOKA3HUK . PI3HUN [Jid PiSHUX CTOIiB, a KpU-
TUYHUHN PiBeHb B3JIaAMOCTiHKOCTH B,. IPAKTUYHO OJHAKOBUM (IUB.
m.m. 1-8).

ITe mo:xHa po3ymiTu Tak, 1o ko:xken KH arigao 3i ¢cBoim piBHEM O,
a00 TOUHIIIIE O, AJIA pPeasisailii cBoei oKpuxuyBaabHOl GYHKIIL g1 pi-
3HUX METAJiB HOTPedye Pi3HOI 03U IJIACTUYHOCTU ., aje OTHAKOBY
K1JIBKicTh 3i1amMocTifikocTu Br.. Ile 03Hauae, 1110 OCKiJIbKY B BeInUnHi By
HOETHYETHCSA Oisl IBOX YMHHUKIB — ILTIACTHYHOI AepopMmarrii i mepopma-
IifiHOrO 3MiIlHeHHA B JoKaabHiM 30HI KH, To omHaxkoBicTh BeauunH By,
IJId MaTepidAiB 3 pisHMMHY IMOKa3HUKaMU MIiITHOCTH i IIJIaCTUYHOCTH 3Y-
MOBJIEHA TUM, III0 IIiK Hanpy:xeHb B 30HI KH B Mexxax Bix oo,2. 0 Sk Bi-
IToBigae ogqHaKoBil edpexkTuBHIN cuiai KH, a60 epeKTUBHOCTI KOHIIEHT-
paTopa JaHOTO THUIY O.f. T00TO IIe Mae 03HAYATH, IO B Mo (3) MOoKHA
posriAmaTi, AK IeBHY Mipy e()eKTHBHOI KOHIIEHTPAI[il HAIPYKEHDb Ol
IJIA 1aHOTO CTOITY:

Bro = Olet. (6)
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TABJINIIA 2. KpurtnuHi NOKasHUKYU KPUXKOI'O CTAaHY KPUIlL IPU BUIPOOY-
BaHHAX HA XOJIOZOCTiNKicTh (11.11. 1-7 mo gaunum [1], m.mm. 8—16 mo [10]).

TABLE 2. Critical parameters of brittle state of steels during cold resistance
tests (rows 1-7—according to [1], rows 8—16—according to [10]).

Tun Go,2,5 Go,2¢»
KH | MIIa | MIIa

cr.30 350 800 2,97 1,31 2,28 0,44 77

Ne | Kpuna, o6pobiaennsa B. | Br ks | Bye/B: | Tc, K

2 30XICA (r.s.200°C) & 1400 1600 1,58 1,50 1,05 0,95 150
(<]
; o)
3 0XI'CA (isor. . S 1500 1600 1,80 1,45 1,21 0,81 130
300°C) 3
(o))
i H
4  SO0XTCHA(sor.r. € 1450 1700 1,77 1,57 1,13 0,89 83
200°C) E
. =
30XT'CHA (isort. T. @
5 500°C) & 1170 1400 2,10 1,36 1,54 0,66 77
6 10X2CBA g 1600 1700 1,83 1,59 1,15 0,87 160
7 V8 (r.B. 400°C) 1180 1300 1,58 1,54 1,03 0,97 200
8 o-Fe 140 350 5,0 2,77 1,9 0,55 140
9 V8 (siam.) 340 450 2,8 2,15 1,3 0,77 220
10 cr.3cm o 160 400 3,1 2,10 1,51 0,64 147
]
11 10XCHJI 310 420 29 25 1,2 0,8 180
12 AK35 E 1027 1100 2,3 2,0 1,2 0,87 180
3
13 12XH2MA®SUI(mer. o 0 700 197 1,81 1,09 0,92 173
6opom B=0,0) g
B
12XH2MO® 3101 (er. &
14 goron B 0.001) - 640 820 1,80 1,46 1,23 0,81 175
=
12XH2MO® 3101 (er. S
15 B 00022 O 640 977 200 1,50 1,83 0,75 65
16 12XH2MI® SII (zer. 650 968 2,17 1,67 1,3 0,77 81

6opom B=0,004)

Omxe, nik KH HanmoBHIOETHCA IIPYKHICTIO B Tili Mipi, B AKii peasiso-
BaHA B HbOMY [03a ILJTACTUYHOCTH Y. MOXKe 3TIACHUTH (DYHKI[iIO 3MiIl-
HeHHsa MeTany (B JoKanbHil 3oni KH) B moBHil Mipi y BizmoBigHOCTI mo
BEJIUYUHH Olef, TOOTO Bre.

