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IHOOPMAIIIS (JTPABHUJIA) OJISd ABTOPIB

Hayxosuii :kypuax «Meranodisuka ta HoBiTHI TexHomorii» (MPHT) momicana my6aikye crarri, aki
pawitmre me He Ty6aiKyBaaucsA Ta He Mepe6yBalOTh Ha POSTJIAAL [IJIs OMYyOJMiKYyBAaHHS B IHIINX BUJAHHAX.
CraTTi MalOTh MiCTUTH PEe3yJIbTATU €KCIIEPUMEHTAJbHUX i TEOPETUUHUX AOCTiIKeHb B obsacTi isuKku Ta
TEXHOJIOTiHl MeTaIiB, CTOIIB i CIOTYK 3 MeTAJiYHMMU BJIACTUBOCTSAMU; pereHsii Ha MoHorpadii; indop-
Mario npo KoH(epeHIil, ceminapu; Bimomocti 3 icropii merasodismky; pekJsiaMy HOBUX TEXHOJOTIMH,
MarepisaniB, nmpunaxiB. JKypHaM DJOTPUMYEThCA 3arajJbHONPUNHATUX IPUHIIUINB, 3a3HAaUYEHUX HaA HOro
caiiTi B JOKyMeHTax 3 Iy0OJiKaIiiiHol eTUKY Ta {010 HeIPUNHATHUX IPAKTUK.

TemaTuka sxypHaxy: Enexmponni cmpyxmypa ma éracmueocmi, [legpexmu Kpucmaniihoi rpamuu-
yi, Pasosi nepemeopennsa, Pisuxa miynocmu ma naacmuynocmu, Memaniuni noeepxui ma naiexu, By-
dosa ma eéracmuocmi HAHOMACWMAOHUX | ME30CKONILHUX Mamepianie, AmoppHuil i pidkuii cmanu,
B3aemodii sunpomineHHA ma YaCMUHOK i3 KOHOeHCO8AHOI0 pPewo8uHOI0, Mamepisiu 6 eKcmpemaibHUx
ymosax, Peaxmophe @i asiaxocmiune memanoznascmeo, Meduune memanoznascmeo, Hosi memaanesi
mamepiaaiu ma cunmemuuni memaau, MemanoemicHi cmapm-mamepiaru, Pisuko-mexHiyHi 0CHOBU
excnepumenmy ma disenocmuku, [Juckyciitii nogidomieHHA.

CraTTi ny0IiKyI0ThCA OTHIEIO 3 TBOX MOB: aHTJIiMICbKOIO (BigmaeTbesdA mepeBara) a6o yKpaiHChKOIO.

Crarti, B 0pOpMJIEHHI SKUX He JOTPUMAaHO HACTYIIHUX IPaBUJI A onyOraikyBauus B MOHT, moBep-
TaOTHCS aBTopaM 0e3 pos3ryiAxy mo cyti. ([laToro HaAXOqKeHHS BBasKAEThCA MEHb ITOBTOPHOTO HALAHHS
CTaTTi micJsia fOTPUMAaHHA 3a3HAYEHUX HUKYe IPABUJI. )

1. CrarTa Mae OyTH mignucaHoro BciMa aBTopamu (i3 3a3HaueHHAM iXHIX ajpec eJeKTPOHHOI IIOIIITH);
cJim BKasaTu mpisBuiie, iM’s Ta mo 6ATHKOBI aBTOpa, 3 SKUM peAakiiis Oyae BECTH JUCTYBAaHHs, HOTO
MOLITOBY ajpecy, HoMepu Tesedony Ta dpakrcy i agpecy eJIeKTPOHHOI IO TH.

2. Bukisazg Marepissy Mae OyTH 4iTKUM, CTPYKTypoBaHMM (pPo3AinaMu, HaupukIag, «1. Berym», «2.
Excnepumenranbua/TeopeTuuna meroguka», «3. Pesyabratum Ta iX oOroBOpeHHs», «4. BuCHOBKH»,
«IIuroBaHa JsiTepaTypas), cTucauM, 0e3 ZOBrux mnpeaMOyJ, BiZxuiaeHb i MOBTOPiB, a Takox 0e3 my6IIto-
BaHHS B TEKCTi JaHUX Ta0IUIlb, PUCYHKIB i mignuciB 1o Hux. AHOTaIia Ta pos3ain « BucHoBku» MaioTh He
Iy6JIIOBATU OOWH OAHOTO. YMCIOBI AaHi CJIii HABOAUTHU B 3araJIbHONIPUNHATUX OQUHUIAX .

3. 06’em opurinaapHoi (HeorasmoBoi) crarri mae Oytu He 6inbire 5000 ciiB (3 ypaxyBaHHSIM OCHOBHO-
T'0 TEKCTy, TaOJIHIb, HiJINCiB 0 pUCYHKIB, CIUCKY BUKOpPUCTAHUX mxxepen) i 10 pucynkis. 06’em oris-
moBoi cratti — 10 10000 curiB Ta 30 pucyHKis.

4. 3a morpebu D0 pemaKIlii MOXKe HaJgaBaTHCS APYKoBaHui (A4, moaBifiHWI iHTepBaJ) IPUMiPHUK
PYKoOIIUCY 38 lirrocTpamniamu.

5. o pepaxkiiii 060B’s13K0BO HajgaeThes (1o e-mail) daiin crarri, HaOpaHUl y TEKCTOBOMY pemaKTopi
Microsoft Word, 3 HasBoIo, 110 CKJIAJA€ThCA 3 MPI3BUINA EPIIOro aBTopa (JaTUHUIIEI0), HAIPUKJIAI,
Hotovchenko.docx.

6. EslekTpOHHA Bepcis PYKOIMCY Ta MOro ApyKOBaHUN BapisuT (B pasi ioro HaJaHHA) MAIOTh Oy TH imeHTnd-
HuMu. BoHu MaroTh 0hopMITIOBATHCS 3a IITA0JIOHOM, SIKUI MOKHA 3aBAHTAYKUTY 3 CAUTY *KypHAIY, i MicTutu 5—
7 inpercis PACS B pepaknii ‘Physics and Astronomy Classification Scheme 2010’. TexcTu craTeii MaloTh Ta-
KO’K MiCTUTU Ha3BY CTaTTi, CIIIICOK aBTOPIB, IIOBHI HA3BY Ta ITOIITOBI a/IPEeCH YCTAHOB, B AKMX BOHU IIPAITIOIOTh,
aHoraniro crarti (200250 ciiB), 5—7 KIIOYOBUX CJIiB JBOMa MOBaMU (aHIIICHKOIO Ta YKPATHCHKOI0), a 3aro-
JIOBKY TabJIUIh i mAnucH 10 PUCYHKIB MalOTh IOAABATUCH SIK MOBOIO PYKOIUCY, TAK i aHIIINICHKOI0 MOBOIO;
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EdexTu «opbiTampHoro ckiaa». 6. Posnazg cromy

0. I. Mimexk, B. M. ITymkap

Inecmumym memanogisuru im. I'. B. Kypoiomoea HAH Ykpainu,
o0yave. Axademirxa Beprnadcvrozo, 36,
03142 Ruis, Yrpaina

Posnag crony Ai-.B. Bumisife cTpyKTypu 3 pisuum opbitanabuum ckiom (OC).
Yucso eneMeHTIB y crpykTypi — Nac (rpymna Famya — GG). Ile — cerperamis
opbOitanpHUX MOMeHTiB L: tioriB Co. ®opma Ta BeIudyuwHa CTPYKTYpPHU 3aJjie-
sKkuTh Big Lr Ta ixaboi BBaemoxii I'y(Lr, Lrip). Buninenna naackux GG(x0y) me-
pioguune. Ilepiox A, posnmany 3amexuTh Bif TBepmoctu Ta Nea(2) mrackux das
i ixup0oi TepmocTpukIii. Ile onucye excriepumenTanbHi nani. Posnax FeC. (0y-
JaTy) Ba€e «KWHIMKAJIBUUKU», BUTATHYTI mapaJesnsHo oci 0z y m’akomy Fe.
TBepmicTh «KUHIKATbUYNKA» 3pocTae 3 poctoM [x, C:], axk (GG-3)-maTepiary
OC. Ob6epTonu «3ByuyaHHA» OyJIaTy (YacToTa (0 3BYyKY) BUSHAYAIOTHCA JOMEHOIO
(GG-3) ak ¢dazoro OC. PospaxyHOK MeTO[0I0 6araToeJeKTPOHHUX OIIepaTop-
HUX CIIHODPIiB Jla€ CKiHUeHe 3HAYEHHA TBEPJOCTU BUIiLJIEHBb (asu (LJIOMUMHU
Cu1-«Cox, «kuamKranbunka» FeCy Ta in.) Ta ii 3Byuanua (0. odeprouin). Poa-
mag azep U2 i1 UiPu. mop’sisyemMo 3i 3MeHIICHHAM 4YHCIa HEUTPOHIB
Nn<146. MoxauBi 2 cieHapii: Biaxiz HelTpOHIB n, mopyineHHs 6anamcy Ky-
JOHOBOI eHeprii N, IPOTOHIB i cerperarii opbiTanpbHux MoMeHTiB Lr anpoHiB;
BuricHeHHA (Nn <146 — x) s6inbmienaam Np > (92 + x). Cmenapii MmokauBi 3a
36amkenHda niBcdep cromy Ur-»Pux 10 3’ ABJIeHHA YMOB AAePHOTO BUOYXY.

KarouoBi ciioBa: opbiTanbHe CKJIO, MJIACTUHYATUUA pO3man, OyJaaTHa KPHUILT,
agposwuii posnan U-Pu.
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Decomposition of Ai-.B. alloy picks out structures with different orbital
glasses (OG). Quantity of elements in structure is Nec (Galois group—GGQG).
That is segregation of orbital moments L: of Co ions. Form and size of struc-
ture depend on L: and their interaction I'y(L:, Lrp). The separation of flat
GG(x0y) is periodical. Decomposition period A. depends on hardness and
Naa(2) of flat phases and their thermostriction. That describes experimental
data. Decomposition of FeCx (damask steel) gives ‘daggers’ stretched along
0z-axis in soft Fe. Daggers’ hardness increases with increase of [x, C«] as
(GG-3) of OG material. Overtones of damask-steel sound are determined by
domain (GG-3) as OG phase. Calculation by many-electron operator spinors
method gives finite quantity of hardness of phase (Cui-<Cox plane, ‘dagger’
FeC. and others) and their sound (w. of overtones). Nuclear decay of U?%2 and
U:-»Pu. is connected with decrease of neutron quality N, < 146. Two versions
are possible: going off n, breach of balance of Coulomb energy of N, protons
and segregation (OG) of hadron orbital moments L:; ousting (N, <146 — x) by
increase of N,>(92 + x). These versions are possible under closing of semi-
spheres of U:-.Pu. alloy to appearance of nuclear explosion.

Key words: orbital glass, lamellar decomposition, damask steel, nuclear de-
cay of U-Pu.

(Ompumano 1 ciuna 2025 p.; ocmamoyn. 6apianm — 13 6epesusa 2025 p.)

1. BCTYII

YnopaakyBaHHsa ctony (cminoBe [1], atromue [2]) aHamoriune cer'perairii
opbitanpHOoro ckjya (OC) [3]. Posmagu cTomiB TakoK pisHOMAHITHI.
Hait6i/IbI1 BasKIMBUM € IIOLLI Ha ZoMeHH 38 rpynamu I anya (GG) pisaoi
cuMeTpii.

Cerperaiisa opbiTalbHIX MOMEHTIB L, IPpUBOAUTE 4O HOBOTO MaTepi-
anry OC 3 IIIMPOK UM H10T0 3aCTOCYBAHHIM.

Coocrepe:kyBaHi edextu [4—11] pospaxoBaHo MeTO0I0 OaraToesex-
TpoHHUX onepaTopHux crinopis (BEOC)[3].

OpbiTaabHe CKJIO Haii0iJIbIII SCKPAaBO CIOCTEPIracThCsa B PO3IALIIL JIer-
Koro crony [12] ra 6ynarmoi Kpwuri [13]. B 060ox Bumagkax BUAIISIE€THCS
TBepza dasa 3 Jerkoro posrony. Bora 06’exuye itonu Co a6o C'2 nudyai-
€10 uepes M’ AKy maTpuirio posrorny Co—Cu abo Fe—C!2, (Iudysio B mo-
meni GG-3 uepes cerperaiiio OC 6yme po3paxoBaHo B iHIIIOMY MicIri.)

Teepaicts dpasu Co,Cui_, (x — 1), 110 Bumagae, IigBUINYETHCI eHEP-
rieto cerperarmii L.-momenTiB #iouiB Co, aKa 00’egaye ix vy nomeny GG-3
daswu, mo Bunagae. Popma GG-3 cmocrepiraeTbea maactTuryaToio [12].
ITepioguunicTs maactua Co,Cui—, (x >>0,1) posrasaganacs B paMKax Te-
opeTUuUHUX MojeqiB. TyT MU BBasKaeMO BUPIIIaJIbHUM UAHHUKOM TBep-
micts ¢asu (38 x >>0,1), mo Bumazae, y MOPiBHAHHLI 3 M’ AKicTio dasu
Co.Cui— (8 x << 0,1).

Bynarna kpuia [13] ckaamaeTbes 3 TBepANX BKIOYEHD foMeHiB C2y
dopmi kuaIKaATbUYNKIB GG-3, BUTATHYTUX HiJl THCKOM G:..
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2. ITIEPIOAUYHICTD PO3SITAIY Cu;-.Co. (x <0,1)

Benukuit TeopeTuyHUM iHTEepeC BUKJIUKAJO CIIOCTEPEKEHHA Mepioand-
HOCTU (pasu, 1110 BUmazae, 3i crony Cu;_,Co,. Crabke posunuenusa Co B
m’akinn matpurni Cu cynpoBom:kyeTbesa posmnagom. JactuHKu Cui-Cox
MaloTh migBUIeny TBepaicts U,. Hatibinbin fimoBipHO 3B A3aTH ii 3 ce-
rperaiieio OC. TBepaicts OC 30imbIIIEHO €HEPricio cerperaiii MOMeHTiB
L, fiouis Co, y YaCTUHKAX PO3many.

Pospaxyemo momeny OC (y ¢opmi mirackoi 4acTMHKM, BUTATHYTOL
B3710B:K oci 0z2):

Ho =) T, L Dx@,, Y@ H=>C,NH=N,. (21

IIporec gudysii gae spocranusa gomenu I axya ar)

H=YT,L N+)-T,L; Dx@Lg ), N, > Ny +1. (2.2)

Cerperamnis s6isbmrye poamip I (xp, Yo, 20 = 2p+ 1) B HAanpamky 0z.
Pocre mnacka AT (yp+ 1, 2p+ 1, xp = const).
IIykaemo mepiox I B3mom:k oci Ox. Bigmans misk III' — L(x)=Ly;
roBituHa [II' — A, =D — L,. Bapitoemo TepMogMHAMIUHAY TOTEHITiAT:
D, :—(D—Lx)SF—LxF+kLi/2—>0, (2.3)
3BiIKU

D=\ /e, (2.4)

3 TepmocTpukitiero AM(T).
Poswmip (mnoma S.,(7T)) Britouenua Co (TodTo [AT) —

Sxy(T) o¢ No(T) ¢ (Tseg = T') o¢ A(T), Lxxc Na(T) (2.5)

B HaOJIMIKEHHi «cepeqHbOoro moJsa» [8].
Ilepiox mmacTuruacTocTu posnany (Bumisernua Co-4aCTUHOK) —

(D—-L)T =AAT) oc M(T) oc (Na(T))? oc (Tseg — T)?. (2.6)

Posmipu Co-Brutouens (mnactur) S.,(7T) Ta iXxHA nepioguuHicTh cu-
JBHO 3aJIe:KaTh Big mapameTtpa cerperaiiii OC, TooTo Big Ng(T').

3. BYJIATHA KPUIIA (PO3IIA L Fe—C'?)

PismomaniTHicTs OyiaTiB 3yMOBJIEHO Pi3SHOMAHITHICTIO METOAIiB JIUTTS
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Ta HOAAILIIION0 TEPMOCTPUKII IHOr0 00pobienHs Kpub Fe—C12[14].
Posuun Fe—C!? posmamaerbca Ha yacTuHku Fe; .C, y dopmi «KuH-
IKAIbUNKiB» B3L0BK oci 0z. IxHa TBepmicTs —

MH = (o, +Ac) / cC,;,, (3.1)

e ¢ — IMBUAKICTb 3BYKY, Css — MOIYJb IPY:KHOCTU. Bil BUTATYE «KH-
HIKaQJIbYUKN» B3KOBXK oci 0z, ctBoprorouu KanHOK (P.); itoro TBepaicTs
dagmaeThes (3.1). M’ akuit uunctuit Fe mMerarisyeTbca BHYTpiImHiM Tep-
TAM:

6, *leB << Ac. (3.2)

Bryrpimas eueprisa OC (cerperariii L, [II') sagaersbcss ymoBamMu:

Ac=<H* > H*=>TLL, ,T=10eB=AG. (3.3)
r,p

rr+p?

Ilepexin «kumumxamrbunka» B OC OIiHIOEMO IPHUPOAOIO «CEPETHLOTO
mossi» [1]:

Ac =TN,(T), (3.4)
Ie r'yCTHHA cerperamii
N, =(10—10*) <L, >, (3.5)
TOOTO
Ac =< H® >« T, N, =10 eB > c,. (3.6)
3Bizmcu MaemMo
MH (6ynat) =~ M H(aamas). (3.7)

3.1. «3Byuanns O0ysaara» (odoepronu GG-3)

T'aminbToHiAH 3BYKY ((DOHOHIB by) —

H® =Y hobby,, [b,b] =58,; (3.1.1)
#ioro 38’ sa30K 3 OC —
H" =T LulL, =-TLL(b, +b)+Y [ Lb L. +c.c.,(3.1.2)
kq

2
l:Gq :<<bq

by >>, (E - 0,)Gs +Zk:qu,1q, (3.1.3)
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ne
I, =T (qk)a,, G, = << L L. |bs >>. (3.1.4)
Hairi:
O=(E-T,+I,)Gy,, - D I .G, (3.1.5)
q
ne
2 + z7— +
Gy = << Liby By gL' Ly 1| by >> (3.1.6)
BukopucTraemMo arpoKcUMaItiro
G =< L.L. >G), G, => T NG . (8.1.7)
T'yctuna cerperounis —
NI =< L L, >=(e"" +&)". (3.1.8)

3 mepeHOPMYBAHHAM (DOHOHIB (3BYKY) a)ﬁ = ® MaeMO:

o, = 0 + Aoy, Ao, =D (T /(E-T, +T

qq’

w)ND), E - oh (3.1.9)
Ominroemo

Ao, ;\rl\/r;r (3.1.10)
Ta CyMy

2 NG = NoQq(T), Qg (T) = (T, —T). (3.1.11)

Bucora «oGepToHy OyjaaTy» BH3HAUYAETLCA YMUCIOM Ng e€JIeMEHTIiB
rpynu Lanya («<KHHIKATBUIKA» ): Am o Ng.

4. PO3ITA AOEP (U;i-.Pu.)
Posnany cipusie KyionoBe BifIroBxyBaHHs IPOTOHIB (3apsax ¢* > 0):

Feonl = Z Q,9.4, ., - 4.1)
Ixna enepria gua N = 92 (is sapagom axpa U) y Bopoomy Mozesri —

Q, = Q" (4.2)
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OIIiHIOETHCS AK
<H®" >=92¢7%>0. (4.3)

Hasnakwu, cerperaris opOiTaasanx momentis L® ™, ne N, — umcio
HelTpoHiB (GG-3), crabdimisye aapo U8, Beworo € Nog =238 esteMeHTiB
rpynu Lanya. 3menmenna N, 1o 140 (U232) mpuBOgUTE O POBIALY.

Y croni Ui_,Pu, smenmenua N, 1o 146 — x mpuBoguTh OO0 BUOYXY.
Kpurnune uncio monpo sudbyxy aapa UiPu, — ¢ — 0,06.

Ominky eHeprii crabdinmisarii HefiTpoHAMU, —

st nyn
H* =T LL, <0,— (4.4)
0asKaHO IPOBECTH, BUKOPHCTOBYIOUN MOJEJIb HOHHOTO 3B’ 3Ky aIPOHiB,
IJIsI OOT'PYHTYBaHHSA SKOT0 IOTPiOHI cIpssMOBaHi eKCIIepUMEHTH.