Takuit TpuHIUT GOPMYBaHHS BeIUUNHU B BUKOHYETHCA IPU Oy Ib-
axomy Buzai HIIC. Ane ua Bigminy Big ITHC (m.m. 1-8 Ta6xa.1), ne Kpu-
TUYHA 03a IJIACTUYHOCTHU /. Peaji3yeThCs B IOBHiM Mipi 3rigHO 3 Beu-
YMHOIO Ot, A KH 3 kinbiieBum Hagpizsom (CHC) 3 BeJIMKOIO 2KOPCTKiC-
0 HIIC (1.1m1. 9—14) yepes CTUCHEHHSA IIJIACTUYHOCTU JO3BOJIEHA 4034 .
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pisko amenmyerbesa (mapu mn.m. 2 i 10, a rako:k m.m. 6 i 14 gma xpuii
¥V 8), To BimmoBigHO 3MEHIITYETHCA i PAKTOP Olef (Brc).

Tob6To, B CHC Ha KinbieBux Haapizax uepes skopcTricts HIIC pismy
IS PIBHUX KPUID IIPUHIIUT PIBHOCTH Ol AJIA PiBHUX KPUILH (TP O HA-
kKoBomy KH) He BUIIOBHIOETBCA, Ha BiAMiHY Bif 3pasKiB y BUTJISAIl TOH-
kux mractuH (ITHC).

IMixaBo Big3HAUNTH, 110 JJId TPETHOI I'PYNM KPUIlh, Ha 3pasKax y BU-
rani ToHKmX (t=9mm) i ToBeTHX (=18 Mm) Ganoxk 3 KH y Burmani
TPillIWH 3 HaBaHTA*KeHHAM Ha TPhOXTOUYKOBUI BUTHH (puc. 1, 6), Mmu ma-
€MO IPOMiKHY KapTUHY (DOPMYBaHHA KPUTUYHOI BeJIMUNHU B, TUX XKe
Kpunb (.. 15, 16 B Tada. 1).

IIix wac BuruHy OaJKM 3 TPilmuHOIO HaMbOinbIina KopcTkicTs HJIIC
CTBOPIOETLCSA Y IEHTPAJBLHOMY IIepepisi 3pasKa i Id sKOPCTKiCTL 30iJb-
ITYETHCS 3 POCTOM TOBIMUHU ¢ 3paska. Aje Ha GOKOBUX I'PaHAX 3pasKa
yMoBu AedopMarrii BibHi Bix skopcTKOoCcTH, oT:Ke TaM HIIC mabamixeHna
nmo ymoB ITHC. Tomy Ha mpuKkJaaai BUCOKOILJIACTUYHOTO cTOmy o-Fe Bua-
HO, 10 Opu ¢t =18 MM IJIACTUUYHICTH B IeHTPAILHOMY Iepepisy 3paska
HACTiJIBKU CTUCHEHA, IT0 11 MiK HanpysKeHHA HEeCIPOMOXXKHUMN BiTBOPU-
T KPUTUYHE HANIPYKEHHA Sk, 1 TOMY Iie peasidye HeCTUCHEHUH Ha 00-
KOBHUX I'PaHAX HiK MJIACTUYHOCTU, AKKUH momiouuii mo ymoB ITHC (1. 7 —
B..=2,7) i peanisdye pyiHyBaHHA OaJKM 3 TPIII[MHOIO IIPU TAKOMY K
B..=2,7 (1. 156 B Tabs. 1). Ha musbkomnacTuuHint Kpuri ¥ 8 meit epert
MEHIIT BUPa3HUU, aje TeX moMiTHui (m.m. 16a, 166 B Tab. 1).