5. BUCHOBRKH

1. Posnag Cu;-Co, mae mmactuau OC (Co), mepioguuHicTh AKUX 3aJie-
JKUTH Big TepMocTpuKILii TBepaux OC-uacTUHOK.

2. Bynat Fe—C mapomxyeTbCcs BUITaJaHHAM « KMHIMKAJILUYNKIB» BUCOKOI
TBepaocTu (3a paxyHOK ixHboI OC-eHeprii), 1110 TaK0K BILIMBAE Ha CIe-
KTep IXHbOTO «3ByUYaHHA» .

3. Posnan anep Ui_.Pu. (x << 1) nos’a3aHuii 31 sMeHIIIeHHAM uuncyia Ny
cerperariii HefITpoOHiB, IO yTBOPIOOTH rpymy I amya (GG-3).

IIUTOBAHA JITEPATYPA

1. C. B. Boucosckuit, Maznemusm (MockBa: Hayka: 1971).

2. A. A. CmupsoB, Teopus cnaasos enedpernus (Mocka: Hayra: 1979).

3. 0. I. Miuexk, B. M. Ilymikap, Mema.nogis. hogimui mexuo.., 42, Ne 9: 1315
(2020).

4. 0. I. Miuexk, B. M. Ilymkap, Memanogis. Hogimui mexuoa., 44, Ne 2: 141
(2022).

5. 0. I. Miuexk, B. M. Ilymkap, Memanogis. HogimHi mexHo.., 45, Ne 6: 737
(2023).

6. 0. I. Miuexk, B. M. Ilymkap, Memanogis. HogimHi mexHo., 45, Ne 7: 877
(2023).

7. 0. I. Miuexk, B. M. Ilymkap, Memanogis. Hogimui mexuo.., 46, Ne 1: 15 (2024).

8. 0. I. Miuexk, B. M. Ilymkap, Memanogis. Hogimui mexHo.., 46, Ne 7: 615
(2024).

9. A. B. leparus, A. B. Augpees, AKOTD, 71, Ne 9: 1166 (1976).

10. O.I. Miuexk, B. M. Ilymkap, Memanogis. Hogimui mexHo.., 42, Ne 6: 755
(2020).

11. O.I. Miuek, Memanogis. Hogimui mexHnoa., 23, Ne 9: 1149 (2001).

12. B.W. Huxkonuu, MH020CLOlHbIE CMPYKMYPbL U NOLUMUNUIM 8 MEMALIULECKUX



E®EKTH «OPBITAJIBHOI'O CRJIA». 6. PO3IIAIL CTOITY 673

cnaasax (Kues: Haykosa gymra: 1984).
13. IIL.II. Anocos, O 6ysramax (1841).
14. C. B.Bosncosckuii, Maznemusm muxpowacmuy (Mocksa: Hayka: 1973).

REFERENCES

—

S. V. Vonsovsky, Magnetizm [Magnetism] (Moskva: Nauka: 1971) (in Russian).

2. A. A.Smirnov, Teoriya Splavov Vnedreniya [Theory of Interstitial Alloy]
(Moskva: Nauka: 1979) (in Russian).

3. 0. 1. Mitsek and V. M. Pushkar, Metallofiz. Noveishie Tekhnol., 42, No. 9: 1315

(2020) (in Ukrainian).

4. 0. 1. Mitsek and V. M. Pushkar, Metallofiz. Noveishie Tekhnol., 44, No. 2: 141
(2022) (in Ukrainian).

5. 0. 1. Mitsek and V. M. Pushkar, Metallofiz. Noveishie Tekhnol., 45, No. 6: 717
(2023) (in Ukrainian).

6. 0. 1. Mitsek and V. M. Pushkar, Metallofiz. Noveishie Tekhnol., 45, No. 7: 813
(2023) (in Ukrainian).

7. 0. 1. Mitsek and V. M. Pushkar, Metallofiz. Noveishie Tekhnol., 46, No. 1: 15
(2024) (in Ukrainian).

8. 0. 1. Mitsek and V. M. Pushkar, Metallofiz. Noveishie Tekhnol., 46, No. 7: 615
(2024) (in Ukrainian).

9. A.V.Deryagin and A. V. Andreev, ZhETF, 71, No. 9: 1166 (1976) (in Russian).

10. O.I. Mitsek and V. M. Pushkar, Metallofiz. Noveishie Tekhnol., 42, No. 6: 755
(2020) (in Russian).

11. O.I. Mitsek, Metallofiz. Noveishie Tekhnol., 23, No. 9: 1149 (2001) (in Rus-
sian).

12.  B.I. Nikolin, Mnogosloinyye Struktury i Politipizm v Metallicheskikh Splavakh
[Multilayer Structures and Polytypism in Metal Alloys] (Kyiv: Naukova
Dumka: 1984) (in Russian).

13. P.P. Anosov, O Bulatakh [About Damask Steels] (1841) (in Russian).

14. S.V.Vonsovsky, Magnetizm Mikrochastits [Magnetism of Microparticles]
(Moskva: Nauka: 1973) (in Russian).


https://doi.org/10.15407/mfint.42.09.1315
https://doi.org/10.15407/mfint.42.09.1315
https://doi.org/10.15407/mfint.44.02.0141
https://doi.org/10.15407/mfint.44.02.0141
https://doi.org/10.15407/mfint.45.06.0717
https://doi.org/10.15407/mfint.45.06.0717
https://doi.org/10.15407/mfint.45.07.0813
https://doi.org/10.15407/mfint.45.07.0813
https://doi.org/10.15407/mfint.46.01.0015
https://doi.org/10.15407/mfint.46.01.0015
https://doi.org/10.15407/mfint.46.07.0615
https://doi.org/10.15407/mfint.46.07.0615
https://mfint.imp.kiev.ua/article/v42/i06/MFiNT.42.0755.pdf
https://mfint.imp.kiev.ua/article/v42/i06/MFiNT.42.0755.pdf




Metallophysics and Advanced Technologies © 2025 G. V. Kurdyumov Institute for Metal Physics,

Memano@is. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2025, vol. 47, No. 7, pp. 675-701 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.47.07.0675 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACS numbers: 07.05.Tp, 75.50.Bb, 75.50.Tt, 84.30.Bv, 84.30.Vn, 84.32.Hh, 85.70.Ay

Modelling of DC-Bias Stable Chokes Based on Nanocrystalline
Fe3Si1sB7CuiNb; Cores

B. S. Baitaliuk, V. K. Nosenko, O. V. Oliinyk, O. M. Semyrga

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

The application of the nanocrystalline FersSiisB:CuiNbs alloy for the fabrica-
tion of toroidal-core inductors (chokes) operating under DC-bias conditions is
investigated. The influence of the Fe3SiisB:CuiNbs-alloy properties, particu-
larly, its high magnetic permeability and thermal stability of magnetic prop-
erties, on the choke characteristics is studied. A novel calculation method for
the dimensions and number of turns of toroidal chokes, considering specified
parameters and operating modes, is proposed. This method incorporates the
analytical and numerical techniques to determine the optimal core dimen-
sions and number of wire turns, ensuring minimal losses and high choke effi-
ciency. This efficiency manifests itself in reduced energy losses, improved
size and weight characteristics, enhanced manufacturability, and ensuring
stable choke operation under various operating modes. A software algorithm
for automated calculation of choke parameters is developed, enabling rapid
and accurate calculations, considering all key parameters such as inductance,
operating flux density, and wire cross-section. An analysis of the influence of
the number of wire turns and the magnetic permeability of the
FersSiisBrCuiNbs alloy on the geometrical dimensions, weight, and electro-
magnetic losses of the chokes is performed. The proposed method allows for
optimizing the choke design, reducing their weight and cost that is crucial
for industrial applications, especially, in areas, where compact and efficient
inductive components with low losses are required.
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Key words: nanocrystalline alloy, inductors/chokes, DC bias, magnetic per-
meability, toroidal core.

Hocaimyxeno sacrocyBaHHA HaHOKpuctagiumoro crony FersSiieB:CuiNbs mas
BUTOTOBJEHHS KOTYIIIOK iHAYKTUBHOCTH (IPOCETiB) 3 TOPOiTaIbHUM MarHeTO-
IIPOBOJIOM, IO IPAIIOIOTH B YMOBAX IIiIMarHeTyBaHHS IOCTiHHUM CTPYMOM.
Busueno BoiuB BaactuBocTeii crony FersSiisB:CuiNbs, 3o0kpema iioro Bucokroi
MarHeTHOI IIPOHWKHOCTHU Ta TE€PMiuHOI cTabiJIbHOCTH MarHETHUX BJIACTHBOC-
Tell, Ha XapaKTePUCTUKU APOcesiB. 3aIpOIIOHOBAHO HOBY METOAMKY PO3paxy-
HKY rabapuriB i KiTbKOCTH BUTKiB TOPOiZaIbHUX APOCEJiB, AKA BPAXOBYE 3a-
maHi mapamerpu Ta poOoui pexkumu. I[a mMeToamKa BKJIIOUAE aHATITHUYHI Ta
YKCceJbHI MeTOAM AJIA BUSHAUEHHA ONTUMAJBLHUX PO3MipiB ocepas Ta KimbKoC-
TH BUTKiB IPOBOAY, 3a0e3MeUy0un MiHiMaJabHiI BTpaTu Ta BUCOKY e(heKTuB-
HiCTB JpOCeJIiB, KA MOJATAE ¥ HOHMIKEHHI eHePreTUYHNX BTPAT, MOJIINIIeHH]
MacorabapuTHUX XapaKTEePUCTHUK, HiABUINMEHHI TeXHOJOTiYHOCTA BUPOOHUIIT-
Ba Ta 3abesmeueHHi cTabisbHOCTH POOOTHU OpOCEJIiB IIif yac pisHMX poboumx
pexxumiB. Po3pobeHo mporpaMHuil aaropuTM g aBTOMAaTU30BAaHOTO PO3pa-
XYHKY HapaMeTpiB APOCEJIiB, III0 Ja€ 3MOI'y IIBUAKO Ta TOYHO IPOBOAUTH PO3-
PaxyHKM, BPaXOBYIOUM BCi KJIIOUOBi mapaMeTrpu, TaKi K iHAZYKTUBHiCTB, poO-
O0oua imayKIlia Ta mepepis mpoBoay. IlpoBemeno aHanidy BOJIMBY KiJIbKOCTH
BUTKiB MPOBOAY Ta MarueTHOI mpoHUKHOCTH cTomy FersSii¢B:CuiNbs Ha reome-
TPUYHI po3Mipu, Macy ¥ eJIeKTPOMAarHETHi BTpaTu APOceIiB. 3anpornoHOBaHUN
METOJ[ YMOJKJINBJIIOE ONTUMiByBaTU KOHCTPYKIIiIO IPOCEJiB, 3MEHIIIUTHN IXHIO
Bary Ta BapTiCTh, III0 € KPUTHUYHO BAXKJIVBUM JJIA IIPOMICIOBOTO 3aCTOCYBaH-
Hs, 0c00JIMBO y cepax, ae MOTPiOHI KOMIaKTHI ¥ eeKTUBHI iIHIYKTUBHI KOM-
TIOHEHTHU 3 HU3bKUMU BTPaTaMMU.

KarouoBi ciioBa: HAHOKPUCTAJIIYHUH CTOII, KOTYIIIKA iHIYKTUBHOCTH, TPOCEID,
migMarHeTyBaHHSA, MarHeTHa MPOHUKHICTh, TOpPOifaibHE Ocephs, MarHeTOI-
poBiz.

(Received 16 January, 2025; in final version, 7 April, 2025 )

1. INTRODUCTION

Modern electronic and electrical devices cannot function without in-
ductive components such as chokes, filters, transformers, and sensors
[1-9]. Considering current trends towards miniaturization and high
efficiency in electronics and microelectronics, the magnetic cores for
these components are predominantly made of magnetodielectrics.

Along with traditional materials for magnetodielectric production,
which have been actively used for a long time (composites based on iron
powders, AlSiFe, permalloys, Fe—Si system alloys and their mixtures)
[10-18], composites based on amorphous and nanocrystalline alloy
powders are becoming increasingly widespread [19-24]. Amorphous
alloys, due to their unique properties, such as high electrical resistivi-
ty and low eddy-current losses, are ideal for the production of induc-
tive components operating in high-frequency modes [25—28].
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Nanocrystalline alloys are particularly promising due to their ex-
ceptional soft magnetic properties, including high magnetic permea-
bility, low core losses (losses on remagnetisation), and high saturation
induction [29-32]. One such alloy is FersSi1sB:CuiNbs (of the ‘FINE-
MET’ type [33]), which is obtained by special heat treatment of the ini-
tial amorphous ribbon [34, 35]. This alloy exhibits high magnetic per-
meability, low core losses, and temperature stability of magnetic prop-
erties [36—40], making it an ideal material for inductive components
operating under DC bias conditions.

For effective ripple smoothing at the output of a rectifier in switch-
ing power supplies, chokes with high AC resistance and low DC re-
sistance are used. Chokes using the Fe;sSi1sB:Cu;Nbs alloy have signif-
icant potential for application in various promising fields. In particu-
lar, they can be used in electric vehicles for effective electric motor
control and reduction of electromagnetic interference. In renewable
energy, such chokes can be integrated into energy conversion systems,
such as wind and solar inverters, where high stability and low losses
are critical. They can also find application in telecommunication sys-
tems for signal stabilization and equipment protection from interfer-
ence. The inductance stability of a linear choke throughout the entire
operating range of the direct current passing through its winding is a
key requirement, which can be easily achieved using nanocrystalline
alloys, allowing the creation of compact and efficient inductive com-
ponents that meet the high demands of modern technologies.

At the current stage of development in electronics and electrical
engineering, numerous works on the calculation methods for trans-
formers and chokes in various operating modes have emerged. Thus,
the authors [8, 41, 42] present a calculation method for so-called shell-
type and core-type coils, but pay little attention to toroidal chokes. The
formulas and calculation methods they use rely on correction factors
and graphical-analytical calculation methods. Furthermore, the lack
of powerful computing complexes at that time did not allow the au-
thors to perform computer simulations to solve the problems. The au-
thors calculate inductance depending on voltage, current, and fre-
quency, and also pay attention to the quality factor of inductors and
losses in the core and wire material.

In studies [43, 44], the dimensions of the magnetic core are assessed
differently for transformers and inductors (chokes). For a transform-
er, this is S. x S,—the product of the core cross-sectional area (S.) and
the window area with the winding (S,), while, for an inductor, it is the
core volume S, x [.—the product of the core cross-sectional area and the
mean magnetic path length (I.). This approach complicates the compar-
ative assessment of the dimensions of different electromagnetic com-
ponents.

In study [45], a method for calculating the inductor for a Class-E
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power amplifier with zero-voltage switching (ZVS) is proposed. The
methodology encompasses the design of the inductor inductance and a
theoretical assessment of power losses. The authors employed the Ar-
ea-Product (4,) method for inductor design and a calculation algorithm
comprising the following steps.

1) Determining the maximum energy, which the inductor can store:

1
WLf = E LfI Ef(max) ’
where L¢ is the specified inductance, and I1smax is the peak value of the
operating current.
2) Determining the core area product, which is defined as the prod-
uct of the core cross-sectional area (core area) and the window area,
through which the winding passes:

A woa - W
KquBsat
where W, is the window area of the core, A. is the cross-sectional area,
K, is the fill factor of the wire, Wi, is the energy stored by the induc-
tor, Jn is the current density flowing through the inductor winding,
and B; is the saturation flux density of the core material.
3) Determining the number of turns of the wire:

W K
N = max a“,\/Lf [ngrlCJ,
214w(sol) HOAC urc

where L is the permeability of free space, .. is the relative permeabil-
ity of the core material, N is the number of turns of the wire, I is the
mean length of the magnetic flux path, [. is the effective length of the
air gap, and Ao is the cross-sectional area of one turn of the wire.

4) Determining the operating flux density of the inductor:

_ urc“ONILf(max)

pk .
l
lc[1+“rlcgj

5) Determining the losses, which include hysteresis losses, core loss-
es, and winding losses:

B

I)tot :‘P0+Pw+Pwac‘

While this approach allows for the efficient calculation of the num-
ber of turns, operating flux density, and accurate estimation of power
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losses, it has certain drawbacks. In particular, this method does not
provide a precise calculation of the inductor geometry, as the geometry
is determined based on catalogues according to the calculated product
area values. Furthermore, the calculation of the number of turns is
ambiguous, as one value is chosen based on the results of calculations
using two separate formulas. The inductor calculation methodology
does not consider all necessary parameters, and each value is calculat-
ed separately, which requires the use of successive iterations. This
complicates the automation of the process and leads to the necessity of
using a trial-and-error method.

Paper [2] investigates the relationship between inductance and op-
erating current of electromagnetic devices used in automotive sys-
tems. The authors conducted measurements of inductance and direct
current for various automotive electromagnetic devices, such as relay
coils, starter motors, fuel pumps, and others. The specificity of the
described work lies in establishing a quantitative relationship that al-
lows predicting the inductance of a device, knowing its operating cur-
rent. The authors proposed an empirical formula to express this rela-
tionship:

1.3 ?
I3

where L is the inductance [mH], I is the current [A]. This formula was
obtained through regression analysis of the measured data and demon-
strates fairly accurate agreement with experimental results that al-
lows it to be used for estimating the inductance of typical automotive
electromagnetic devices.

The methodology proposed by the authors has several distinct ad-
vantages. First, it provides the ability to estimate quickly and accu-
rately the inductance of automotive electromagnetic devices based on
simple current measurements, which is crucial for practical applica-
tions, such as predicting spark formation in automotive electrical sys-
tems. Second, the proposed formula accurately describes general
trends for a wide range of devices, including both low-power relays and
high-power starters.

However, the methodology also has limitations. In particular, it ex-
hibits some inaccuracy, especially, for devices with very low or very
high inductance values, where deviations from the empirical formula
are observed. The study also notes that the structure of the magnetic
circuits of different devices can vary significantly, which can affect
the accuracy of the predictions.

Overall, the study is of practical interest to the automotive indus-
try, as it provides a simple and effective tool for estimating the in-
ductance of electromagnetic devices based on their operating current,
which can be beneficial in the context of designing and ensuring the
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safety of automotive electrical systems.

In William McLyman’s book [46], two key parameters for trans-
former and inductor design are examined in detail: the geometry coef-
ficient K, and the area product A,. These parameters are fundamental
for the calculation and design of these devices. The K, coefficient re-
lates to the ability of the core to transfer effectively energy, while A,
characterizes the core volume required for transferring a specific pow-
er and is closely related to the current density in the windings.

Geometry Coefficient (K;). The geometry coefficient K, defines the
relationship between the physical dimensions of the core and its ability
to maintain a stable output power under varying loads. The K, value
considers both the core window area W, and its cross-sectional area A.,
as well as the mean length per turn (MLT). The formula for determin-
ing the K, coefficient is as follows:

W, A’K

u

K
& MLT

where W, is the core window area, A. is the core cross-sectional area, K,
is the fill factor (or winding factor), and MLT is the mean length per
turn of the wire.

This parameter allows designers to consider not only the core dimen-
sions, but also its power handling capability based on its geometrical
characteristics.

After determining the K, value from calculations, a core from a cat-
alogue that most closely matches this value must be selected. Since the
exact K, value for a specific core is not always available, the core selec-
tion process is often performed by trial and error. This means that the
core dimensions, such as inner and outer diameter and height, cannot
be calculated directly but are selected from standard options in the cat-
alogue. This approach requires careful analysis and does not immedi-
ately yield optimal core dimensions, as it is limited by the available
models in the catalogue.

Area Product (A,). The area product A, is another important pa-
rameter described by the author for calculating inductors operating
under DC-bias conditions. It is defined as the product of the core win-
dow area W, and the core cross-sectional area A.:

[em’],

4w
= W A =,
A'P o KquBsat

where K, is the winding factor, W is the energy stored by the inductor,
Jm is the current density flowing through the inductor winding, and B,
is the saturation flux density of the core material.

The A,-based methodology is more straightforward but requires pre-
setting the current density, which may lead to the need for additional
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iterations to achieve an optimal result. In addition, after calculating
A,, it is necessary to consult catalogues to select a core that matches
the calculated parameters, which complicates the design process. De-
spite these drawbacks, the A,-based approach allows for a quick as-
sessment of the core dimensions and its compliance with power re-
quirements.

The aim of this paper is to investigate the influence of geometrical
dimensions (inner and outer diameters, height, cross-sectional area)
and magnetic properties of cores made of nanocrystalline
Fer3Si1sB7CuiNbs alloy on the electrical losses (core losses) and efficien-
cy of inductors. This alloy is characterized by high magnetic permea-
bility, low hysteresis and eddy current losses, and high saturation flux
density, making it promising for applications in inductive compo-
nents. The proposed method for optimizing inductor design aims to
reduce their weight and cost, which is crucial for industrial applica-
tions, especially in areas where compact and efficient inductive com-
ponents with low losses and high stability are required (e.g., switched-
mode power supplies, electromagnetic interference filters, inverters).
The main focus is on developing a new methodology for calculating the
dimensions and number of turns of toroidal inductors, which takes
into account specified parameters and operating modes.