Taxum unaom, npu BuruHi 6aaxku HIC mix aieto KH nposaBise cebe
BiJipa3y y ABOX IPOTUJIEKHUX BUJAX — Y IEHTPi AK TPhOXBiCcHUI po3-
rar (CHC), a HazoBHi ak mgimititauit postar (ITHC). Ile Tpeba BpaxoByBa-
TU MPU PO3TJIAAI KPUTUYHUX NapaMeTpiB IIpM OKPUXUEHHI KpPUIlh 3
KOHIIEHTPATOpPaMU HAaIPYKeHb B TAKUX 3pasKkax. 3 TabauIi 2 BugHO, IK
mpu BuruHi i mpu posdrary B CHC mexaniuni BiractuBocTti (Go,2, WYk, Br)
KPUIb 1 3BAPHUX IIBiB BIJINBAIOTh HA KPUTUUHI MOKA3BHUKU Go,2c, Ve, 1
B, 3a ganumu excrnepuMeHTiB [10].

3 HaBeJeHUX JaHWUX BUIHO, IO KPUTUYHNN HOKA3HUK 3JIAMOCTifKOC-
™1 B, pu T'c 0OMHO3HAYHO XapaKTepusye oKkpuxuyBaiabHy cuiry KH, axy
MOYKHA IIPUAHATH AK e(PeKTUBHUYN KOHIIEHTPATOP HATIPYKEHD Ot Y IIJIA-
CTUYHOMY MeTaJi i BiH, GealepeuHo, BIJIMBA€ Ha IOKa3HUK T¢, aje
O1JIBIII YiTKO ITe MOKHA IT00aunTH He B a0COIIOTHi BenuunHi By, a y 110-
r'o CIiBBigHOIIIEHHI 3 0a30B0OI0 BEJIMUMHOIO B :

ks= B:/Bh., (7

Ie ks mpencTaBiisge HAAJUIITKOBY BEIUUYNHY ILIACTUYHUX BJIACTHUBOCTE
MeTaJay, SKi yMOMKJMBJIIOIOTH HOMY BiBeCTH KPHUTHUYHY CUTYAaIlilo
OKPUXYEHHA Bim KiMHATHUX m0 6inbin Hu3bKMX Temiepatyp Tc< Tk,
TOOTO TrapaHTyIoTh 3pas3Kky 3 KH meBHMI pecypc xomomocritikoctu [16],
abo iHImIMMM cioBaMu, 3a TemiepaTypu Tk BeJInumnHAa ks IPEACTABIISIE
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3arrac pe3epBy MIITHOCTH, AKUN 03HAUAE MEeBHY Mipy CTYIIEHIO 3aXHUCTY
MeTaJy Bil oKpuxueHHd ¥oro mamuM BugoM KH. MosxkHa BBamaTu, IIo
BennunHa ks BimoOpakae co00I0 Mipy KOHCTPYKIIiiHOI HAZiHOCTH Me-
TaJay y JaHOMY BHi MeXaHIiYHUX BUOPOOYBaHb, TOMY € MOXKJIUBICTE 3a-
IPOBAAUTU CUCTEMY OI[iHKM IOKAa3HUKAa ks, HATPUKJIAL, IPU cepTudi-
Kallii KOHCTPYKIIIMHMX CTOIIIB Ha BiAIIOBiAHICThP IEBHOMY KJacy IX
KOHCTPYKIIiiHOI HaAiHOCTY 3TilHO 3 X CIIPOTUBOM OKPUXUYEHHIO IIPU
BUIIPOOYBaHHAX Ha 3paskax 3 KH pismoi cuim.

Ha pucynky 3 mokasano, ak amina sugy HIIC (IIHC - CHC — CHC +
+ IIHC, Buruu 6aiKM) BILIMBAE Ha POJIb IJIACTUYHUX BJIACTUBOCTEN (Ue-
pes mokasHuK B,) y 30epiraHHi KOHCTPYKI[IHHOI MIPUIATHOCTH KPUIIH 3
raba. 1.