An important aspect of the research is the influence of the magnetic
permeability of magnetic cores based on the Fe;3sSi;sB:CuiNb; alloy on
the inductor characteristics, including their weight, dimensions, and
electrical losses. Higher magnetic permeability allows achieving the
required inductance with fewer turns, which leads to a reduction in
winding losses and inductor size. The development of new calculation
methodologies for such components will not only increase their effi-
ciency and stability, but also reduce production costs. Thus, studying
the application of nanocrystalline alloys for creating inductive compo-
nents is relevant from a scientific and practical point of view, which
allows solving a number of problems associated with reducing losses
and increasing the operational stability of inductive components in
electronic circuits, contributing to increased efficiency and reduced
dimensions of electronic devices.

2. INDUCTOR DESIGN UNDER DC-BIAS CONDITIONS
2.1. Requirements for Inductors under DC-Bias Conditions

For effective ripple smoothing at the rectifier output in switching
power supplies, inductors with high AC impedance and low DC re-
sistance are used. These inductors are also used to protect the power
line from impulse noise that can originate from the load. In switching
power supplies operating on the principle of a forward converter, line-



682  B.S.BAITALIUK, V. K. NOSENKO, O. V. OLIINYK, and 0. M. SEMYRGA

ar energy-storage inductors are used. They smooth DC current ripple
by storing energy during current flow and maintaining current flow in
the load circuit during off-times.

A key requirement is the inductance stability of a linear inductor
over the entire operating current range flowing through its winding.
This can be easily achieved by using cores made of nanocrystalline al-
loys with high saturation flux density.

For smoothing filters, which most often use such inductors, high-
inductance inductors are required. Higher inductance provides greater
AC impedance of the inductor, which allows reducing the size of the
filter itself. Typically, such inductors are manufactured with cores
made of ferromagnetic materials, such as iron, as well as various al-
loys, for example, permalloy, AlSiFe (Alfenol), Sendust [17].

However, the use of such cores causes a non-linear dependence of
induction on field strength, as well as on the magnitude of the DC cur-
rent flowing in the winding. The presence of a bias current reduces the
magnetic permeability of the core and, consequently, the inductor per-
formance. To mitigate this effect, a non-magnetic gap is introduced
into the core material, using gapped or powdered cores (magnetic die-
lectrics).

With a non-magnetic gap, the magnetization curve becomes flatter,
the core permeability decreases, and saturation occurs at significantly
higher current values [8]. Both of these factors affect the inductor ef-
ficiency. Therefore, the task arises to calculate the optimal values of
the core materials’ magnetic permeability and the number of turns at
given operating current values to obtain an inductor with minimal
weight or cost.

2.2. Toroidal Core Inductor Design: Objectives and Methods

The design of toroidal inductors is a complex task requiring the con-
sideration of numerous factors, such as core geometry, magnetic mate-
rial properties, and operating conditions, including the effects of DC
bias. Traditional design methods for these inductors are typically
based on trial and error. Engineers select parameters through numer-
ous experiments, which is not only time-consuming but also often leads
to material waste and increased weight of the final product.

One of the main challenges is automating the design process of to-
roidal inductors. Existing calculation algorithms often do not account
for all operating parameters and do not provide the necessary flexibil-
ity and accuracy, which complicates their use in a wide range of appli-
cations [47]. Weight optimization and material savings are also criti-
cal aspects, especially in modern manufacturing, where cost-
effectiveness and maximum performance are key factors.

To solve these problems, it is necessary to develop a methodology



MODELLING OF DC-BIAS STABLE CHOKES BASED ON NANO-Fe73Si;6B:CuiNbs CORES 683

that would allow calculations to be performed automatically with high
accuracy. Such a methodology should consider all key parameters and
their influence on the final inductance characteristics. This includes
optimizing core geometry, selecting materials with the necessary mag-
netic properties, such as magnetic permeability, operating flux densi-
ty, losses, and stability of magnetic properties over a wide temperature
range. It is also necessary to consider the non-linear characteristics of
the magnetic material at different bias current levels.

The proposed method of optimized design of inductors with toroidal
gapped or powdered cores based on the Fe;sSi;sB:Cui;Nbs alloy allows
automating this process and simplifying the calculation algorithm.
Using specified parameters, such as required inductance, maximum
current, and allowable bias current, the method allows automatically
calculating the optimal dimensions and number of turns for the induc-
tor. This ensures significant material savings and weight reduction of
the product, which are important factors in many industrial applica-
tions.

The use of such a method avoids lengthy and costly experimental
processes, reducing the development and implementation time of new
inductors. In addition, it contributes to increasing the reliability and
stability of inductor operation under harsh DC-bias conditions, ensur-
ing high quality of the final product.

3. THEORETICAL ANALYSIS AND CALCULATION

A mathematical approach to selecting the optimal parameters of an
inductor is based on the fundamental laws of electromagnetism. This
method is based on Ampére’s circuital law and Faraday’ law of induc-

tion [48]:
$HAl=i,, 1)
k

which states that the circulation of the magnetic field intensity vector
around a closed loop is equal to the algebraic sum of the microscopic
currents enclosed by that loop;

Ey=-0—22 =08, ~—, (2)

where @y is the magnetic flux of induction B through surface S, S. is
the effective cross-sectional area of the magnetic core, B is the magnet-
ic flux density (magnetic induction) in the core.

Figure 1 shows a schematic cross-sectional view of the core, demon-
strating the main parameters used for the calculation.

The input data for the inductor calculation should be the following
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Ad

Fig. 1. Schematic cross-sectional view of the core.

parameters: I—the current, at which the inductor should operate [A],
L—the required inductance of the inductor [H], J—the maximum allow-
able current density in the inductor winding [A/mmI], B—the maximum
operating flux density (magnetic induction) of the inductor [T].

The magnetic flux density of a toroidal inductor with a ferromag-
netic core is described by the following formula [49]:

NI
B =iy 3)

e

where p is the relative permeability of the core, Lo is the permeability
of vacuum, N is the number of turns of the winding, I is the current, I.
is the mean magnetic path length (effective path length) of the toroidal
core.

Based on formula (3) and the fact that, for the FersSi;sB-CuiNbs al-
loy, the saturation flux density (B;) is limited to 1.1 T [50] (the core
material enters saturation), it is important not to exceed this value to
avoid core saturation. Therefore, it is necessary to select the number of
turns, the mean magnetic path length, and the magnetic permeability,
such that the following condition is met:

NI
i~ — < By (4)

e

On the other hand, the inductance of a toroidal coil also depends on
both the number of turns of the wire and the effective cross-sectional
area[51]:

_ Se|,tu0N2
-

e

L ()
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Fig. 2. Schematic cross-section showing maximum wire packing in the coil.

Another important constraint is that all the wires must fit within
the core window, the area of which is Sy (Fig. 2). The wire thickness is
chosen based on the allowable current density. In most cases, it is at-
tempted to be not exceeding a current density of 5A/mm?2. This con-
straint is taken into account to ensure reliable operation of the induc-
tive element and to prevent overheating of the wire during operation.

3.1. Core Weight Calculation Based on Permeability

The core weight can be expressed in terms of the mean path length and
effective cross-sectional area as follows:

Sk=V.="=m=5%p, (6)
P
where S, is effective cross-sectional area, [. is effective path length of
the core (Fig. 1), V. is effective volume of the core, m is weight of the
core [kg], p is density of the core material. According to Eq. (5),

Ll

S, =2 (7)
Hpo N
According to Eq. (3),

I, = M, )

B

L NIuy, NI LI?

m = “Mo HHo o — MMO (9)

- HM0N2 B B core B pcore *
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Therefore, based on Eq. (9), it is established that, for identical val-
ues of current and inductance, the core weight, apart from density,
depends solely on the magnetic permeability of the core material. This
dependence is linear, as illustrated in Fig. 3.

According to expression (9) and as seen in Fig. 3, the core weight
required to manufacture an inductor with identical input require-
ments increases linearly with increasing core magnetic permeability.
This observation allows to estimate immediately how the minimum
required core weight will change, when selecting different values of
core material permeability, as well as operating induction, and to ac-
count for the necessary non-magnetic gap in the core during inductor
design.

This dependence can be explained as follows: with increasing mag-
netic permeability of the core material, it is necessary to reduce the
number of wire turns to prevent material saturation. However, to en-
sure the required specified inductance, it is necessary to increase the
cross-sectional area of the core, and therefore its weight. This can be
formally expressed through the dependence of inductance on the geo-
metrical parameters and magnetic properties of the core. When reduc-
ing the number of wire turns (N) to maintain constant inductance (L),
it is necessary to increase the effective cross-sectional area (S.) of the
core. Therefore, with increasing magnetic permeability (u), it is neces-
sary to compensate for the decrease in the number of turns by increas-
ing the cross-sectional area of the core. This leads to an increase in the
volume (V) and, consequently, the weight (m) of the core.

This approach ensures balanced design of inductive components,

3.5
B=0.3T
3
2.5
2 B=05T
=]
-
g 1.5 B=0.7T
1
0.5
0
0 1000 2000 3000

K, units

Fig. 3. Core weight vs. permeability of nanocrystalline Fer3SiisB:CuiNbs alloy
for various operating inductions (for input data given in Table 1).
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TABLE 1. Initial parameters for inductor design.

Parameter Symbol Value Unit
Operating current I 1 A
Target inductance L 0.05 H

Operating magnetic flux density B 0.7 T
Max. allowable current density J 5 A/mm?
Winding fill factor K; 0.3 -
Effective core permeability He 200 units
Core height h 30 mm
Core material composition - Fer3Si1sBrCuiNbs -
Wire material - Cu -
Core price - 200 $/kg
Wire price - 50 $/kg

where the linear dependence of the core weight on magnetic permeabil-
ity allows for precise prediction and adjustment of parameters to
achieve optimal characteristics. This method is crucial for creating
efficient and reliable inductors in various applications, from electron-
ics to power systems; however, it does not consider other important
parameters such as the number and thickness of wire turns, as well as
whether this wire will fit within the core window (Fig. 2). This adds
complexity to the design and requires additional calculations and op-
timization to ensure all necessary inductor characteristics.

3.2. Calculation of the Number of Wire Turns

It is necessary to find the number of turns that satisfies the following
conditions, based on Eq. (4)

NI
Bmax = H“‘O
le
and Eq. (5)
L= SebtoN”

l

e

in addition, considering that the wires must fit within the available
core window:

S, = f(N)=hxAd, (10)
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where £ is core height, Ad is core thickness (Fig. 1),

dois core inner diameter:

To ensure that all wire turns fit within the available core window,
the optimal number of turns must be calculated to satisfy these geo-
metrical constraints. This implies that the total cross-sectional area of
the wire windings must not exceed the core window area. Therefore,
the sum of the cross-sectional areas of all wire turns should be less than
or equal to the core window area. This can be formally expressed as fol-
lows:

NAWSSO:AK“’N.

w

dy = /4?71:]. (11)

So, the final formula for the effective cross-sectional area S. is ex-

pressed as
l
Sezh(i—z /AWN}, (12)
i K, n

where Sy is core window area, A, is cross-sectional area of one wire
turn, K is wire fill factor.
Equating expressions (12) and (7), we obtain:

h li—2 AN | Llez. (13)
T K, n upyN

By performing the substitution of /. with the value given by Eq. (8),

we obtain:
hup NI o AN LI
Bn K,n BN’

Multiplying both sides of the equation by

Then,
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Ih

moN 2B AN :i_ (14)
T I \K,tn &N

Thus, we obtain the fundamental equation for the determination of
the number of turns of an inductive coil, which considers inductance,
operating current, the magnetic flux density of the core material, the
thickness of the wire, the wire fill factor, as well as the required height
of the core. For the purpose of simplification, we shall replace the in-
put parameters with coefficients:

a:_MMo,bzz_B Aw c—£;

T I \K,=n ’ h

we obtain:

therefore, the equation will become the final form:
aN—bW—%:O. (15)

This equation form provides a convenient way to determine the number
of turns using the given coefficients a, b, and ¢, which take into ac-
count the physical and geometrical parameters of the core and its oper-
ating regimes.

3.3. Effect of DC Bias on Magnetic Permeability

The magnetic permeability of a core material is one of the key parame-
ters determining its ability to conduct effectively a magnetic field.
However, magnetic permeability is not a constant value and can vary
under the influence of a DC-bias current. This dependence is crucial for
the design of inductive components, such as chokes and transformers,
which operate under DC-bias conditions.

As the DC-bias current increases, the magnetic permeability of the
core material typically goes through several stages. At initial bias lev-
els, the magnetic permeability may remain relatively stable. This is
explained by the fact that the magnetic domains within the core mate-
rial are easily oriented along the applied magnetic field, which main-
tains high magnetic permeability.

However, as the DC-bias current increases to a certain critical level,
the magnetic permeability begins to decrease. This process is known as
core saturation. In the saturation stage, most magnetic domains are
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already oriented, and further increases in current do not lead to a sig-
nificant increase in magnetic flux density. Instead, the magnetic per-
meability begins to decrease gradually, and with further increases in
the DC current, a gradual drop in permeability occurs.

This nonlinear dependence is of significant importance for the de-
sign of inductive components. For example, in soft magnetic composite
(SMC) cores, this dependence determines the operating characteristics
of the components at various DC-bias current levels. Taking this de-
pendence into account allows engineers to predict accurately the
change in inductance and the performance of the components under
various operating conditions.

The dependence of magnetic permeability on DC-bias current is de-
termined experimentally for each individual core material. This de-
pendence is unique to each material type and strongly depends on its
physical properties, as well as the value of the effective magnetic per-
meability. Due to the complexity and variability of the physical pro-
cesses occurring in the core material under the influence of DC-bias
current, modelling this dependence is a rather complex task.

In our formula, we do not include the effect of DC-bias current. In-
stead, we use experimental data showing how the effective magnetic
permeability changes with DC bias, since accurately predicting this is
hard and not part of this work.

As an illustration, the relationship between magnetic permeability
and DC-bias current for the Fer3Si;sB7CuiNbs alloy is depicted in Fig. 4
with curves shown for effective permeabilities of 30 and 60 units.

The graph demonstrates the change in magnetic permeability with
increasing DC-bias current, illustrating characteristic stages: initial
stability, gradual decrease, and a sharp drop in permeability. The pre-
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Fig. 4. Effective permeability as a function of DC bias current for the nano-
crystalline Fer3SiisB:CuiNbs core with an air gap.
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sented data are crucial for understanding the materials’ behaviour
under real operating conditions and are used for accurate modelling
and optimization of inductive components.

3.4. Application of the Proposed Inductor Calculation Approach
for Nanocrystalline Fe;3Si;6B;Cu:Nbs Cores: a Worked Example

The formula (15) we derived for calculating the number of turns is a
non-linear equation of the form

ax —bx - =0.
x

However, this equation does not always yield a result. To obtain a re-
sult, the function

f(x) = ax —bx =< (16)
X

must intersect the x-axis at least once. This depends on the specific
values of the constants a, b, and c¢. Graphical analysis of the function
can reveal the presence or absence of such intersection points. If the
curve does not intersect the x-axis, then, the equation has no solutions.

The x-intercept of the graph of the function defined by Eq. (16) cor-
responds to a root of Eq. (15). The term ¢/x in both equations becomes

undefined at x =0. Furthermore, due to the presence of Jx , the domain

of both equations is restricted to x > 0. Given the complexity of analyt-
ical solutions, the graphical method is a valuable tool for visualizing
the behaviour of the function f(x) in the domain x > 0 and for approxi-
mating its real roots.

Based on the foregoing, we will consider an example of determining
the number of turns of an inductor using a graphical method, utilizing
the input data presented in Table 1.

The cross-sectional area of the wire is calculated based on the maxi-
mum allowable current density J:

I 1
=—==—=0.2 [mm?].
A, T [mm?]

As we know, the equation for determining the number of turns of
the inductor takes the form (15), where a, b, and ¢ are constants that
depend on the inductor-design parameters (including the inductance L,
magnetic flux density B, effective core permeability L., and core geom-
etry).

To solve this equation, we will use the graphical method. This meth-
od involves plotting the function (16), where x represents the number
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of turns (N) of the inductor coil. The points, where the graph intersects
the x-axis (where f(x) = 0), correspond to the solutions of the equation,
i.e., the values of N, for which the equality holds. The graphical repre-
sentation for the given parameters, with the number of turns (N) plot-
ted on the x-axis and the values of the function f(x) on the y-axis, is
shown in Fig. 5.

The graph illustrates the relationship between the function f(N) and
the number of turns (V) for a toroidal inductor. The x-axis represents
N on a logarithmic scale (logio), and the y-axis represents the value of
f(N).

The graph demonstrates that, at a small number of turns, f(N) de-
creases sharply (becomes more negative), indicating a significant in-
fluence of N on the equation result, which is indirectly related to in-
ductance. As N increases, f(N) gradually increases (becomes less nega-
tive) and asymptotically approaches zero, indicating a diminishing
influence of further increasesin N.

Three distinct regions can be observed:
sharp decrease from 1 to approximately 10 turns, when f(N) shows a
steep drop (increase in absolute value);
gradual increase from 10 to 100 turns, when f(N) continues to increase
(approaching zero), but more gradually;
approaching zero with more than 100 turns, when f(/N) almost stabiliz-
es asymptotically approaching zero.

This curve shape allows determining the optimal number of turns to
achieve the desired electrical characteristics. In this case, the optimal
number of turns corresponds to the point, where the graph most closely
approaches the x-axis (where f(&V) = 0), which represents a solution of

0.2
0
-0.2
-0.4
-0.6
-0.8
-1
-1.2
-1.4
-1.6

-1.8
1

Value of the function f{N)

10 100 220 1000
N, turns

Fig. 5. Graphical solution of Eq. (16) for determining the number of turns of a
toroidal inductor with the Fer3sSiicB:CuiNbs core (based on input data present-
ed in Table 1).
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the equation for the given parameters. The graph does not intersect the
x-axis, but f(IN) is closest to zero at N = 220 (Fig. 5).

Knowing the number of turns, the cores’ physical dimensions can
now be calculated, taking into account the relevant parameters and its
geometry. The following calculations determine the inner, mean, and
outer diameters, as well as the mean path length of the core. The inner
diameter is determined based on the required winding area within the
core window, using Eq. (11), assuming all wire turns fit within this
space:

dy = M =13.51 [mm].
K =

w

The mean path length of the core, according to Eq. (8), is determined
as

= 77.19 [mm].

e

] = NIy,
B

Radial thickness of the core (see Fig. 1) is
Ad = L_ d, =11.06 [mm].
T

The core outer diameter can now be calculated using the following
expression, given its inner diameter and radial thickness:

D =d, + 2Ad = 35.63 [mm].

3.5. Calculation of Electrical Power Losses

In inductors operating under DC-bias conditions, various types of loss-
es exist. The main ones are winding losses, hysteresis losses, and eddy
current losses [51].

Total losses (Piota) can be expressed as the sum of different types of
losses:

R;otal = Ph + 13e + I:axc’

where Py, represents hysteresis losses, P. represents eddy current loss-
es, and P, represents excess losses. The nature of excess losses is not
yet fully understood; these losses depend on mechanical stresses within
the material and resonance losses. They become significant at very low
induction levels and very high frequencies; therefore, these losses are
usually ignored. Other types of losses, such as winding losses or losses
related to other mechanisms affecting the efficiency of magnetic de-
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vices, can also be included.

Hysteresis and eddy current losses can be significant in some cases,
but for inductors operating under DC-bias conditions, their magnitude
is usually small (except when the core operates near saturation).

Hysteresis losses are caused by the remagnetisation of the core and
depend on the area of the hysteresis loop. Furthermore, these losses are
linearly dependent on frequency, since an increase in frequency leads
to a greater number of remagnetisation cycles per unit of time, which
results in an increase in total hysteresis losses.

Hysteresis losses can be described by the following empirical rela-
tionship:

B =K,B.f,

where K; and x are parameters, which depend on the material and its
structural aspects, B, is the peak magnetic flux density, and f is the
frequency [29].

Eddy currents, in turn, are induced in the conductive core material
by the alternating magnetic field and have a non-linear dependence on
the frequency and amplitude of this field [29—32]. The empirical value
of such losses can be expressed as

p - BT
Bpy R,

where d. is the effective diameter of the ferromagnetic material parti-
cles, py is the density of these material particles, R, is the specific elec-
trical resistivity, and f is a geometrical coefficient [32].

To reduce eddy current losses, cores are typically made of thin insu-
lated laminations or materials with high specific resistivity.

It is important to note that both eddy current and hysteresis losses
are significantly reduced when operating at low frequencies, which is
characteristic of DC-bias conditions. However, as the frequency in-
creases, hysteresis losses can become more significant, even with small
eddy current magnitudes.

Therefore, the losses in an inductor operating under DC-bias condi-
tions primarily consist of winding losses, which are most often due to
the copper wire. All other types of losses are of negligible magnitude
and can therefore be neglected in this analysis (if the core is not operat-
ing near saturation).

The winding losses of the inductor are caused by the ohmic re-
sistance of the copper wire. To calculate these losses, it is necessary to
know the resistivity of copper (pcu = 0.017-10°® Ohm'm) and the geo-
metrical parameters of the winding. The resistance of the copper wire
can be calculated based on its length and cross-sectional area:
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[ =pN,

w

where p is the perimeter of the cross-section of the toroidal core, and
p=D-d,+2h.

The resistance of a wire is calculated using the following formula:

l D—d, +2h
Rw=pi=pN—( o * 2h)

A, A,

Copper wire losses are determined by the formula

= 0.96 [Ohm].

P, =I’R, = 0.96 [W].

In inductors operating under DC-bias conditions, the main losses
occur in the winding and are largely determined by its ohmic re-
sistance. These losses, referred to as winding losses (or I?R losses), can
be calculated based on the resistivity of copper and the geometrical
parameters of the winding, including the length and cross-sectional
area of the wire. Hysteresis and eddy-current losses in the core are also
present, but winding losses are often dominant, especially at low fre-
quencies. Other types of losses, such as radiation losses, are usually
negligible and can be ignored in the analysis (unless the core is operat-
ing near saturation).

3.6. Cost-Based Optimization of Inductor Design

The cost of an inductor is a key factor in its design. According to the
methodology described above, the inductor cost depends on a set of
interrelated parameters, among which the key ones are the relative
permeability of the core material (u.), the core height (), and the num-
ber of turns (V). These parameters are interconnected and affect the
core dimensions (inner and outer diameters, mean length of the mag-
netic path), the amount of wire required, and therefore the overall cost
of the product. Therefore, it is important to find the optimal balance
between ., h, and N, which ensures minimum cost for given require-
ments for weight, losses, and manufacturability. It is known that

_D-4y
2

ensures the minimum wire length, and

— E D - do

3 2

h

h
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ensures better manufacturability and a smaller inductor area.

To analyse the inductor parameters, Table 2 was constructed, in
which the number of turns required to achieve a given inductance was
calculated for each value of the core-materials’ relative permeability
and core height from the specified range. The input data for the calcu-
lations, such as the inductor geometrical dimensions (inner and outer
diameters), inductance, wire and core material, and their cost, are pre-
sented in Table 1.

To determine the optimal inductor parameters for a given induct-
ance, the cost of the finished product was calculated for each combina-
tion of relative permeability, core height, and number of turns in Ta-
ble 2. To represent visually the results, a gray-scale gradient was used
to illustrate the cost dependence on these parameters. (Specifically,
white (unfilled) cells correspond to a price exceeding 120% of the min-
imum cost, light grey shading indicates a price in the range of 110—
120% of the minimum cost, dark grey shading corresponds to a price
up to 110% of the minimum cost, black shading represents the mini-
mum inductor cost.)

Thus, by varying the core height, it is possible to construct a table
that clearly shows the cost of the finished product depending on the
relative permeability, core height, and number of turns. Analysis of
the obtained data allows selecting a combination of these parameters
that ensures the minimum cost of the finished product. This approach,
by balancing manufacturability, cost, weight, or other necessary char-
acteristics, enables the determination of optimal parameters for induc-
tor manufacturing under specific conditions.

TABLE 2. Inductor turns as a function of relative permeability and core
height.

wh,mm| 5 | 10 | 20 | 30 | 40 | 50 | 100
19 7600 7400 7300 7300 7300 7300 7300
26 4300 4100 4000 4000 4000 3900 3900
40 | 2200 2000 1800 1800 1800 1700 1700
60 | 1300 940 880 850 830 780
90 850 680 550 500 460 440 390
125 640 | 490 390 340 310 200 250
147 570 430 330 290 260 250 200
160 530 400 310 270 240 230 180
175 500 380 290 250 220 210 170
200 450 340 260 220 200 180 150
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3.7. Software Algorithm for Inductor Parameter Calculation

For ease of practical application, a program has been developed, the
algorithm of which can be represented by the following flowchart (Fig.
6).

The program contains three nested loops that provide a sequential
iteration through all variable parameters included in the calculation.
At the highest level, the loop iterates through all values of the relative
permeability array (u), for example, 14, 19, 26, 40, 60, etc. At the
middle level, the values of the core height (&) are iterated, which are
also taken from a data array (for example, 5, 10, 15, 20 mm). At the
lowest level, all possible values of the number of turns (V) are iterated
(from N =1 to the maximum specified value Nu.x), and the main condi-
tion is checked—the toroidal core window area (So) must be greater
than or equal to the wire cross-sectional area (Ay) (taking into account
the fill factor).

The automated calculation begins with the input of initial data,
where the initial values of relative permeability (u), core height (&),
and number of turns (V) are set. The loop condition check starts with
verifying whether the current value of u exceeds the maximum allowa-
ble value from the specified range (umax). If the condition is met, the

Qutput
Results

Determining
core parameters
(rite, by Ses Sp)

v

Determining
r'y wire parameters
(A, bes Puy Boo)

Saving
Results “

Fig. 6. Algorithm flowchart for inductor design.

Sp= S,

(wire fits in the core
window)

yes
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loop proceeds to the next value of u. Similarly, the condition for the
core height (%) is checked, and if the current value does not exceed the
maximum allowable value from the specified range (Amax), the loop pro-
ceeds to the next value of k. Next, the condition for the number of
turns (N) is checked, and if the current value does not exceed the max-
imum allowable value from the specified range (Nmax), the loop pro-
ceeds to the next value of N.

After the condition checks are performed, the program proceeds to
calculate the core parameters, such as the effective volume (V.), mean
path length (l.), effective cross-sectional area (S.), core weight (m.),
and others. Then, the wire parameters are calculated, such as the cross-
sectional area (Avw), length (lv), resistance (Ry), and winding losses (Py).
The main condition is checked by comparing the toroidal core window
area (So) with the wire cross-sectional area (Sy). If the condition Sy > Ay
is met (i.e., the wire fits within the core window considering the fill
factor), the calculated parameters are stored, and the program pro-
ceeds to the next iteration of the core height loop (%).

This approach significantly reduces the development and implemen-
tation time of new inductors due to calculation automation, ensuring
high accuracy and compliance with technical requirements. The auto-
mated calculation program takes into account all key parameters af-
fecting the inductor operation and allows determining the optimal val-
ues of relative permeability, core height, and number of turns to
achieve the best results in terms of weight, losses, and product cost.
The use of such a program contributes to increased design efficiency,
optimization of material usage, and reduction of inductive component
manufacturing costs. In addition, the proposed program allows rapid
adaptation of calculations to various technical requirements and pa-
rameters, which is important in today’s rapidly developing technolo-
gies.

4. CONCLUSIONS

A novel methodology, based on a developed analytical formula, has
been created for calculating the parameters of linear chokes based on
specified operational requirements. This methodology enables the cal-
culation of the dimensions, weight, losses, and cost of both the nano-
crystalline FersSiisB7CuiNbs core, considering its unique properties
under DC bias conditions, and the resulting linear choke. Examples of
tabular and graphical representations of the calculation results are
provided, facilitating the selection of an optimal choke design based on
cost and/or dimensions.

The universality and novelty of the proposed method lie in its ap-
plicability to the calculation of toroidal cores made of not only of nano-
crystalline Fer3SiicB:Cui;Nbs alloy, but also of any other alloys and
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their composites, such as tape-wound or powder cores based on iron,
Sendust, permalloy, or ferrites. This allows for unified calculations
based on the required operating characteristics of the choke, independ-
ent of the product catalogues of various manufacturers. This adapta-
bility makes the methodology highly valuable for a wide range of appli-
cations and simplifies the design process by providing a single, com-
prehensive calculation framework.

A promising area for the application of the developed methodology
is the automotive, aviation, and aerospace industries, where the
weight and dimensions of dozens of inductive components play a cru-
cial role. The high efficiency, reliability, and weight reduction
achieved by wusing nanocrystalline toroidal cores made of
Fe73Si16B:CuiNb; alloy make this material highly attractive for use in
these high-tech sectors. The ability to optimize choke design using the
proposed methodology directly contributes to improving the perfor-
mance and efficiency of systems in these demanding applications.

In addition to the analytical calculations, a software implementation
of the proposed methodology has been developed. This software tool
automates the design process, allowing for rapid and accurate calcula-
tion of choke parameters based on user-defined inputs. This automa-
tion significantly reduces design time and the potential for human er-
ror.
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Helicon-Arc Ion-Plasma Synthesis of AIN-Based Film Coatings
on the Steel 3 and Aluminium Substrates

E. M. Rudenko, M. V. Dyakin, I. V. Korotash, D. Yu. Polotskiy,
V. A. Dekhtyarenko
G.V.Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,

36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

Using a hybrid helicon-arc ion-plasma reactor, a coating based on aluminium
nitride (AIN) is deposited on the steel 3 and aluminium substrates. Regard-
less of the substrate, it is found that a coating with a thickness of 2.0 um is
formed during 30 minutes of deposition; increasing the process time to
45 minutes allows to obtain a coating two and a half times thicker (=5 pm).
As determined, the selected deposition time does not allow obtaining a coat-
ing of stoichiometric composition of AIN on the substrates used. As a rule, a
compound with Al excess is formed. As shown, in cases where a plastic mate-
rial (for example, aluminium) is used as a substrate, the formation of the
coating can only be the last technological operation.

Key words: film coatings, microstructure, stoichiometric composition, alu-
minium, aluminium nitride.

3a J0mMoMOT0I0 TiOpUAHOTO TeJiKOHHO-IYTOBOTO HOHHO-IIJIA3MOBOTO pPeaKTopa
6ys10 ch)OpPMOBAHO TLJIIBKOBI MOKPUTTs HA OCHOBI HiTpuay Amtomiuito (AIN) Ha
migkaaauHI i3 kputi 3 # adominiro. Beranosieno, 1110, He3aIeKHO BijJi BUKO-
pucraHoi migKJIagUHKY, 3a 30 XBUJIUH TEXHOJOTIYHOTO IpoIiecy 0yJio chopMo-
BAHO IOKPUTTS TOBIMUHOIO Yy =2,0 MKM; 30iibIlIeHHA Yacy IIpoIecy 10
45 XBUJINH YMOKJINBUIIO OJEPKATH IIOKPUTTS B 1Ba 3 IOJOBUHOO pasu OijbIire
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(=5 MKM). 3’AcOoBaHO, 110 OOPAHMI YaC TeXHOJIOTiYHOTO IPOIleCy He AaB 3MOTH
O/lepsKaTu MOKPUTTA cTexiomerpuuHoro cKjaany AIN Ha BUKOPUCTaHUX Y PO-
6ori migkaaguHKax. IK TpaBUJIO, YTBOPIOBAJIACS CHOJNYKA 3 HALJIUIITKOM Me-
TajseBoi ckaanoBoi. ITokasaHo, 1110 y TUX BUNAAKAaX, KOJU Yy SKOCTi HigKJIamM-
HKM BUKOPHUCTOBYETHCA «M AKUI» IIJACTUYHUHN MaTepisan (HAIPUKJAML ajio-
MiHi#), GopMyBaHHA HOKPUTTA MOKe OYTHU TiJTBKY OCTAHHBOIO TE€XHOJIOTiUHOIO
omeparriero.

KarouoBi cioBa: maiBKOBi MTOKPUTTSA, MiKPOCTPYKTypa, (OPMYJIBLHUMN CKJIA,
aJMoMiHi, HiTpUA ATfoMiHifo.

(Received 16 January, 2025; in final version, 7 April, 2025 )

1. INTRODUCTION

To date, there are three main methods of protecting metallic materials
from the negative effects of external factors [1]. The first one is chang-
ing the composition of the material surface by high-energy methods [2,
3]. The second one is the influence on the phase and/or structural state
of the material, due to additional alloying [4, 5]. Moreover, the third
one is the deposition of a protective coating on the surface of the mate-
rial, which differs in chemical composition from the base [6]. Although
all these techniques have already found their application in industry,
the method of forming protective coatings is considered the most ef-
fective [7].

Protective coatings are already widely used in industry, and their
use gives a huge economic effect [6, 8]. The methods of their produc-
tion are very diverse: electrolytic deposition of metals and alloys, vac-
uum evaporation with subsequent condensation on the cathode sub-
strate, the method of gas transport reactions, ion implantation, chemi-
cal-thermal treatment, etc. [1]. The compositions of protective coat-
ings are also extremely diverse: oxides, borides, nitrides, carbides,
silicides and soon [9, 10].

Among the existing variety of protective layers, coatings based on
aluminium nitride (AIN) occupy a special place due to their physical
[11-13] and optical properties [14, 15]. As noted in Refs. [16, 17], al-
uminium nitride is a wide-band-gap semiconductor with a wide band
gap (of 6—6.2 eV) and sufficient dielectric strength (high relative per-
mittivity of 8—9). AIN also has a rather high hardness and a coefficient
of thermal expansion close to silicon.

The above properties and one of the highest thermal conductivity
coefficients (for high-quality AIN layers, the thermal conductivity
coefficient reaches 120 W-m™-K™! at room temperature) allow AIN to
be used to remove excess heat from powerful electronic devices. AIN
can also be an effective thermal interface material (TIM)[12, 18—-21].

AIN coatings on flexible polymer substrates are promising for the
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manufacture of multiband blocking filters in the infrared spectral
range[13, 22].

In addition, due to its piezoelectric properties, AIN is used in mi-
crowave acoustic resonators [23, 24]. AIN has been widely used in
packaging electronic devices and circuits, including those of RF and
microwave electronics [25]. Moving up to mm-wave, the relatively
high dielectric constant (k) of AIN compared to that of quartz, glasses
or polymers can be turned into an advantage in reducing the intercon-
nect size in microwave monolithically integrated circuits (MMICs),
which are necessary for high-density phased arrays.

In addition, aluminium nitride has proven itself well as a protective
barrier layer to reduce hydrogen permeability (for example, on titani-
um), especially, when operating under low-pressure conditions [5, 26].
The above properties make it an ideal candidate for practical applica-
tion in many industries, so, further research into the synthesis of coat-
ings based on AIN is needed.

The aim of the present study was to determine the features of the
formation of aluminium nitride-based coatings on substrates with sim-
ilar or different chemical compositions, which were deposited in a hy-
brid helicon-arc ion-plasma reactor with the aluminium-based con-
sumable cathode.

2. EXPERIMENTAL/THEORETICAL DETAILS

Aluminium and steel 3 were used as substrates. Rectangular 25x15x2
mm samples were used. Aluminium and AMG-6 alloy were selected as
consumable cathode materials. AMG-6 alloy was selected based on pre-
vious studies [27], according to which the addition of a certain amount
of magnesium to aluminium expanded the range of the residual radia-
tion band (Reststrahlen band).

For the formation of AIN-based coatings, unique vacuum-
technological equipment based on a hybrid helicon-arc ion-plasma re-
actor [28—31] was used that has been developed at the G. V. Kurdyu-
mov Institute for Metal Physics, N.A.S. of Ukraine. It contains high-
frequency helicon and magnetically activated plasma-arc plasma
sources, which allows low-temperature ion-plasma synthesis of coat-
ings. This equipment provides unique technological characteristics, in
particular, low temperatures of the substrate (30—300°C) and the for-
mation of a flow of ions of the working gas of the helicon source with a
plasma density in the substrate region of 5—10 mA/cm?2, and energies
up to 100-150 eV. A magnetically activated vacuum-arc source (plas-
ma-arc accelerator) provides the generation of an accelerated plasma
flow of consumable cathode materials with a density of up to 10—
20 mA/cm?, and ion energies of up to 100—150 eV.

The technology of depositing a layer based on aluminium nitride on
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rectangular samples in a hybrid helicon-arc ion-plasma reactor also
provided preliminary plasma cleaning of the sample surface. First of
all, the working volume was evacuated to a pressure of =1-107" MPa.
Further, in an argon atmosphere, the surface of the working chamber
and samples was cleaned of contaminants, and the surface of the sam-
ples was activated to provide the adhesion of the coatings when supply-
ing HF power of 450 W. The cleaning lasted about 15 minutes, after
which the argon was pumped out and nitrogen was introduced into the
chamber to a pressure of 2.7-10 MPa. After that, using a plasma arc
accelerator, the ion plasma component of the cathode material was
transferred to the surface of the substrate at an arc current of 40 A. To
achieve uniformity of coating, the substrate was rotated in a horizon-
tal plane during deposition. The time of the technological process of 30
and 45 minutes was chosen to determine the correlation between the
deposition time and the thickness of the coating. After the deposition
was completed, the sample was cooled in the chamber in a nitrogen at-
mosphere.

Metallographic studies were performed by scanning electron mi-
croscopy at a VEGA3 TESCAN microscope equipped with an EDX
XFlash610M detector (Bruker).

The coated samples were cut in half by the electrical discharge tech-
nique. At the same time, it was revealed that, in order to use this tech-
nique, the samples required mechanical indentation (it was necessary
for the wire to have contact with the base). The samples were polished
with Cr:0; suspension using Struers LaboPol-21 and LECO Spectrum
System 1000 units.

3. RESULTS AND DISCUSSION

Using scanning electron microscopy, the peculiarities of the formation
of a nitride coating based on the AMG-6 alloy on aluminium were de-
termined, depending on the time of the technological process (Fig. 1).
From the presented microstructure (Fig. 1, a), it can be seen that thir-
ty minutes of the process allowed forming a coating with a thickness of
~ 2.0 uym. Increasing the time of the technological process to 45
minutes (by 1/2) made it possible to deposit a coating two and a half
times thicker up to 5 ym (Fig. 1, b).

This indicates, however, that the coating did not grow linearly with
the time of deposition. In the first 30 minutes, the average rate of coat-
ing growth was 20.06 ym/min, and in the period of 30—45 minutes, it
was already =0.2 pm/min. It can be assumed that, during the for-
mation of the coating, there was a certain period of time (most likely,
the very beginning of synthesis), during which its thickness did not
increase.

In addition, there is a transition zone (dark layer) between the coat-
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Fig. 1. Microstructure of an aluminium sample with a nitride layer based on
the AMG-6 alloy deposited for: a, c—30 minutes; b, d—45 minutes.

ing and the substrate (Fiig. 1). This, to a certain extent, allows us to
state that at the initial stage of coating growth, there was some inter-
action between the substrate and the layer being formed. The obtained
result well correlates with the data presented in Ref. [19]. According
to these data, the size of the transition layer can reach =11.5%, when
an aluminium nitride coating with a thickness of 2.0 yum is deposited.

It was also found that during mechanical processing of the samples
(cutting, grinding and polishing), there was a certain failure of the
formed coating (Fig. 1, ¢, d). Moreover, as can be seen in the presented
microstructures (Fig. 1, ¢, d), an increase in the thickness of the coat-
ing led to its more significant failure. It can be assumed that this phe-
nomenon is associated with a significant difference in hardness be-
tween the substrate (the hardness of aluminium by the Mohs hardness
scale is of 2.75)[32] and the coating.

As can be seen in the presented microstructure (Fig. 1, ¢), during
mechanical processing of the sample, plastic deformation occurred in
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the substrate; as a result, cracking and failure of the coating occurred.
However, delamination of the deposited layer from the substrate was
not observed. This indicates a fairly high adhesion between the coating
and the substrate. It should be noted that, before making the sections,
the samples were cast in a bakelite mould to prevent their deformation
(since rather thin samples were used in the study) and changes in the
angle of inclination during mechanical processing.

In addition, this mould also performed the function of a holder,
which made it possible to preserve the coating to a certain extent. It
can be assumed that mechanical processing of such a sample, without a
holder, will lead to a fairly rapid fracture of the coating. That is, in
cases, where the coating is deposited to aluminium, such samples can-
not be subjected to mechanical processing.

To clarify the above, a nitride coating based on AMG-6 alloy was de-
posited on steel 3 (Fig. 2) with the same parameters used for the alu-
minium substrate for their correct comparison.