Buano, 1o uyTanBicTh HOKa3sHUKA ks A0 MOHMMKeHHA B, Big 5 mo 2,7
(abo yx Big 83% mo 13% ) maitbinbin BupasHa y rpymi pisaux KH npu
ITHC came Ha 3paskax y BUIVIAAI TOHKUX IIacTuH (puc. 1, 2), npuuomy
HaMOiIbIlle HAAIHHICTL MIITHOCTHM CTpakJga€ HA TOHKUX IJIaCTHHAX 3
TpilllUHAMHU, A€ BEeJIUUYUHA O HAMOINBLINT Bucoka (aimia 7—8). Aje ma
3paskax 3 KimbneBumu Hazpisamu (CHC) maxwun smimiit maiiske 3HUK, i
I HU3bKOILTacTuuHOI Kpulli ¥8 (B, = 2,7) BUABUJIOCH, IIT0 HAAIMHICTD
MimEOCTH ks HaBiTHL 3pocaa B mopiBHAHHI 3 ymoBamu ITHC, xoua mmsa
O0inpIn macTuvHOro MeTaay o-Fe (B = b) 1e Bike He TaK.

s spaskis 3i amimmanoo HJIC (6anka 3 TpimmuHOIO HA BUTUH) HATiH-

g —e— IICH
= - a- CHC
= ~<& Bru
e
g%
5=
Qo
52 s
%
5 o
2o
= 14
o
=
DL
S
= 0
0 1 2 3 4 5 6

Koedinienr sramoctifiroctn B,

Puc. 3. BoiuB mokasHUKA 3JaMOCTiMiKocTu B, Ha KoeiIieHT KOHCTPYKIIiHOT
HagifiHocTu ks mpu pyiinyBauHi 3paskiB 3 KH B pisuux ymoBax HIIC 3a ganumu
tabs. 1 (.. 7, 8 — Touki nnacturu, ITHC, Tpimuua; n.m. 156—-166 — Burun
GaJIKu, TpimuHa).

Fig. 3. Influence of the break resistance index B, on the coefficient of struc-
tural reliability ks at fracture of specimens with stress raiser under the
various stress-strain state (SSS) according to Table 1 (rows 7, 8—thin plates,
biaxial stress state, crack; rows 15b—16b— beam bending, crack).
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Koedinienr snamocrifixocru B,

Puc. 4. IlopiBHAHHSA BILINBY IJIACTUYHOCTHY (Uepes3 MOKAa3HUK B,) Ha KOHCTPYK-
HiAHY HaAilHiCTh KPUIL ks 3a faHUMHU 3 Tabj. 2: 1 — po3TAr 3pasKka 3 Kijiblie-
BUM Hajgpisom (m.m. 1-7 Tabu. 2 [1]), 2 — BuruH 6anku 3 Tpimuuoio (u.11. 8—16

[10]).

Fig. 4. Comparison of the ductility effect (via the coefficient B,) on structural
reliability of steels, ks, according to the data of Table 2: I —tension of speci-
men with circular notch (rows 1-7 Table 2 [1]), 2—bending of bar with crack
(rows 8—-16 [10]).

HicTh MinmHOCTU ks HaOIM:xeHa mo crany IITHC 3 Tpimuuoio, ajge Bce K
TaKk’ IIOMIiTHO BUIIA IJA BCiX Kpus 3 Taba. 2. Ile osmavae, 1m0 BUIpo-
OyBaHHS MPU3MAaTUYHUX 3Pa3KiB 3 TPIIIMHOIO HA TPHOXTOUYKOBUM BUTHUH
€ TOCUTH MPOCTOIO i JOCTATHHO UYTJIUBOIO METOI0I0 BUBHAUECHHSA CXUJIb-
HOCTH KPUIIh 00 OKpuxueHHA mifg miero KH, TumM 6inbIie, 110 114 MeTOIa
IITPOKO 3aCTOCOBYETHLCA Ha IIPAKTHUILL, TOMY IO € OGHI€IO i3 cTaHgapTiB
ISl BUSHAYEHHS MTOKAa3HUKIB TpimuHocTifikocTy K. (puc. 4) [12]. IITo-
IO TAKOTO MOKA3HUKA OKPUXUYYBAHOCTHA MeTaja, K KPUTUUYHA TeMIepa-
Typa Tc, To 3 Tab. 1 i 2 MoxkHA OAaUNTH AeAKY KOPEJIAIlito MiK Koedilri-
€HTOM HajgiliHocTu MinHocTH ks 1 Tc, ane Ha el 3B’A30K CUJILHO BILIN-
Bae (haKTOp TEMIEPATYPHOI 3aJE€KHOCTU MIiItHOCTU KpuIli P = 0Go,2/0T,
AKUU B CBOIO UEePTy 3aJIEKUTh BiJl KJaacy MiITHOCTH KPHILi 1 iHIMNX YMH-
HUKiB, TOMY I 3aa4a MOTPedye OKPEMOTo PO3TIALY.