The technological process of 30 minutes allowed depositing a coating
with a thickness of 22 ym (Fig. 2, a). Increasing the time to 45 minutes
allowed obtaining a coating with a thickness of =5 ym (Fig. 2, b), which
completely coincides with the data obtained, when forming a coating
on aluminium. Determination of certain regularity between the tech-
nological process time and the thickness of the formed layer will allow
in the future depositing a coating of the required thickness, focusing
on the application time. In addition, it can be stated that, when form-
ing a coating, its thickness is mainly influenced by deposition time,
and is practically not affected by the substrate used. In addition, it was
established from the microstructures presented in Fig. 2 that, during
mechanical processing of the samples (which was carried out under
identical conditions with Al substrate samples), no failure of the coat-

Fig. 2. Microstructure of a steel 3 sample with a nitride layer based on the
AMG-6 alloy deposited for: a—30 minutes; b—45 minutes.
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ing was observed. One of the reasons for this phenomenon is most like-
ly a smaller difference in hardness between the coating and the sub-
strate. In these samples, at the boundary of the coating-base distribu-
tion, a certain layer was also observed, which differed from them in
colour. It can be considered an intermediate layer or substrate. Most
likely, this layer also in some way reduces the difference in mechanical
properties at the substrate—coating boundary. Unfortunately, to date,
it has not been possible to establish with certainty the product, of
which reaction the layer formed between the surface of the substrate
(which was cleaned before the formation of the coating) and nitrogen
in the chamber or the base and the AMG-6 alloy. The result obtained,
regarding the absence of failure of the protective layer during mechan-
ical processing, is an excellent confirmation that in the case of using
ductile substrates (for example, aluminium), the formation of the coat-
ing can only be the last operation.

In addition to all above mentioned, it was important to determine
whether the exposure time and/or the substrate affected the chemical
composition of the formed coating. Using scanning electron microsco-
py (Figs. 1 and 2) and EDX analysis, the chemical compositions of the
obtained coatings were determined (Table 1).

From the presented data, it was established (Table 1) that the chemi-
cal composition of the coatings is primarily influenced by the exposure
time. In addition, regardless of the time of the technological process
and the substrate used, it has not yet been possible to obtain a phase of
stoichiometric composition in the coating. In 30 minutes, a phase was
formed with the stoichiometric composition (Alo.94Mgo.06)(No.7300.27)1.15
on an aluminium substrate and (Alo.gzMgo.os)1.33(No.5300.42)3.17 on steel 3.
From the obtained data, it can be stated that, during the formation of
the coating, within 30 minutes on an aluminium base, a phase based on
the AIN compound with some excess of the non-metallic component
was formed, while on steel 3, over the same period of time, a phase
based on the Al:03 compound was formed also with some excess of the
non-metallic component. Because of such a significant difference in
the chemical compositions of the formed coatings obtained over the

TABLE 1. Chemical compositions of the formed coatings.

Elements, +0.03 at.%

Basis Process time, min.

Al Mg N (0]
o 30 43.54 2.93 39.06 14.47
Aluminium
45 51.80 3.92 31.30 12.98
30 33.67 2.87 36.92 26.54
Steel

45 50.87 4.21 32.22 12.70
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same period of time, but on different substrates, they will have differ-
ent physical and mechanical properties. One of the reasons for such a
difference in the chemical composition of the obtained layers may be
that, in the case of using an aluminium substrate, it also makes a cer-
tain contribution to the formation of the coating. Although in reality,
there can be quite a lot of reasons for such a discrepancy in the chemi-
cal composition of the formed coating: the purity of the atmosphere
used; the degree of contamination of the cathode used and its wear; the
total time of contact of the sample with the atmosphere used, etc.

Increasing the process time to 45 minutes led to a significant change
in the chemical composition of the resulting coatings. When using
steel 3 as a substrate, the type of compound formed also changed. The
stoichiometric composition (Alo.9sMgo.07)(No.7100.20)0.s Was obtained on
an aluminium base and (Alo.02Mgo.0s)(No.7200.28)0.s2 on steel 3 base. The
obtained almost identical composition of the applied layer indicates
that the substrate no longer affected the formation of the coating, and
the formation process was stabilized.

Regardless of the substrate used, a phase based on the AIN com-
pound with an excess of the metal component was formed. Most likely,
there might be several reasons for such a rather significant difference
in the chemical composition of the coatings obtained only in an addi-
tional 15 minutes of the technological process, namely, a decrease in
the volume fraction of nitrogen in the atmosphere used, as well as an
increase in the flow of the metal component.

In order to confirm or refute the established patterns, aluminium
and steel 3 were coated with aluminium nitride using a consumable
aluminium cathode. Figure 3 shows the AIN coating formed on alumin-
ium depending on the time of the technological process. It was estab-
lished (Fig. 3) that, regardless of the time of the technological process,
plastic deformation of the substrate occurred during mechanical pro-
cessing of the sample and, accordingly, the coating fractured. That is
why, unfortunately, it was not possible to determine accurately the
thickness of the formed layer. However, the obtained result fully con-
firms the above conclusions that it is undesirable to carry out mechani-
cal processing of the sample with the coating. In addition, the failure
of the coating occurred in the places of plastic deformation of the sub-
strate (Fig. 3, a), and not by delamination from it. The obtained result
confirms the above data on relatively high adhesion between the sub-
strate and the coating.

Figure 4 shows the microstructures of samples with AIN coatings on
steel 3. During mechanical processing of these samples, regardless of
the thickness of the formed layer, no failure of the protective coating
was observed. This somewhat confirms the assumptions made that, in
cases of a small difference in hardness between the coating and the
substrate, samples with a protective layer applied can be subjected to
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Fig. 3. Microstructure of an aluminium sample with an AIN layer deposited
for: a, c—30 minutes; b, d—45 minutes.

mechanical processing. From the presented microstructures (Fig. 4), it
can be seen that, in thirty minutes, it was possible to form a coating
with a thickness of ~2.168 pm; increasing the time of the technological
process to 45 minutes allowed obtaining a coating thickness of =6 um.
The obtained data confirm the above-mentioned regularity, regarding
the fact that, in the first 30 minutes, the average rate of coating for-
mation is relatively low, and, in the interval 30—45 minutes, it increas-
es almost by an order of magnitude. In addition, in the presented mi-
crostructures (Fig. 4, b), a transition zone is visible between the coat-
ing and the substrate (this zone was also observed, when forming a ni-
tride coating on the AMG-6 alloy).

It was also important to confirm the data obtained above that the
exposure time and/or the substrate affects the chemical composition of
the formed coating (Table 2).

As shown above, the chemical composition of the coating was signif-
icantly influenced by the atmosphere, in which it was applied. The sub-
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Fig. 4. Microstructure of a sample of steel 3 with an AIN layer deposited for:
a—30 minutes; b—45 minutes.

TABLE 2. Chemical composition of the formed coatings.

. . . Elements, £0.03 at.%
Basis Process time, min.
Al Mg N Al
L. 30 61.64 - 32.82 5.54
Aluminium
45 60.93 - 32.69 6.38
30 39.29 - 38.59 22.12
Steel
45 56.73 - 36.29 6.98

strate, on which the coating was formed, also has an effect. In addi-
tion, the regularity was confirmed that, regardless of the time of the
technological process and the substrate used, it was not possible to
form a stoichiometric phase in the coating. In 30 minutes, a layer was
formed with the stoichiometric composition Al(No.s600.14)0.62 on an alu-
minium substrate and Ali.96(INo.6400.36)3.04 On steel 3 substrate. The ob-
tained data coincide with the above: when the coating was applied for
30 minutes, a phase based on the AIN compound was formed on the al-
uminium substrate, while, on steel 3, a phase based on the compound
Al:O; was formed. It turned out to be interesting that increasing the
technological process time on an aluminium substrate to 45 minutes
had practically no effect on the change in the chemical composition of
the coating, which had the stoichiometric composition Al(No.s400.16)0.64-

In the case of using steel 3 as a substrate, increasing the technologi-
cal process time, on the contrary, led to significant changes in the
chemical composition of the coating. At the same time, it was possible
to obtain a layer with the stoichiometric composition Al(No.s400.16)0.76,
which already corresponds to the phase based on the AIN compound,
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with some excess of the metal component. This is confirmation that the
chemical composition of the coating is influenced by various factors
throughout the technological process. In addition, from the presented
data on the chemical composition of the coating applied to steel 3, it
can be assumed that the coating formed in 45 minutes may not be ho-
mogeneous.

From the presented data (Table1 and Table 2), it was found that,
regardless of the substrate and cathode material used, the obtained
coatings contained a rather large percentage of oxygen (up to 26.5
at.%). To date, it has not been possible to establish accurately the na-
ture of this oxygen. It can only be assumed that part of the oxygen in
the coating gets from the cathode material, and the other from the
used atmosphere. A certain confirmation of this assumption may be
the decrease in the proportion of oxygen in the coating with an increase
in the time of the technological process (Table 1 and Table 2). Depend-
ing on the operating conditions of these coatings, the presence of oxy-
gen in them can have both a positive and a negative effect.

According to data [33—36], with an increase in the oxygen content in
the AIN compound, the magnitude and activation energy of high-
temperature electrical conductivity increase, and, accordingly, the
dielectric properties decrease. The authors of Ref. [36] note that, with
the dominance of oxygen in the AIN compound, two main thermally
activated contributions to electromechanical losses were observed,
namely, inelastic relaxation of point defects at temperatures of 400—
800 K, and electrical conductivity at T'> 800 K.

Comparing the obtained data on the chemical composition of coat-
ings, when using a cathode of AMG-6 alloy and pure aluminium, the
following facts can be noted. First, in cases, where the substrate has a
chemical composition that is identical or close to the cathode used, in
some way, it participates in the formation of the coating. Second, in
the case of a completely different chemical composition between the
substrate and the cathode used, an increase in the process time from 30
to 45 minutes leads to a significant change in the type of coating
formed.

4. CONCLUSIONS

1. It was shown that, when using ductile substrates, such as alumini-
um, for the deposition of aluminium nitride, to prevent the integrity
of the formed layer from being compromised, the coating formation
operation can only be the last one.

2. The chemical composition of the coating was primarily determined
by the gaseous environment, in which it was formed. In those cases,
when the chemical compositions of the substrate and the used consum-
able cathode were similar, the simultaneous action of the substrate and
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the gas environment on the resulting coating could occur.
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3pasKiB 3 BUCOKOMIiIHOr0O uaByHy Mapku BU50, Ha AKi MeTOgOM eJIeKTpPOoiCK-
posoro JseryBanHs (EIJI) HaHoCcHIM MOKPUTTS KOMIIAKTHUMHU €JeKTPOIAMMU-
incrpymentamu (EI) ckaanie (90%BK6+10%1M) i 1M, BUTOTOBJIEHUMY IILJIA-
XOM CHiKaHHA MeTONoM HopoIiKoBoi metanyprii (IIM), a Takox 3 BUKOPHC-
TaHHAM CHEIiAIbHUX TeXHoJoriunmx Hacuuyiounx cepemouirl (CTHC). B pe-
3yJIbTATi MeTaJorpaiuHNX JOCIiIKeHb BCTAHOBJIEHO, II[0 CTPYKTypa IIOBEPX-
HEBOTO0 IIapy CKJIAZAEThCA 3 TPHOX MIISHOK: «0iJoro» Ta mepeximgHoro Iapis
ToBIIMHOK ¥ 15—75 i 10—20 MKM BiAmoBimHO #1 ocHOBHOrO MeTasy. [[ropomer-
PUYHUMH TOCJiTKEeHHAMN BCTAHOBJIEHO, III0 MiKPOTBEPAICTh «6ijloro» mapy i
mepexingHoi 30HU 3HaXOAAThHCSA B Mexkax 6200-13360 i 4290-4900 MIIa Bix-
noBiHO. MiKpPOTBEPAiCTh BiJl MAaKCUMAJIIbHOI Ha ITOBEPXHI MOKPUTTA IIOCTYIIO-
BO 3MEHINYETLCA Y Mipy moryaubiaeHHsa. Hafibinbiry MiKpoTBepAicThb, BiAmoBi-
nHo, 13260 i 12800 MIla, omep:kaHO 3 BUKOPHUCTAHHAM KOMIIAKTHUX €JEKT-
poxa-iHcTpyMeHTiB 3 TBepaoro crony BK6 i HixpomosBoro apory X20HS80 Ta 3
BUKOPUCTAHHAM CTHC 0,5% Si+0,5%B+2% Cr+7%Ni+90% Basesain i
5%Si+5%B+90% Basesin BigmoBigHo. BogHouac ToBINMHA IXHLOTO IIApy IIij-
BuireHoi TBepaoctu carae 50 i 90 mkm Bigmosigmo. Hdocmimxenns Tomorpadii
IOBEepPXHi IMOKas3aJin, 110 IOBEePXHEeBU IIap BCiX 3pas3KiB CKJIaJaEThHCA 3 TPHOX
XapaKTepHUX AiJISHOK: TJIaJKOIl IIOBEePXHi, IIIepCcTKOI moBepXHi, mopu. Ha 3pa-
3ky micaa EIJI emektrpomamu, BuroroBaenuMu meroaom IIM 3 marepisary
90%BK6+10%1M, iHOAi mporiAgaroThCA MiKPOTPIIIMHM Ta IIOPU po3MipaMu
mo 1 MM i 1-3 MM Bigmosigmuo. CieKTpasibHa aHajlisa MoKasaja, I1o IIoBepX-
HEBUH ITIap yCiX 3pas3KiB y BCiX XapaKTepHUX TOYKAX CKJIAJAETHCA 3 €JIEMEHTIB
OCHOBH Ta JIET'YBAJILHOT'O MaTEPiAIy.

KarouoBi cioBa: eleKTpPoicKpoOBe Jier'yBaHHA, €JIEKTPOAA-iHCTPYMEHT, METAaJIO-
rpadiuHa aHajisa, peHTI'eHOCIIeKTpajbHa aHajlisa, IIOBepXHeBUU ITap, IIOK-
PUTTH, CTPYKTYPa, MiKPOTBEPAiCTh, TPIIlIUHY, IIOPHU, CYIiJIbHICTD.

The article discloses the method and the results of the metallographic studies
and investigation of distribution of the coating elements along the depth of
the layers of the high-strength B450 (VCh50) cast-iron samples, which have
been coated by the electrospark alloying (ESA) method with the use of the
compact electrode-tools (ETs) having a composition of (90% BK6
(VK6)+10% 1M) and 1M, while the ETs having been manufactured by powder
metallurgy (PM) sintering method, as well as applying special technological
saturating media (STSM). The metallographic studies have established that
the structure of the surface layer consists of three areas, namely, the ‘white’
and transition layers having the thicknesses of 15—75 and 10—20 microns,
respectively, and the base metal. The durometric studies have established
that the microhardnesses of the ‘white’ layer and the transition zone are
within the ranges 6200-13360 and 4290-4900 MPa, respectively. While
deepening, the microhardness value is gradually decreasing from the maxi-
mum one on the surface of the coating. The highest microhardness values of
13260 and 12800 MPa were obtained, when using the compact electrode-tools
made of hard alloy BK6 (VK6) and the nichrome wire of X20H80 (Kh20N80),
respectively, and applying the STNS of 0.5%Si+0.5%B+2% Cr+7%Ni+90%
petroleum jelly and 5%Si+5%B+90% petroleum jelly, respectively. At the
same time, the thickness values of their layers of increased hardness achieve
50 and 90 microns, respectively. The studies of the surface topography have
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shown that the surface layers of all the samples consist of three characteristic
areas, namely, a smooth surface, a rough surface, and a pore. The micro-
cracks and pores having sizes up to 1 um and 1-3 um, respectively, may
sometimes be seen on the sample after the ESA process with the use of the
electrodes made of the material of 90%BKG6 (VK6)+10%1M by the PM
method. The x-ray spectral analysis has shown that the surface layers of all
the samples consist of the base elements and alloying material at all the char-
acteristic points.

Key words: electrospark alloying, electrode-tool, metallographic analysis, x-
ray spectral analysis, surface layer, coating, structure, microhardness,
cracks, pores, continuity.

(Ompumano 25 ciuns 2024 p.; ocmamoun. gapisum — 27 uepens 2024 p.)

1. BCTY1II

B crarTi [1] 6y70 ontcaHo pe3yabTaTH MOCIiIKeHb 0COOJMBOCTEI Maco-
ImepeHeceHHs 3a eJleKTpoicKkpoBoro Jerysanusa (EIJI) spaskiB 3 Bucoko-
minHoro yaByHy Mapku BU50. EIJI s3xgificHioBaocs KOMIAKTHUMU eJie-
KTpomamu-incrpymentamu (EI), BUTOTOBIEHUMHU METOLOM ITOPOIIIKOBOI
MmeTanyprii, ckaany (90%BK6 + 10%1M) i 1M, ge 1M — 70%Ni, 20%Cr,
5%Si, 5%B, a Tako:k EI 3 TBepmoro crony BK6 i mixpomoBoro apoty ma-
pru X20H80, 3a BUKOPUCTAHHA AKUX Ha 3Pa3KM MOoNepeSHbO HAHOCUIN
creniaabHI TexHoJsoTiuHi Hacuuyioui cepemoBuina (CTHC) ckuaaxgis
0,5%Si+0,5%B+2%Cr+7%Ni+90% Baseain i 5%Si+5%B+90% Basein
Bigmosigmo. E1JI 3paskiB npoBoAMIN ITUKJIIiYHUM JeI'yBauHAM (1 MUK =
=0,5 xB.) Ha ycTaHOBIIi MoA. «EmiTpou-52A» Bupomos:x mo 2,5 xB. 3pa-
s3ku i ElI 3samysanu no ELJI i motim uepes KoxxkHi 0,5 XB. Ha aHamiTHU-
HEUX Barax Mapku «BJIA-200» 3 Trounictio no 107* smaky. EIJI npoBozau-
JIu 3a eHeprii pospany y 0,55, 1,3, 2,61 3,4 II:x.

B pesyabTaTi JOoCHimgiKeHHSA MacollepeHeCceHHs 3i 301JbIIIeHHAM Yacy
EILJI 36inbIyeThea KiTbKicTh TepeHeceHoTo MaTepiany 3 anonu (Am,) Ha
Karony (Am,), a IIEPCTKIiCTh i CYIiJIbHICTL MOKPUTTA IPAKTHUYHO He
aMiHOEThCA. Haiibinbina KinbKicTh MaTepidAly MepeHOCUThCSI 3 ITOYaT-
Ky nporecy ELJI; motiMm mpollec MacomepeHeceHHs IIOCTYIOBO IaJIbMYy-
€ThCsA, 30BCIiM IPUMUHAETLCA Ta MOMKe 3MiHUTHCA PYHHYBAaHHAM HaHe-
CEeHOTO IIapy, To6To Am, crae Big’eMuuM. 3i 30iabIIeHHAM eHeprii pos-
pany Wp mpoiiec MmaconepeHeceHHs 301IbIITyeThCA, ajle Mpolec pynuy-
BaHHA HAaHECEHOTo IMIapy MOKPUTTSA PO3MOUNHAETLCA paHile; BOZHOUAC
30iJBIIYETHCA IIEPCTKICTL MOKPUTTA Ta 3MEHIITYETHCA MOr0 CYILIb-
HICTBb.

ELJI EI, BuroroBnenumu meronom IIM ckaazxis (90%BK6+10%1M) i
1M (8 70%Ni, 20%Cr, 5%Si, 5%B, Ta EI 3 TBepgoro crony BK6 i Hixpo-
moBoro apotry wmapkum X20H80 3 sBuropucramaam CTHC ckiaaznis
0,5%Si+0,5%B+2%Cr+7%Ni+90% Basemiz i 5%Si+5%B+90% Baszerin
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BigmoBigHo 3paskis 3 BU50 iz Wp =0,55 [I»x i mpogykTuBHicTiO @ = 0,67
cM?/XB. CYIIPOBOAKYETHCA MOHMKEHHAM Mexki ImIumHHOCTH (0,) i Mexi
MinHOCTH (0,), a BigHOCHe momoB:KeHHs (0) spoctae. [llepcTKicTh moBep-
XHEBOT0 IIapy 30iIbIITyeThCA, a CYIIiIbHICTD TOKPUTTA (S) 3MEHITYETh-
cdA. Ilicaa 6e3abpasuBHOTO yJILTPasByKoBOro 00pobienuda (BY®O) o, i
o, 30iIBITYIOTHCA, a O 3MeHITyeThbeA. IllepcTKicTh MOBEPXHI 3MEHIITY-
€ThCH, a S 301IbIITYETLCA.

ITo mipi spocrarnua Wp Bix 0,55 10 1,31 3,4 [Ixx Ta @ Bix 0,67 mo 1,01
2,0 cm?/XB. i3 BUKopucTanHAM Tux camux El o, i 6, sMeHIIyIoThCH, 8 O
30ibIIyeThCA, IEPCTKICTh HMOKPUTTA 30iJBINTYyETHCS, a CYIiJIbHICTH
3MeHIIyeThes. Ilicaa mactynaoro BY®O o, i 6, 30iab11yI0TRECA, a & 3Me-
HITyeThbed. IllepcTKicTh MOBEPXHI 3MEHINTYEThCA, a CYIiIbHICTh 36i/Ib-
MIYETHCS.