Ha pmamomy etami mociiikeHb NOKAa3HUK HAMAIMHOCTH MiITHOCTH
Kpunb ks Ha 3paskax 3 KH moike cayryBaTu HOCHUTHL iH(pOpMaTUBHUM
OOIMOBHEHHAM OO0 TaKNUX TPAOUI[INHNX TNOKA3HUKIB, K yJaapHa
B’askicte KCV, KCU, tpimunocTiikicts K., Temneparypa Tc. CyTTeBO
BaKJIMBOIO IIepeBaroio KoediilieuTa ks mepes iHIIINMU € Te, II[0 BeJINUU-
Ha ks € KiJIbKiCcHOIO Mipolo 3amacy BHYTPIIITHBLOI CITPOMOKHOCTH METATY
YMHUTU OIIiP OKPUXUYBAJILHiN il OyIb-AKOTO KOHIIEHTPATOpPa HAIPY-
JKeHb Hesase:kHO Big Bumy HJIC, BKJIOUaOuMm TOHKOJUCTOBI BUpoOU,
IJISI AKX BUBHAYEHHA TPIMIMHOCTIHKOCTU K. € CKJIAIHOIO METOI0JIOT-
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YHOIO MPO0JEeMOI0, AK i I iHIIX BUPOOiB i3 CTOIiB 3 BUCOKUM piBHEM
IIJIACTUYHOCTU.

5. BUCHOBREH

1. BiaacTuBicTh MIACTUYHOCTH KOHCTPYKIIIMHUX CTOMIiB, 3 OQHOTO OOKY,
3MEHIITye€ OKPUXUYBAJbHY Hil0 KOHIIEHTPATOPiB HAIIPYy:KeHb, ajie 3 iH-
III0T0, BHACJIIAOK AedopMallifiHoro aMinHeHHA B 30HI miaactunuHoct KH
MiCUJIIOE 3aTPO3y KPUXKOCTH BUPOOY. ToMy e)eKTUBHUM PETYJIITOPOM
BILINBY ILJIACTUYHOCTU HA OKPUXUYEHHSA METAJy BUCTYIAE CIEIliaATbHUN
KOMILIEKCHUI TTOKAa3HUK 3JIAMOCTiliKocTu B, 1110 moegHye B c00i (haK-
TOPH IJIACTUYHOCTH i JepopMaIliftHOro 3MiITHEHH .

2. 1715 KOXKHOTO CTOIY 3 MOT0 XapaKTepPUCTUKOI0 B, icHye KpuUTUYHUII
MMOKAa3HUK By, 10 piKCcye MOMEHT BTpaTH cTabiIbHOCTH MiITHOCTU 3pas-
ka 3 gauuMm KH pu T = Tc. Beanunua B, € TOKa3HUKOM, II10 BiAIoBimae
epeKTUBHOMY Koe(diIlicHTYy KOHIIeHTpaIlil HaImpy:KeHb O A3 KH y
IJIACTUYHOMY MeTaJi, Ma€e c¢Biti 3B aA30K 3 BugoM HIIC, mimuicTo i miac-
TUYHICTIO CTOIIY i KiJIbKiCHO XapaKTepu3ye OKPUXUYBAJIbHY AiI0 KOHIIE-
HTpaTopa Ha JaHUM MeTaJl.