2. AHAJII3A OCTAHHIX TOCJIZKEHD I ITYBJIKAIII

B crarTi [1] 6y7s10 mpoBezeno aHaIisy JiTepaTypHHUX J:Kepesi, 1o CTOCY-
IOTBCS 3MIITHEHHS MAaTepisjiB BHUCOKOKOHIIEHTPOBAHUMU IKepeaMu
marpisy (BKIIH), Axi BUKOPUCTOBYIOTBCA II[OJI0 NETAJIB 3 BUCOKOMIIT-
HOT'0 YaBYHY IIiJl Yac MIasMOBOT0 MOAU(DIKyBaHHA 63 OTOIJIEHHS IIOBe-
pxHi [2], MogudiKyBaHHS NIIIKEPHUM CIIOCOO0M, IMJIAXOM HaHECEeHHS
CyMiIlli y BUTJISAAI CTPYKKHU Oisoro uaByny [3], GpuKIiiHuM 00p00IeH-
HaM [4], BBeIeHHAM y CTPYKTYPY AOMiItok-MoaudikaTopis [5, 6], miisa-
XOM peryJIlOBaHHS YMOB KpucTasisalii Bupob6iB [7—9], momepenHim Imi-
girpiBamuam ¢opmu y rasosiit meui [10] go HeoOXimHUX TeMIepaTyp.
Tarkox mociigKyBaJiu JiTepaTypHi Ta IaTeHTHi AyKepea, B AKUX IPe-
CTaBJIEHO IIPOI'PECUBHI TEXHOJOTII 3MiITHEHHS ITOBEPXHEBUX IIapiB Me-
TaJIeBUX IIOBEPXOHL 32 PAXYHOK HAaHECEeHHA MII[HUX i 3HOCOCTIiHKUX II0-
kputtiB [11-13], maTomnennsa [14, 15], apmyBanHa Kapbigzom Boand-
pamy [16], HameceHHA MOKPUTTIB 3 okcuny Amtominito [17—-19], xpomy-
BauHA [20] exexTpoaituunum MetomoM [21, 22] Torro. 3aIporIoHOBAHO
¥ MmeTonu mocaimsxenns [23].

Bararo yBaru 6yio mpuUIijieHO TeXHOJIOTiAM, SKUX cGHOPMOBAHO Ha
OoCcHOBi MeTOny eeKTpoicKkpoBoro geryBanud (EIJI), sacTocyBaHHA AKUX
YMOKJIUBIIIOE B IIIUPOKUX MeyKaxX YIpaBJIATH IIapaMeTpaMu AKOCTHU TO-
BePXOHD JAeTaJiB Ha HaHOpiBHI [24, 25].

Cruing BigmiTuTH, 1110 TexHojsoriaMu EIJI Moxauso ¢opMyBaTH IIOK-
PHUTTS Ha JIOOUX CTPYMOIIPOBITHUX MeTajaX, BUKOPUCTOBYIOUM B AKOC-
Ti eIeKTpoau-iHCTPYMeHTy umcTi Metanu [26—28], kpuili pisuHoro cry-
nensa jgerysauua [29, 30], cromu [31], rpadir [32] Tomro. Tako:xk 6yJio
BigMiueHO, IO MOTEHI[ITHO MOMKYTH OyYTH KOPHUCHMMH 0araToIllaposi
nokputrtda [33, 34] abo Ti, AKi cKJIamaIOTHCSI 3 TBEPAUX 3HOCOCTIMKUX i
M’AKUX aHTUQPUKIIHHTX MeTandiB [35—37], a TaK0oK MOKPUTTA, chop-
MOBaHi KoMOiHaIiero mAeKisnbKox TexHoJoriii: EIJI + moBepxHeBa miac-
tuuHa gedopwmaria (IIT11) [38], EIJI + nasepue o6pobdaenua (JIO) + Ha-
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HeceHHA MeTajomnoaiMmepaux martepiaais (MIIM) [39], ELJI + kouaeHco-
BaHe iomHe 6omOapayBaunsa (meton KIB) [40], ELJI + fionHe asoTyBaHHA
(TA) [41], ELIJI+MIIM~+IIIII (o6xaTKOO KyabKoio) [42]. [leaki TexHOJO-
rii E1IJI e aabrepHaTuBHuMHu I1oAo TexHoJgoriit XTO: memenrarrii [43],
HiTpomemenrariii [44, 45], asoryBanHsa [46] To1r10.

3 MeTo0 BuGOPY KpalllUX TeXHOJIOTIH AJIA PEMOHTY YaBYHHUX JeTa-
JiB ciTbChKOTOCIOAAPCHKOI TeXHiKM aBTopu [47] amasisyBasu Metonu
rasorepmiuHoro Hamopomureunusa [48,49], JIO [50-53] it ELJI. IlepeBary
oyao Bigmano metony EILJI, axuii mepeBakae OiJbIIiCThL TPASUIiNHUX
METOJiB, a cepel MATEePifAJiB eJIeKTPOa-iHCTPYMEHTiB OyJ/I0 3aIIPOIIOHO-
BaHO MPYTKHU 3 Hixpomy X20HS80 [47].

B nonepeauix gocaigsKeHHAX A 00POOJEeHHS JeTAJiB i3 KPUI[i HaM1
BUKOPUCTOBYBaJuCcA KoMIakTHiI EI, BUTOTOBJIeHI METOZOM IIOPOIITKOBOI
MeTaJyprii, AKi cKJIagaoThea 3 TOHKOAUCIIepcHOI cymii 1M i TBepaoc-
Tonuoi cymimni BK6. Cepen mmx mOCHiMKeHMX MATEPidaiB y pisHHX
CIIiBBiIHOIIIEHHAX HAMOIIBIIIOr0 BUKOPUCTAHHSA OTPUMAJIN MATEPidAan:
90%BK6+10%1M, ge 1M mae B cBoemy crJaaxi 70%Ni, 20%Cr, 5%Si,
5%B. Bouu gaioTh 3mMory (opMyBaTH IIOBEPXHEBi ITapu Ha KPUIEBUX
IMOBEPXHAX 3 MiKpoTBepaicTio mo 14200 MIla, a ckmrany 1M — 11500
MIIa [54]. B poGorax [55,56] MOKPUTTA BUIEO3HAUEHOTO CKJIALY
(90%BK6+10%1M) HaHOCHUIN KOMIIAKTHUMU €JeKTPOAaMHU 3 HiXpPOMO-
Boro apoty X20HS8O0 i rBepmoro crony BK6 3 BUKopuCTaHHAM CIIEIiA]b-
HUX TexHoJoTiuHux Hacuuyiouux cepemoBuill (CTHC), y ckaam axux
BXOIATH BiJICYyTHI Jler'yBaJIbHi e IeMeHTH.

MerToto 1aHOI POOOTH € YIOCKOHAJEHHA TeXHOJOril 3aX1CTy AeTaliB 3
BUCOKOMIITHOTO YaBYHY BiJl 3HOIITYBaHHA IJISAXOM JOCJIiIKEeHHA Maco-
ImepeHeceHHs, Tomorpadii, CTPYKTypH, eJIeMeHTHOTO CKJIAAY Ta MeXaHi-
YHUX BJIaCTHUBOCTell KombiHoBanux MOKPUTTIB (90%BK6+10%1M) Ta
1M, chopmMoBaHUX Ha iXHiX moBepxHAX MeToAoM EIJI AK KOMIaKTHUMU
EI, BuroroBieHuMu METOAOM IIOPOIIMKOBOI MeTanyprii (IIM), Tak i 3 Bu-
Kopuctauuam CTHC.

3. METOJIHUKA TOCJIIKEHD

B poboTi a5 nmpoBegeHHA OOCTiAKEHb BUTOTOBJISIIN 3pasKy 3 BHUCOKO-
mintaoro uaByHy Mmapku BU50 (I'OCT 7293-85) poamipom 10x10x8 mm,
Ha aki merozom EIJI mamocunu mokpurtsa KommakTHuMu El cxiaany
(90%BK6+10%1M) ta 1M, chopMoBaHi Ha IXHiX TOBEPXHAX AK KOMIIA-
KTHUMU El, Burorosiaenumu cuikamaam metoaom IIM, Tak i 3 BUKopmc-
rauuam CTHC.

ITicinsa o6pobJienHA BUMiproBaacsa IMIEPCTKICTh MOBEPXHi HA mpuIami
npodinorpad-nmpoditomerep mox. 201 saBoxy «Kamiop». Pesyiabratu
¢ixcyBaJm 3a JOIIOMOTOIO CHeiAJabLHOI mpucTaBKu. Tomorpadgdiio mosep-
XHi micyia 06pobieHHA BUBYAJIN 34 JOIIOMOTOIO PACTPOBOTO €JIEKTPOHHO-
ro mikpockoma PEM-106 I.
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Meranorpagiuny aHanisy 3paskiB IIpoBOAUIIN 34 CTaHAAPTHOIO METO-
IUKOI0 Ha OIITHYHOMY Mikpockomi «HeodoT-2» Ta pacTpoBOMYy eJIeKT-
pouHoMy Mikpockoni « PEMMA-102» Bupo6uumntea BAT «SELMI», 3a
JOTIOMOT'0I0 AKOT'0 IPOBOAMJIACA OIliHKA AKOCTHU MIapy, AOro CyIiJbHOC-
TH, TOBIIMHU Ta OYAOBU 30H Hifgmiapy — au@ysiiinoi soumu. Taxkox 3a
JIOTIOMOT'0I0 eJJeKTPOHHOTO MiKpPOCKOIa IIPOBOoAMIacAa AKicHa Ta KijabKi-
CHa CHeKTpaJibHA aHaJliza IMOJ0 BU3HAUEHHA XEMiUHOTO CKJAIy IIOK-
putrtiB. MikpodoTorpadii niigHOK ITOBEPXHi 3pas3KiB oflep:KaHO B pe-
JKUMi (opMyBaHHA 300pa’keHHS CTPYMOM BTOPMHHUX €JEeKTPOHIB 3a
IPUIITBUAIITYBAJbLHOI HAIPYTHW Ha eJeKTPOHHill rapMaTi MiKpocKoma y
20 kB i ctpymy sounay (myuxa) y 200 mA. BogHopas Ha IOBepXHi IIOK-
puTTsa Bubupaau 3 30HU (TJIAAKY IIOBEPXHIO, IIIEPCTKY IIOBEPXHIO ¥ II0-
Py) Ta B KOKHil TOUIli 3 HUX BU3HAYABCA €JIeMEHTHUH CKJa] HaHeCceHO-
IO IIOKPUTTA.

Tarko:x mpoBoaMJIACSA JIOPOMETPUUYHA aHaJida Ha PO3MOLLI MiKpPOTBe-
pAoOCTH y IIOBEepXHEeBOMY Iapi i mo rumbuHi muriga Big mosepxwi. Mi-
PAHHSA MiKPOTBEPAOCTH MPOBOAUJIUN Ha MikpoTrBepaomipi IIMT-3 Baas-
JIOBAaHHAM AiAMAaHTOBOI mipamigu mig masauTaxkenuaMm y 0,05 H, srigmo
3T'OCT 9450-76.

4. PE3YJDbBTATH JOCJIAsKEHD

Ha pucynkax 1-4 moxasamo cTpyKTYpY (@) Ta posmonia MiKpoTBepaoc-
1 mo raubuni mapy (6) 3a EIJI uaByny mapxu BU50 komnakTaumu El
cxaanis (90%BK6+10%1M) it 1M, BurotoBiaenumu metonom IIM, (puc.

20.00KV._ x500 15 30 45 h, MKM
B 6

Puc. 1. MikpocTpyKTypa (@) Ta po3moAiJ MiKpOTBEPAOCTH 110 IInOuHi 1mapy (6)
3a EIJT BU50 xomnakTHOIO eeKTpoaoo-incTrpymerTom 90%BK6+10%1M.

Fig. 1. Microstructure (a) and microhardness distribution along the depth of
the layer (b) in the course of ESA processing high-strength B450 (VCh50) cast
iron by the compact electrode-tool of 90%BK6 (VK6)+10%1M composition.
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20.00kV.__ x500 100y

15 30 45 h, MKM
6

Puc. 2. MikpocTpyKTypa (@) Ta po3moij MiKpOTBEPIOCTH 110 TANOMHI 1mapy (0)
3a EIJI BU50 xoMIaKTHOIO eJ1eKTPoot0-iHcTpyMeraTomM 1 M.

Fig. 2. Microstructure (a) and microhardness distribution along the depth of
the layer (b) in the course of ESA processing high-strength B450 (VCh50) cast
iron by the compact electrode-tool of 1M composition.

WD=10dmm 20.00kV. %600 15 30 45 h, MM
a 6

Puc. 3. MikpocTpyKTypa (a) Ta po3moAis MiKpOTBEpPIOCTH 110 TINOuHI 1mapy (6)
3a EIJI BU50 emexTpomoro-iHcTpymMeHTOM 3 TBepaoro crorny BK6 3 Bukopuc-
ragaam CTHC ckaxany 0,5%Si+0,5%B+2% Cr+7%Ni+90% Baseain.

Fig. 3. Microstructure (a) and microhardness distribution along the depth of
the layer (b) in the course of ESA processing high-strength B450 (VCh50) cast
iron by the compact electrode-tool made of BK6 (VK6) hard alloy with the use
of the STSM having the composition of 0.5%Si+0.5%B+2%Cr+7%Ni+90% pe-
troleum jelly.

1i 2 BigmoBigHO) Ta KommakTHUMHU El 3 TBepmoro cromy BK6 (puc. 3) i
HixpomoBoro apoty mapku X20H80 (puc. 4) 3 sBukopuctanuam CTHC
ckiaaznis 0,5%Si+0,5%B+2%Cr+7%Ni+90 Bazerain i 5%Si+5%B+90% Ba-
3eJIiH BigmOBigHO.

ITapaMeTrpu AKOCTH IMOBEPXHEBUX IIAPIB IOKPUTTIB, C(PpOPMOBAHMX
Ha 3pasKax 3 BucokoMiiuoro uasyny BU50, masegeno B Tada. 1.
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WD=10.5mm 20.00RY 00100, 20 40 60  80h, Mkm
a 6

Puc. 4. MixpocTpyKTypa (@) Ta po3moAij MiKpPOTBEPAOCTH 10 TIuOMHi 1mapy (6)
3a EIJI BY50 EI 3 mixpomosoro apory X20H80 ra Bukopucranas CTHC cknany
5%Si+5%B+90% Basein.

Fig. 4. Microstructure (a) and microhardness distribution along the depth of
the layer (b) in the course of ESA processing high-strength B450 (VCh50) cast
iron by the compact electrode-tool made of nichrome wire of X20HS80
(Kh20N80) grade with the use of the STSM having the composition of
5% Si+5% B+90% petroleum jelly.

TABJINIIA 1. Pesynabratu MeTamorpadiunumx gocaigxers 3paskiB BUS0 micas
EII komnakTaumu El ckaany (90%BK6+10%1M) it 1M ta EI 3 TBepmoro cromy
BK6 i HixpomoBoro apoty mapku X20H80 3a sukopucranaa CTHC.

TABLE 1. The results of metallographic studies of the high-strength B450
(VCh50) cast iron samples after ESA processing by the compact electrode-
tools of the compositions of 90%BK6 (VK6)+10%1M and of 1M, and by the
electrode-tools made of BK6 (VK6) hard alloy and of nichrome wire of
X20H80 (Kh20N80) grade with the use of the STSM.

TosmuHa, MKM MiRpol;/l‘[Ei_(ip,uic'rL,
Marepisan o : = -
eJIEKTPOIU Crmag CTHC, % Binoro Hepe§1- Binoro Hepe)fl-
mapy | AEOL | apy | AHOE
30HHU 30HN
90%BE6+10%1M - 25-30| 15 | 82001 4990
C o 12500
5970—
1M _ 25-30 | 15 | 2900 | 4800
0,5S110,5B+2Cr 7N+ | 9540—
BK6 90 pasein 15-40 | 10 | 3960 | 4900
Hixpoym X20HS0 |5%Si+5%B+90% pasexin| 45-75 | 20 i’ggga 4780

B pesyabraTi anamisu puc. 1-4 Ta Tabs. 1 BcTaHOBJIEHO, IO 3a HaHe-
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cenns metogoM EIJI mokpuTTis Ha uaByH Mmapku BY50 cTpyxTypa mosep-
XHEBOT0 IIapy CKJAJAEThCA 3 TPHOX TIISHOK: «0isloro» Ta mepexigHOro
mapis ToBIMHOW y 15—75 1 10—20 MKM BigIOBigHO I OCHOBHOT'O METAJY.
MikpoTBepaocTi «bisoro» 1mapy # nmepeximgHoi 30HU 3HAXOIATHCSI B Me-
kax 6200-13260 i 4290-4900 MIla Bigmosigmo. BoHu Bij MaKcuMaJIb-
HUX 3HAUeHb Ha ITOBEPXHi ITOCTYIIOBO 3MEHIITYEThCA BIJINO TiAKIaTUHKN.
Hai6inemri mikporsepgocti y 13260 i 12800 MIla BigmoBigHo omepika-
HO 3 BUKopuctaunaaM KomnakTHuX El 3 TBepmoro cromy BK6 i mixpomoso-
ro agpotry X20H80 ta CTHC 0,5%Si+0,5%B+2% Cr+7%Ni+90% Basesin i
5%Si+5%B+90% Basenin BigmoBimHo. BomHouac TOBIMMHMN iXHiX ITapiB
migBUIIeHOoi TBepaocTu caraioTs 50 i 90 mxMm (puc. 3 it 4) BimmoBigHo.

4.1. locaia:xeHHsI HA PACTPOBOMY eJIeKTPOHHOMY MiKkpockori « PEM-106 I»

Ha pucyury 5, a i 6 npezacrasiieno Tonorpadgiro mosepxui spaskis 3a EIJI
yapyny mapku BU50 komnaxTaumu EI 90%BK6+10%1M i 1M BigmosigHo.

s omep:xaHHSa Pe3yJabTATiB IOA0 HAABHOCTHY Ta KiJIbKOCTH XeMiu-
HUX eJIeMeHTiB Ha MMOBEPXHi MOKPUTT 00MpaId TPU XapaKTepHi souu: 1
— IIEPCTKY IIOBEPXHIO, 2 — MOPY, 3 — TIAAKY IIOBEPXHIO. 3 KOMKHOIL
OiIAHKY B TOYIl (PiKcyBasu cIeKTep, II0 XapaKTepus3ye HasdABHICTL xXe-
MiYHUX eJIeMeHTiB, a TAaKOK 3HiMaJI1 3araJbHUNA CIIeKTep 3 yciel miisaH-
KU ITOBepxHi (X).

KinbkicHUi cKJIag XeMiUYHUX eJIeMeHTiB, AK B XapaKTepPHUX TOUYKAX
OOKpPUTTiB, HaHeceHux wmeromoM EIJI kommakTamMm EI craaxgis
90%BK6+10%1M i 1M Ha uaByHi mapku BU50, Tak i 3 yciel gocaimxy-
BAHOI ITOBEPXHi, IIpeACcTaBIeHO B Ta0I. 2.

Amnamiza puc. 5 i Tabu. 2 mokasaja, 10 Ha TOBepxXHi chopMoBaHUX
MOKPUTTiB, KoJau B AKOCTi El BUKOPHCTOBYBaJIu KOMIIAKTHI €JIEKTPOIU
90%BK6+10%1M i 1M, nopucyTHi XemiuHi exeMeHTH, 110 BXOIATH IO
iXHBOTO CKJIaNy, i HedHAUHA KiJIbKicTh PepyMy, II10 BXOAUTH 10 CKJIALY
OCHOBU 3pasKiB. Boagmouac HaiibiabIna KigTbKicTs @PepyMy 3HAXOIUTHCS
B mopax — 8,09 i 3,98% ta mokpurtax ckaagis 90%BK6+10%1M i 1M
BiITIOBiTHO.

Ha pucynky 6 mpencTaBiieHO pe3yJbTaTH eJeKTPOHHO-MiKPOCKOMIiU-
HUX JOCJimKeHb Tonorpadii moBepxHi 3paskis miciasa EIJI uaByny map-
ku BUY50 komnaktuumu El 3 TBepmoro crony BK6 (puc. 6, a) i Hixpomo-
Boro apoty mapku X20HS80 (puc. 6, 6) sa Bukopuctrauua CTHC ckimanis
0,5%Si+0,5%B+2%Cr+7%Ni+90 Basenin i 5%Si+5%B+90% Basesnin Bi-
JOIIOBiTHO.

KinbkicHUi cKJIag XeMiuHUX eJeMeHTiB, K Y XapaKTepHUX TOUKax
ODOKpPUTTiB, Hanecenux meTonoMm EIJI komnakTaumu El 3 TBepmoro cro-
my BK6 (a) i mixpomosoro apory mapku X20HS80 (6) 3 BUKOpUCTAHHAM
CTHC 0,5%Si+0,5%B+2%Cr+7%Ni+90% Baszexain i 5%Si+5%B+90% Ba-
3eJid BigmosimHo Ha uaByHiI mapku BUYb50, Tak i 3 yciel gocaimsxyBaHoil
IIOBEPXHi, mIpeacTaBIeHo B Tab. 3.
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Puc. 5. Tonorpadia ginauku moBepxHi 3paskiB 3a EIJI waByny mapku BU50
xkomnaxkTHuMHU El (a) 90%BK6+10%1M i (6) 1M (1 — mIepcTKa IOBEPXHA, 2 —
mopa, 3 — rJIagKa IMoBepXHsd).

Fig. 5. Topography of the surface area of the high-strength B450 (VCh50)
cast iron samples in the course of ESA processing by the compact electrode-

tools of the compositions (a) 90%BK6 (VK6)+10%1M and (b) 1M (1—rough
surface, 2—pore, 3—smooth surface).

TABJINIA 2. EnemeHTHU CKJIa[ MOKPUTTIB y XapaKTePHUX TOUKaX i 3i Bciel
JOCHifKyBaHol moBepxHi'.

TABLE 2. The elemental compositions of the coatings at the characteristic
points and over the entire surface” being investigated.

HocuimxyBana EnemenTu, %
Toéﬁigggg)fgf‘a C W Co | B Si | Cr | Ni | Fe
90%BK6+10%1M
1 2,48 87,15 3,81 - 1,50 10,20 10,70 4,16
2 2,97 183,12 3,14 - 1,70 0,17 10,81 8,09
3 2,54 86,42 (3,57 - |1,10 10,19 10,69 5,49
z 2,61 85,91 3,12 - 10,89 10,19 10,68 6,60
1M: 70%Ni, 20%Cr, 5%Si, 5%B
1 3,16 - - 4,17 4,71 (17,41 69,23 | 1,32
2 3,27 - - 4,01 4,53 (16,29 67,92 | 3,98
3 3,41 - - 4,20 4,71 (16,97 68,20 | 2,51
) 3,31 - - 4,28 4,32 (17,07 69,05 | 1,97

*1 — mepcTKa HOBepXHs, 2 — Iopa, 3 — IJIafKa HOBepXHH.

Amanisa pucyHKy 6 i TabJ. 3 moKasaJja, II[0 Ha IIOBEePXHi chopmMoBa-
HUX MMOKPUTTIB, KOJU BUKOPUCTOBYBaau KoMmakTHi EI 3 TBeporo cro-
oy BK6 i mixpomosoro apoty mapku X20H80 3 Bukopucrtanaam CTHC
0,5%8Si+0,5%B+2%Cr+7%Ni+90% Bazenia i 5%Si+5%B+90% Baszenin
BiITOBiAHO IPUCYTHI XeMiUHi eJJeMeHTH, 1110 BXOAATH A0 IXHBOTO CKJIa-



IIOBEPXHEBI BJIACTUBOCTI BUCORKOMIITHNX YABYHHUX NETAJIIB 727

Iy, i He3HauHAa KiJgbKicTh @Pepymy, 110 BXOAUTE 10 CKJIALY 3pas3KiB.
Bogmouac maiibingpiia KiabkicTe @epyMy 3HAXOAUTHCA Y HOpax —

Puc. 6. Tommorpadisa ginauku moBepxHi 3paskis 3a EIJI wasyny mapku BU50 EI 3
TBepaoro crorry BK6 (a) i HixpomoBoro apory mapku X20H80 (6) 3 BuKopucTaH-
aam CTHC 0,5%Si+0,5%B+2%Cr+7%Ni+90 Bazenin i 5%Si+5%B+90% Basemiu
BigmoBigHO (1 — 1IepcTKa MOBEPXHA, 2 — Topa, 3 — TJIaJKa IIOBEPXHA).

Fig. 6. Topography of the surface areas of the high-strength B450 (VCh50)
cast iron samples in the course of ESA processing by the electrode-tools made
of BK6 (VK6) hard alloy (a) and of nichrome wire of X20H80 (Kh20N80)

grade (b) with the use of the STSM 0.5%Si+0.5%B+2%Cr+7%Ni+90 petro-
leum jelly and 5%Si+5%B+90% petroleum jelly, respectively (1—rough sur-
face, 2—pore, 3—smooth surface).

TABJINIIA 3. EneMeHTHUI CKJIAL HOKPUTTIB Y XapaKTePHUX TOUKAaX i 3i Bciel
mocrimxyBanol moBepxHi'.

TABLE 3. The elemental compositions of the coatings at the characteristic
points and over the entire surface” being investigated.

HocaimsxyBaHa Touka i EnemenTn, %
pinanka (Z)moepxHi| C | W [ Co | B | Si | Cr [ Ni | Fe
Kommnakruuit EI BK6
i CTHC ckaany 0,5%Si+0,5%B+2%Cr+7%Ni+90% Basenin
1 2,51 | 84,16 | 3,91 | 0,39 |(0,41|1,59|6,27|0,76
2 2,85 82,23 | 3,74 | 0,27 |1,20|1,61|5,93|2,17
3 2,59 |83,91| 3,63 | 0,28 [0,41|1,84|6,42 0,92

) 2,71 /83,71 3,71 | 0,49 |0,49|1,86|6,79|0,73
Kommakruuit EI mapku X20H80 i CTHC ckaaxy 5%Si+5%B+90% Bazenin

1 3,24 - 4,17 [4,71)17,1368,31) 2,44
2 3,85 - - 4,01 |4,53]16,21/63,79 7,61
3 3,43 - - 4,20 [4,71|17,82/66,41) 3,43
) 3,37 - - 4,28 |4,32]17,98/66,89 3,16

“1 — mIepcTKa HOBEPXHH, 2 — II0pa, 3 — IIafKa IOBePXHH.
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7,611 2,17% Ta moxpurrax, copmMoBaHUX KoMmakTHuMu EI 3 Hixpo-
moBoro apoty Mapku X20HS80 i Treepgoro crony BK6 BizmosigHo.
Haii6inpmia KinmbKicTh XeMiUYHNX €JIeMEeHTiB y HOKPUTTAX BiAmmoBizae
XeMiuHUM eJIeMeHTaM, II10 BXOAATh A0 CKJIAaIy KOMIAKTHUX eJeKTPOI.
ITe — Boabppam i KobanbT, 1110 BXOAATH A0 CKJIAAy TBEPIOTO CTOMIY
BKG6, Ta Hikenn i Xpom, 3 AKkux ckjaagaoTbea El 3 HixpoMoBoro gpory

WD=13.2mm 20.00kV_ x1.00k

Puc. 7. Jlinig ckamyBaHHS Ta PO3MOAiT MiKpPOTBEPAOCTH IO TJIMOMHI IIapy 3a
ELJI BUY50 komnaxkTauM El ckaany 90%BK6+10%1M.

Fig. 7. The scanning line and the microhardness distribution along the depth
of the layer in the course of ESA processing the high-strength B450 (VCh50)
cast iron samples by the compact electrode-tool of the composition of 90%BK6
(VK6)+10%1M.

TABJINIA 4. PesynbTaT JOKaJILHOI €HEPTOAUCTIIEPCiTHOI aHATI3Y TOKPUTTA,
chopmoBaHOro Ha 3pas3ky 3 uaByHy mapku BU5H0 micaa EIJI kommakTaum El
cxaany 90%BK6+10%1M.

TABLE 4. The results of local energy dispersive analysis of the coating formed
on the high-strength B450 (VCh50) cast iron sample due to ESA processing by
the compact electrode-tool of the composition of 90%BK6 (VK6)+10%1M.

ITokpurra: 90%BK6+10%1M; kpok ckanyBauHsa — 10 MKM

C w Co B Si Cr Ni Mn Fe 2, %
2,37 | 85,23 | 3,76 - 1,48 | 0,21 | 0,67 — 6,28 100
2,67 | 84,16 | 3,72 - 1,32 | 0,18 | 0,61 — 7,44 100
2,62 | 76,17 | 3,12 - 1,38 | 0,14 | 0,43 | 0,11 | 16,03 | 100
2,91 | 41,14 | 1,91 - 1,46 | 0,16 | 0,21 | 0,24 | 51,97 | 100
3,61 | 17,21 | 0,73 - 1,39 | 0,13 | 0,08 | 0,41 | 76,54 | 100
3,63 0,78 0,13 - 1,58 | 0,12 | 0,02 | 0,49 | 93,25 | 100
3,58 - - - 1,92 | 0,15 - 0,53 | 93,82 | 100
3,43 - - - 1,32 | 0,14 0,46 | 94,65 | 100
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mapku X20HS80.

Ha pucynky 7 mokasaHo JIiHil0 CKAaHYBaHHA XeMiUHUX eJeMeHTiB II0
TIMOMHI TOBEPXHEBOTO IMIapy 3paska 3 uaByny Mmapku BU50 micasa mgery-
BaHHA KoMmOnakTHUM EI 90%BK6+10%1M, a B TabJi. 4 HaBeAeHO pPe3y.Jib-
TaTHU JIOKAJbHOI eHeproaucuepciiinol ananisu chopMOBaHOTO ITIOKPUTTA.

Amnanisa Tab6i. 4 mokasye, 1o Boabsppam i KobanbT, MakcumaabHa
KiJIbKicTh AKMX Ha MOBepXHi ckaagzae 85,23 i 3,76% Bigmosigxo, a Ta-
Kok Hikenn (0,67%) y Mipy BimmangeHHsA Bix moBepXHi IIOCTYIIOBO 3HU-
KaioTh i Ha Bigmani y = 50 MKM He BuaBIA0ThCA. KiabKicTs @epymy, 1110
€ OCHOBHUM €JIEMEeHTOM YaBYHY, Bil MiHiMaabHOI KiTbKOCTU Ha MOBEP-
xHi y 6,28%, HaBOakKM, IIOCTYIOBO 30iJbIIyeThca i Ha Bigmanmi y =50
MKM BiJ ITOBepXHi BiIIIOBijla€ KiJIbKOCTI, IIT0 3HAXOAUTHCS Y YaBYHIi Ma-
pxu BU50. Ha riun6uni y =20 mxm 3’ aBaserbesa Mauran (0,11%), axuii
y Mipy BiggajieHHsA BijJ IIOBEPXHI MOCTYIIOBO 30iJIbIIYyETHCA M0 KiIbBKOC-
TH, 1110 € y 4aByHi mapku BY50, — =0,3-0,7%. Cuxniniit i Xpom BxXO-
IATHh 00 cKJjaany yaByny BU50 i ToMy TaKoK BUSABIAIOTHCA aHAJIIZ00 Y
KiJIBKOCTI, IO BiZIIIOBiJla€ MApPOUYHOMY CKJIay OCHOBH.

Amnaniza Tabuauili 5 mokasye, mo Hikensb i XpoMm, MaKcuMaabHa Kilb-
KicTh SKMX Ha IMOBepxHi ckaamae 68,03 i 17,67% BiamoBigHO, a TAKOX
Cuniniii (4,55%) i Bop (4,11%) y mipy BiggamenHs Big 06pobieHoi mo-
BepXHi Briamb migKJaAUHKN IIOCTYIIOBO 3HMKAIOTEL i Ha ramnbuHi v =60
MKM 30BCiM 3HMKAaOTh, KpiMm Cuiiiito, AKui BXoAUTE A0 ckjaany BU50.
depyM, 1110 € OCHOBHUM €JIeMEHTOM UaBYHY, BiJl MiHiMaJIbHOI KiJIbKOCTH
Ha MOBepxHi y 2,28%, HaBIaKM, IOCTYIIOBO 30iJbIIyeThCA i HA TINONHI
y =z60MKM BimmoBimae mapoumomy BMmicty BU50. Ha raumbuni y
=20 mxM 3’aBasgersbea Maurau (0,17%), akuit y Mipy saraubJjeHHs Ioc-

TABJIUIIA 5. PesynbTaTt TOKaJIbHOI €HeProgucIepciiHoi aHaIisy MTOKPUTTS,
copmoBanoro Ha 3pasky 3 uaByuny mapxu BU5S0 micaa EIJI kommnakTaum El
ckaaxy 1M: 7T0%Ni, 20%Cr, 5%Si, 56%B.

TABLE 5. The results of local energy dispersive analysis of the coating formed on
the high-strength BU50 (VCh50) cast iron sample due to ESA processing by the
compact electrode-tool of the composition of 1M: 70%Ni, 20%Cr, 5%Si, 5%B.

ITokpurta 1M: 70% Ni, 20% Cr, 5% Si, 5% B; kpok ckanyBanHa — 10 MKM

C B Si Cr Ni Mn Fe 2,%
3,36 4,11 4,55 17,67 | 68,03 - 2,28 100
3,21 4,01 4,07 14,31 | 61,15 - 13,25 100

3,51 3,34 3,58 10,28 | 43,14 0,17 35,98 100
3,64 2,23 2,14 4,72 23,54 0,23 63,50 100
3,52 0,72 1,89 1,12 8,95 0,31 83,49 100
3,67 0,01 1,61 0,43 0,73 0,38 93,17 100
3,70 - 1,91 0,13 - 0,52 93,73 100
2,93 - 1,33 0,12 - 0,47 95,14 100
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TYIOBO 301JIBIIYETHCA O MapouHoro BMictTy uaByny =0,3-0,7%.

Ha pucyukax 8 i 9 moxasano JiHil ckaHyBaHHA XeMiUHUX eJIeMEeHTiB
mo raubuHi IOBEPXHEBOro IIapy 3paska 3 uaByny BUS0 3a jerysamusa
rkomuakTEuM EI BK6 i CTHC craxany 0,5%Si+0,5%B+2%Cr+7%Ni+90%
BaseJiH, a B Ta0J1. 6 HaBeJeHO Pe3yabTaTH JIOKAJIbLHOI eHeprogucIepciii-
HOI aHaIi3u ¢c(pOPMOBAHOIO IOKPUTTS.

Amnajiza Tabauii 6 moxkasye, 1o Boabsdpam i KobaabT, MakcuMaabHa

20.00kV._ x500

Puc. 8. Jlinmig ckamyBaHHS Ta PO3HOAiT MiKpPOTBEPAOCTH IO TNIMOWHI IIapy 3a
ELJI BU50 komnaxkTauMm El cknagy 1M.

Fig. 8. The scanning line and the microhardness distribution along the depth
of the layer in the course of ESA processing the high-strength B450 (VCh50)
cast iron samples by the compact electrode-tool of the composition of 1M.

Puc. 9. Jlimia ckamyBaHHS Ta PO3HOAiJ MiKPOTBEPAOCTH IO TJIMOWHI mIapy sa
EIJI 3paskis 3 uaByny mapxu BU50 EI 3 TBeporo crony BK6 3 BUuKopucTanuam
CTHC.

Fig. 9. The scanning line and the microhardness distribution along the depth of
the layer in the course of ESA processing the high-strength B450 (VCh50) cast
iron samples by the electrode-tool of the BK6 (VK6) hard alloy and with the use
of the STSM.
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TABJINIIA 6. [laui ntoxkanbHOI eHeproaucIiIepciiinol anaaisy mOKPUTTA, chop-
MOBAHOTO Ha 3pa3ky 3 uaByHy Mapku BU50 micia EIJI kommakTaum El 3 TBep-
moro crony BK6 3 Buxopucranuam CTHC 0,5%Si+0,5%B+2%Cr+7%Ni+90%
BaseJIiH.

TABLE 6. The results of local energy dispersive analysis of the coating
formed on the high-strength B450 (VCh50) cast iron sample due to ESA proc-
essing by the compact electrode-tool of the BK6 (VK6) hard alloy with the use
of the STSM of the composition of 0.5%Si+0.5%B+2%Cr+7%Ni+90% petro-
leum jelly.

IToxpuTTa 3 TBeproro crory BK6
3 CTHC 0,5%Si+0,5%B+2%Cr+7%Ni+90% Bazesii; Kpok ckanyBauHsa — 10 MKM

C w Co B Si Cr Ni Mn Fe 2,%
2,61 | 84,17 | 3,91 | 0,39 | 1,22 | 1,61 | 2,53 - 3,66 100
2,79 | 79,14 | 2,76 | 0,37 | 1,25 | 1,32 | 2,14 - 10,23 | 100
2,91 | 51,67 | 1,15 | 0,32 | 1,38 | 1,14 | 1,37 - 40,06 | 100

2,73 | 11,17 | 0,73 | 0,27 | 1,42 | 0,23 | 0,75 | 0,12 | 82,568 | 100
3,10 | 0,95 | 0,07 | 0,08 | 1,72 | 0,15 | 0,33 | 0,32 | 93,28 | 100
3,43 | 0,06 | 0,01 - 1,63 | 0,14 | 0,02 | 0,44 | 94,27 | 100
3,58 - - - 1,81 | 0,15 - 0,53 | 93,93 | 100
3,39 - - - 1,34 | 0,13 - 0,45 | 94,69 | 100

KiTbKicTh AKMX Ha HMOBepXHi ckJaamgae 84,17 i 3,91% Bimmosinmo, a Ta-
kox Hirems (2,53%), Xpom (1,51%) i Bop (0,39%) y mipy sarsiubieHHA
IIOCTYIIOBO MOHMKYIOThCS i Ha rambuHi y =50 MKM, oKpiM XpoMy, AKUH
BXOJAUTH OO CKJIANy YaBYHY, He BUABJIAIOTbCSI. DepyM, 110 € OCHOBHUM
eJIeMeHTOM YaBYHY, BiJ MiHiMaiabHOI KiJIBKOCTM Ha MMOBepxHi y 3,66%,
HAaBIIAKM, IOCTYIIOBO 30iMbIITyeThCs i HA rambuHi y =50 MKM BimmoBimae
MapouHomy ckiaany BU50. Ha raubuni y =30 MKM 3’ aBiasgeTbesa MaHTr'an
(0,12%), axuii 3 BiggaJleHHSIM BiJ MOBEPXHi ITOCTYIIOBO 30iJIBIITYETHCA JO
KimbKoOCTH, 1110 MicTuUThCA B uaByHi Mmapku BU50, — =0,3-0,7%. Cui-
Ii# i XpoM BXOAATH M0 cKJaanay uaByHy BU50 i ToMy TaK0K BUABIAIOTE-
csI aHaJI13010 Y KiJIBKOCTI, ITI0 BiATIOBiTa€ MApPOYHOMY CKJIaay OCHOBU.

Ha pucynxy 10 moxasaHo JiHilo CKaHyBaHHSA XeMiYHUX eJIeMeHTiB II0
rInOMHI TOBepXHEBOTO ITapy 3paska 3 uaByHy mapku BU50 micasa sery-
BauHA KoMmakTHUM El mapku X20H80 i CTHC craany 5%Si+5%B+90%
BaseJsiH, a B Ta0J. 7 HaBeJeHO Pe3yIbTaTU JIOKAJILHOI eHepProAucIepCii-
HOI aHaJIi31 c(hOpMOBAHOTO TOKPUTTS.

Amnanisa Tab6i. 7 mokasye, 1o Kinrskicts Hikimo Ta Xpomy, MakcuMa-
JBHUM BMIiCT SKUX Ha IMOBepxHi ckiaamae 68,81 i 17,11% Bigmosimmo, a
raxko:k Curiniii (4,56%) i Bop (4,27%) y mipy Bigmanenus Big o6pobJe-
HOI ITOBEePXHi IIOCTYHOBO 3HUKAIOTH i Ha MInOuHi vy =70 MKM He BUABJIA-
I0TbCcA, KpiMm Cuiaimito Ta XpoMmy, AKi BXOAUTH AO MApPOYHOTO CKJIALY
BY50.
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WD=10.5mm 20.00kV__ x500

Puc. 10. Jligia ckamyBaHHS Ta PO3IOAiJ MiKpPOTBEPIOCTH II0 TJIMOMHI IITapy 3a
ELJI spaskiB 3 uwaByny mapku BUY50 EI mapkm X20H80 i CTHC cxaany
5%Si+5%B+90% BaseiH.

Fig. 10. The scanning line and the microhardness distribution along the depth
of the layer in the course of ESA processing the high-strength B450 (VCh50)
cast iron samples by the electrode-tool of the X20H80 (Kh20N80) grade and
with the use of the STSM of the composition of 5%Si+5%B+90% petroleum jelly.