3. Kpuxkicth (abo HecTabinbHicThL 6a30BOI MIiITHOCTH Go,2) IPU KiMHAT-
Hux (Tk ~ 300 K) Tremmeparypax BUHMKA€E TOMi, KOJU CHUJIa OKPUXUyBa-
apHOI mii axTopa KH (0.r) pasom 3 6a30B0OI0 MIiITHICTIO Go,2 peaidyioTh
JOKaJBbHUN IIiK HaIpPy:KeHb B 30HI miaactuunoctu KH, BigoOpaskeHmit
TPaHUYHOIO MiITHiCTIO MeTany Sk (TOOTO Go,2 + Go,20lr & Sk) ab0, IO Te ca-
Me, KOJIM BeJINUYNHA Olo¢ IIIJIKOM HOKPUBAE HAIBHUN pe3epB MiHocTH B,
10 CTa€ KPUTUUHUM B, gasa manoro KH — o= By.. 3ayBasKnMO, II0
TaKa KPUTHUYHA CUTYyaIlid MOMKJINWBA IPU PiSHUX PiBHAX HOMiHAJIBHOTO
HaBaHTAaKeHHSA Oy, B 3aJI€KHOCTI BiJ piBHA 6230801 MIiITHOCTH Go 2 MeTa-
Jy, aje 3aB:KIU 38 YMOBY BUKOHAHHS OJJHAKOBOT'O KPUTEPiA Oler = By 15
OyIb-aKoro meraJy mpu nanomy KH.

4. fdxmro mpu Tk BUIIEBKA3aHUHM KPUTEPiil He JOCATAETHCA Ot < By, OTiKe
Mae Micliie HaJJIUIIIOK pe3epBY MirtHoCT — By (0let/B: > 1) y Buriamni sa-
macy pesepBy MinuocTH ks = B,/B:r. > 1, TO 1leil TOKa3HUK ks B AKOCTi KO-
edimienTy mamitimocTu MmintHocTu B/B;. > 1 3abesneuye TOW HAAJUIIOK
pesepBy MimHOCTH Go,2 IpU Tk ~ 300 K, AKkMii Moke OYyTH BUKOPUCTAHUM
mpu 6B HU3BKUX TeMIlepaTypax Tc < Tk. OT:ke mapamerp ks 3abesiie-
yye IMeBHY X0JIOMOCTiHKicTh MeTany mpu gamomy Buai KH.

5. KoHcTpykItifiHa HagilHICTE MIiITHOCTHU ks PETYJII0ETHCA He 0a30BOI0 Mi-
ITHICTIO METaJy Op,2, & Pe3epBOM 0a30BOi MiItHOCTH B, pa3oM 3 IIOKa3HU-
KoM xopctrocT HIIC B somi mii KH. 36inbmienusa xopcrkoctu B CHC
BHACJIIIOK cTHCHEeHHs miacTuuuaocTu B 30HI KH amentrye mik KH (o), a
omke i By i Tomy ks B CHC 6inbIre, ik B 3paskax 3 ITHC mpu ogHaKoBO-
my KH, a sBigcu BumianBae 30ibIlIeHHS HALIMHOCTH MIiITHOCTH, IO BU-
pasKaeThbCcs B MOHMKEHHI Tc 3pa3KiB 3 KLJIbIeBUMHU HAApidaMu B IIOPiB-
HauHi 3 wrackumu 3paskamu (ITHC). To6To B TOHKUX ILIacTHHAX IIjIac-
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TUYHOTO MEeTaJy TPiIuHa O0iabIT HebesmeuHa, HidK y CTPMIKHAX UM OaJi-
Kax caMe 3a paxXyHOK BeJIUKOro aedopMmarltiiimoro sminaenssa B 30ui KH.
6. Hai16ibIl Uy TIUBI 0 OKPUXUYECHHS IIPU MOHMKEeHHI pe3epBy MiITHOCTH
B: B ymoBax mii KH caMe TOHKOCTiHHI eJleMeHTH KOHCTPYKIIil, Ha KX
BU3HAUEHHS HapaMeTpy B’ SI3KOCTH pyHHyBaHHA Ki. HaWOiIBII mpobJie-
MaTHU4He, TOMY 3aCTOCYBAHHS PO3TJIAHYTOI BUIIle METOHOJIOTI] 3arajabHOl
IedeKTOoCTIHKOCTY MeTAJIiB Ha OCHOBI MOKAa3HUKIB By, B i ks B TAKKUX BU-
pobax TeXHiKU MOKe BUABUTHUCH AiMiCHO e(heKTUBHUM i KOPUCHUM.
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