TABJINIIA 7. PesyibTaTu JJOKAJILHOI €HEPTOAUCIIEPCiHOI aHAIi3M TOKPUTTH,
chopMoBaHOTO Ha 3pasky 3 uaByHy Mapku BUS0 miciasa EIJI kommakTauM EI
mapku X20H80 iz CTHC ckaany 5%Si+5%B+90% Bazenin.

TABLE 7. The results of local energy dispersive analysis of the coating formed
on the high-strength B450 (VCh50) cast iron sample due to ESA processing by
the compact electrode-tool of the X20H80 (Kh20N80) grade and with the use of
the STSM of the composition of 5%Si+5%B+90% petroleum jelly.

IToxpurTtsa 3 TBepaoro crony BK6
3 CTHC: 0,5%Si+0,5%B+2%Cr+7%Ni+90% BaseniH; Kpok ckaHyBaHHA — 10 MKM

C B Si Cr Ni Mn Fe 2,%
3,15 4,27 4,56 17,11 68,81 - 2,10 100
2,91 4,15 4,34 17,43 67,14 - 4,03 100
2,95 4,04 4,13 16,38 65,63 - 6,87 100

2,79 3,41 3,45 16,89 59,12 0,21 14,13 100
2,76 2,77 2,43 14,21 55,18 0,17 22,48 100
3,41 0.17 1,98 6,32 21,23 0,14 66,75 100
3,52 0,11 1,64 0,72 0,93 0,31 92,77 100

3,43 - 1,90 0,27 0,04 0,27 94,09 100
3,29 - 1,45 0,19 - 0,43 94,64 100
3,62 - 1,63 0,14 - 0,47 94,14 100
3,58 - 1,41 0,15 - 0,51 94,35 100

2,95 - 1,38 0,13 - 0,32 95,22 100
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depym, 1110 € OCHOBHIM €JIEMEHTOM YaBYHY, BiJ MiHiMaJbHOI KiJIbKO-
cTHU Ha 1moBepXxHi y 2,10%, HaBOaKu, IIOCTYIIOBO 30iJbITYETHLCA i HA TJIN-
6uHi y = 70 MKM BimmoBizae KiTbKOCTI, 110 3HAXOIUTHCA B YaBYHI MapKu
BY50. Ha raubuui y =30 MmKkM BusaBaaerbea Manran (0,21%), axkuit y
Mipy BifgajeHHs Bif MOBEpPXHiI B OCHOBY HOCTYIIOBO 30iJIBIIIYETHCA IO
~0,3-0,7%, 1o BigmoBizae mapii BU50.

5. BUICHOBEKH

1. 3 manecemnam metonoMm EIJI ma uaByH mapku BU50 mokpuTTiB aK
komnakTHUMHI El criaany 90%BK6+10%1M i 1M, tax i EI 3 TBepmoro
crony BK6 i mixpomororo apory X20H80 3 Buropucramaam CTHC
cxaany 0,5%Si+0,5%B+2% Cr+7%Ni+90% Bazenin i 5%Si+5%B+90%
BaseJliH BiJIIOBiTHO CTPYKTypa IIOBEPXHEBOIO IIapy CKJIAJAETLCA 3
TPLOX MiJIAHOK: «0iJIoro» Ta ImepexiJHoro ImapiB TOBIMUHOIO ¥y 15—75 i
10—20 MKM BiZIIOBiZHO Ta OCHOBHOI'O METAJIY.

2. Haiibinbimry mikpoTBepaicTh 3paskiBy 13260 i 12800 MIla ogepskamo
3 BUKOpHUCTAaHHAM KoMmnakTHUX El 3 TBepmoro cromy BK6 i HixpomoBoro
apory X20H80 sigmosiguo i3 Buxkopucramuam CTHC, a ToBmimHa ix-
HBOT'O ITapy migBuimeroi TBepaoctu carae 50 i 90 MM BigmoBigHo.

3. IloBepxXHA MOKPUTTIB, ofepKaHUX KoMIakTHMU El i3 BUKopucran-
Ham CTHC, ckaamaersbed 3 IXHIX XeMIiUHUX eJIeMEHTiB i He3Ha4yHOI Ki-
JbKocTu Pepymy, 10 BXOAUTH A0 CKJIAIy MaTepidaly OCHOBU — YaBYHY.
Boamouac HaibiabIa KiabKicTs @epyMy BUABIAECTLCS Y IIOPaX.

4. Jler'yBanbHi eleMeHTH HOKPUTTSA Y Mipy BigmadeHHs Big oO6pobiieHOI
IIOBEPXHi B OCHOBY IIOCTYIIOBO 3HMKAIOTH i Ha Bigmaai y =50 MxM mia
nmoKputTiB ckaany 90%BK6+10%1M i TBepgoro crony BK6 3 CTHC Ta
Ha Bigmamax y 60 i 70 MKM 1y mOKPUTTiB ckjaany 1M i HixpomoBoro
apory X20H80 sigmoBigao 3 CTHC He BUABIAIOTLC, a KiTbKicTs De-
pyMy 30iabIIyETHCS.

MMOISAKN

YacTuHy HAYKOBUX pe3yJbTaTiB OJep:KaHo B paMKaxXx HayKOBO-
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HUMH MeTOJaMH, 3aCHOBAHNMHN HA eJIEKTPOiCKPOBOMY JeryBaHHi»
(mep:xaBumit peecrparnitiauit Ne 0124U000539) 3a Buxkomanusa CyMch-
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Study of the Low-Carbon Steel Plasticity Life During Deformation
with Intermediate Heat Treatment

O. L. Haydamak, V. F. Hraniak

Vinnytsia National Agrarian University,
3 Sonyachna Str.,
UA-21008 Vinnytsia, Ukraine

Cold plastic deformation of metals leads to work hardening of the material,
which increases its hardness, raises the tensile strength, and reduces signifi-
cantly its plasticity and plastic viscosity. To expand the technological capabil-
ities of cold plastic deformation of metals, such processes as wire production
by drawing through multiple passes, gradually reducing the wire diameter,
can utilize deformation in several stages with intermediate heat treatments
(annealing). These treatments allow for recrystallization and healing of mi-
crodefects generated during the previous deformation stage. This study ex-
amines the recovery of plasticity after cold plastic deformation in two passes
of low-carbon steel 08, with heating of the deformed work piece after the first
pass to temperatures above the recrystallization temperature for different
types of deformation. Based on the research results, a graph of the relation-
ship between the degree of deformation and the stress-state indicator for dif-
ferent deformation types is constructed. A plasticity diagram for steel 08 is
plotted for both the initial state and the state after intermediate heat treat-
ment under the conditions of annealing at 690°C for one hour. Samples for
compression, tension, torsion, and combined tension and torsion are prepared
to implement various types of deformation. A graph is plotted showing the
relationship between the utilized plasticity resource at the second defor-
mation stage and the plasticity resource used at the first deformation stage.
Patterns of recovery of the utilized plasticity resource during intermediate
annealing for the simple and complex deformation types of different work
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pieces made of steel 08 are established. As found, the deformation history has
no significant effect on the recovery patterns of plasticity reserves during
deformation with intermediate heat treatment of low-carbon steel 08.

Key words: low-carbon steel, plasticity, recrystallization, annealing, defor-
mation.

XoJsonHa macTuyHa AedopMarllis MeTaiB MPUBOAUTH OO0 HAKJEIy MaTepisaay
3aTOTiBKM, SIKUM OiABUINYE TBEPAICTH MATEPifAIy OCTAHHBOI, 30iMBITYE MEXKY
MiITHOCTH, a TAaKOK 3HAYHO MOHMMKYE IJIACTHUYHICTDL i MJIacTUUYHY B A3KiCTB.
I pOSIIUPEHHS TeXHOJOTIYHUX MOYKJIMBOCTEH XOJIOAHOTO IJIACTAYHOTO Je-
¢dopMyBaHHA METAJIB IJIA TaKMX MPOIECiB K BUTOTOBJIEHHSA MPOTIB IIIAXOM
BOJIOUiHHA, 3a 0araTo mepexofiB IIOCTYIIOBO 3MEHIUTYIOUMN AiAMeTep APOTY, MO-
JKHA 3acTocyBaTH ne()OPMYBaHHSA 3a IEeKilbKa eTamliB 3 IPOMiXKHUMU TEPMOO0O-
pobasHHAMY (BigmamaMmmu), 3aBASKM SKUM BiIOyBaeThbCS peKpUCTAIi3allis Ta
3aJIiKOBYBaHHS MiKpomedeKTiB, 1110 Oyiu 3r'eHepoBaHi Ha MOMEpeIHLOMY eTatri
medopmyBaHHA. B crarTi mocsimiKeHO BiZHOBJIEHHS pecypecy ILIACTUYHOCTU
micaa xosomHol miaacTuvyHOi medopmariii 3a gBa mepexomu MaJIOBYTJIEIeBOI
kpurni 08 nix uyac HarpiBanHsa 3He(opMOBaHO] 3arOTiBKY IIiCJIA MEPIIOTO IIepe-
XOLy IO TeMIEepaTyp BUIlle TeMIepaTypu peKpucrangidamnii mida pisHux BUZAIB
IedbopmyBaHHs. 3a pe3yabTaTaMu AOCIiKeHb ITo0y/10BaHO rpadik saaesKHoC-
Tu cTyneHd aedopmarii Bix HOKasHMKA HATIPYXKEHOTO CTAHY [JIA PIBHUX BU[IB
medopmyBanusa. ITo6ymoBamo misrpamy miaacTuuHOCTH Jiida Kputli 08 y Buxisn-
HOMY CTaHi Ta IIicJad ITPOMisKHOTO TepMOOOPOOIEHHS 38 PEKMMAMU ITPOMiKHO-
ro BignmasoBanHa 3a 690°C ympoxoB:x oxHiel rogmuu. [na peanisamnii pisamx
BUIiB qeopmMyBaHHS OyJIO BUTOTOBJIEHO 3PA3KU [AJIA OCAIKyBaHHS, PO3TATY-
BaHHSA, KPyUYeHHA i OJHOUACHOTO PO3TATYBAaHHS 3 KpyueHHAM. I[lo0ymoBaHO
rpadik 3aJIe’KHOCTH BUKOPUCTAHOTO PECYPCY IIJIACTUYHOCTY Ha JPYyTOMy eTarri
medopMyBaHHS B 3aJI€YKHOCTI Bijff BUKOPHUCTAHOTO Pecypcy ILIaCTUYHOCTH Ha
nepuioMy erami nedopMyBaHHSA. BCTaHOBIEHO 3aKOHOMIPHOCTI BiHOBJIEHHS
BUKOPUMCTAHOTO PEeCcypCcy ILJIACTUYHOCTU IIiJ 4ac IPOMIYKHOI'O BifmaaioBaHHSA
JLJIS IPOCTUX 1 CKIIaJHUX BUIIB ne)OPMyBaHHSA PiBHUX BU[IiB 3aTOTiBOK i3 Kpu-
i 08. 3’sicoBaHo, 1110 icTOpia medopMyBaHHSA He Mae 3HAYHOT'O BILJIMBY Ha 3a-
KOHOMIpDHOCTi BiTHOBJIEHHS 3amacy IJIACTUYHOCTH Hix yac aedopmMyBaHHA 3
IIPOMisKHUM TepMiUyHIM 00POOIeHHAM MaJIoByTJIelieBoi Kpuiti 08.

KarouoBi ciioBa: MasoByrJierneBa KpuIlA, ILIACTUYHICTH, peKpHUCTaIisallid,
Bigmas, nedopmairisa.

(Received 3 March, 2025; in final version, 13 May, 2025 )

1. INTRODUCTION

Examples of implementation of volumetric deformation processes show
that the search for rational modes of preliminary heat treatment and
plastic deformation, as well as the use of efficient lubricants allow
achieving a stable course of parts treatment process[1, 2], particularly,
the materials being difficult to deform and having low plasticity [3].

Of interest is the study of heat treatment influence on restoration of
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deformed metal plasticity in the process of radial extrusion, which is
characterized by the most rigid pattern of stress—strain state and a low
value of ultimate deformation degree [4, 5]. Analysis of pre-annealing
influence by used plasticity resource amount and by successive anneal-
ing on the amount of the metal plasticity reserve recovery was per-
formed during radial extrusion of work pieces made from steel 08.

In industry, cold working of metals by pressure is widely used, be-
cause such treatment allows obtaining high-quality parts with accu-
rate dimensions, which does not require their further treatment [6]. In
addition, cold working of metals can be the only way to obtain some
parts, for example, wires [7]. Wire can only be obtained by using such a
cold deformation process as dragging (Fiig. 1). In this process, wire 5§
under the action of force P is pulled through hole 2, which has an inlet
cone at angle a. Thus, wire diameter decreases from diameter D to d,
and its length increases significantly. This wire is made of low-carbon
steel grades such as steel 05kp, 08, 10, as per DSTU B V.2.6-2:2009
standard.

It is known that cold plastic deformation of metals is characterized
by increase in hardness, strength, and decrease in ductility and viscos-
ity [8—10]. During the deformation process, intensive hardening oc-
curs at its initial stage, and such characteristics as tensile strength o
and yield strength oco: increase. The yield strength increases faster
than the tensile strength, and with large deformations, tensile
strength and yield strength equalize each other, while metal plasticity

5# b / —

Fig. 1. Schematic representation of the process of wire production by drag-
ging: 1—drag, 2—input cone, 3—output loosening, 4—calibration belt, 5—
wire. P—dragging force, D—initial wire diameter, d—post-dragging wire
diameter, a—semi-angle of the input cone of the drag, [—length of the de-
formation centre section, lk—length of the calibration belt.
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drops to zero[11, 12]. Such a state of deformed material is called as the
limit state, and its further deformation leads to its fracture [13, 14].
The effect of metal strengthening under the influence of cold defor-
mation is called as hardening. Due to hardening, cold plastic defor-
mation can increase the hardness and strength of deformed metal by
1.5 to 3 times [16, 17]. At the same time, hardening significantly re-
duces metals’ plastic properties, which in many cases does not allow
achieving the desired degree of metal deformation without exceeding
its tensile strength, i.e., without fracture [18]. At the same time, metal
cold plastic deformation converts it into a thermodynamically unstable
state, which persists indefinitely at a room temperature. Metal conver-
sion into a more stable state is only possible by applying thermal ef-
fects to the deformed work piece [2]. Such thermal effect is called as
annealing, during which the process of deformed metal recrystalliza-
tion occurs. When a deformed work piece is heated, as temperature
increases, there occurs increase in plasticity and decrease in strength,
i.e., the effect of hardening in deformed work piece disappears[19, 20].
During the recrystallization process, new grains with fewer structural
defects and an equiaxed shape are formed and enlarged.

For the recrystallization to occur, certain conditions must be met,
and in particular, the deformation degree must be at least 2% in low-
carbon steels, 5% in iron and copper, and 6% in nickel. Moreover, for
each of the above materials there exists own minimum temperature for
recrystallization process Thr... to be started, which depends on melting
temperature Tt and is calculated using formula as follows [2]:

7-;'ecr = (X’Tmelt ’ (1)

where o is proportionality coefficient (oo =0.2 for chemically pure met-
als, a.=0.4 for technically pure alloys and metals, oo = 0.8 for complex
alloys).

The recrystallization process can be described in the following se-
quence [21]. As the pre-treatment degree of preliminary deformation
grows, the number of recrystallization centres, the so-called primary
recrystallization occurs, which leads to formation of small equiaxed
grains. Because of new grains’ formation, hardening disappears and
deformed metal plasticity of the increases. Such being the case, metal
properties approach the ones existed prior to its deformation. With
further heating, neighbouring grains merge and a new coarse-grained
structure may appear that worsens the mechanical properties, espe-
cially, impact toughness.

Recrystallization annealing is usually used for interoperation sof-
tening of metal in the course cold dragging, rolling and other forming
operations of cold pressure treatment. At enterprises, to reduce the
heat treatment time, recrystallization-annealing temperature is in-
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creased by 100...200°C above the recrystallization temperature.

Deformation of work pieces in several runs with annealing between
runs can significantly expand technological capabilities of such pro-
cesses as radial compression extrusion to obtain three and four-sided
cavities, pressing, dragging and many other processes.

Heat treatment ‘cures’ microdefects that occur in the course of cold
deformation and eliminates the hardening formed during plastic de-
formation. This allows for greater degrees of deformation. However,
despite researchers’ close attention of two studying the effect of in-
termediate heat treatment on plasticity, known literary sources lack
data on recovery of low-carbon steels’ plasticity reserve in the course
of annealing and data on deformation history influence on the patterns
of plasticity reserve recovery. The methodology for calculation of limit
deformations during deformation with intermediate heat treatment is
insufficiently substantiated.

To address these problems, experimental studies of processes of cold
plastic deformation of low-carbon steel work pieces used in wire manu-
facture for the needs of building structures were conducted in accord-
ance with DSTU B V.2.6-2:2009 standard. Steel 08 was chosen for the
study. Specimens were prepared from steel 08 and subjected to step-
wise deformation with intermediate heat treatment.

2. EXPERIMENTAL/THEORETICAL DETAILS

An important issue in development of the methodology lies in studying
the influence of deformation history on recovery of work-pieces’ plas-
ticity reserve during cold deformation with intermediate annealing
and, in fact, the choice of test programs. Since we are talking about
plasticity under complex loading, it is necessary to implement differ-
ent deformation paths. According to the linear theory of damage ac-
cumulation, the rate of damage accumulation during plastic defor-
mation at a given time is determined by the magnitude of limiting de-
formation e,. Such being the case, the rate of damage accumulation
during complex deformation depends not only on the limiting defor-
mation, but also on the ‘deformation direction’, which is determined
by derivative dn/de, , where n is the stress indicator and e, is the de-
formation degree [6].

In order to identify this dependence influence on the regularities in
plasticity reserve recovery during cold deformation with intermediate
heat treatment, the basic series of experiments was carried out accord-
ing to the programs corresponding to the rays emanating from (n=0,
e.=0) and (n=-1, e,=0) points. Such being the case, in the defor-
mation vector space, the deformation path is depicted by trajectories
of small curvature.

When studying the deformation history influence on recovery of
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plasticity reserve of work pieces deformed with intermediate anneal-
ing, the comparison of the results of studies was carried out under
simple and complex deformation.

A simple deformation will hereinafter be understood as the defor-
mation, in which the stress state index remains unchanged throughout
the deformation n=const. Complex deformation is understood as the
deformation, in which the stress state index changes with the increas-
ing deformation degree e, [22]. Such being the case, the ratio between
principal stresses and strains changes. The deformation is active (de-
formation with no intermediate unloading). All specimens were made
of steel 08. The work pieces for the specimens were taken from one
batch of metal. The specimens were brought to different stages of pre-
liminary deformation (three specimens per stage), then annealed in an
electric furnace at the temperature of 690°C with a holding time of
1 hour (cooling with the furnace) and further deformed to fracture.

To implement simple deformation, specimens were used for deposi-
tion, torsion and tension. Specimens for deposition tests had the diam-
eter of 10 mm and the height of 16 mm (Fig. 2, ¢). The co-ordinate grid
was applied to the equator of specimens’ cylindrical surface using a
hardness tester. The grid size was 1 mm along the equator and 2 mm
along the height. Deformation was carried out on PMM-125 press.
Lead foil together with graphite grease was placed under the ends of
the specimens. The change in coordinate grid dimensions was meas-
ured using the instrumental microscope with the accuracy of +0.005
mm. The moment of fracture was recorded with the appearance of the
first crack with the width of 0.05 to 0.1 mm. The stress state indicator
for this type of test was n=—1. The total of 12 specimens was tested.

c

Fig. 2. General view of samples for tests on tension (a), torsion (b), deposition
(¢), and torsion with tension (d).
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The specimens intended for testing under torsion conditions had the
working part length =100 mm and diameter d =10 mm (Fig. 2, b). A
scratch was made on the working part of the specimens parallel to the
generator of the working part cylinder. After the fracture, the angle of
this scratch inclination relative to its initial position was measured
using the instrumental microscope. The torsion test was carried out on
KM-50 testing machine. The stress state indicator for this test type
was 1= 0. The total of 25 specimens was tested.

Specimens intended for testing under tensile conditions had work-
ing part length L =100 mm and diameter d =10 mm (Fig. 2, a). Tensile
tests were carried out on P-20 testing machine. After the specimen
fractured, the working part elongation and diameter were measured.
The stress state index for this type of test was n=1=const. The total of
20 specimens was tested.

Under complex deformation conditions, deposition specimens with
height H=16 mm and diameter d =10 mm were used (Fig. 2, ¢). De-
formation was carried out without butt end lubrication. At the same
time, the specimen had a convex shape on the side surface, which
caused a change in the stress state index with the degree of defor-
mation increase. The methodology of deposition tests without butt end
lubrication is similar to the deposition tests with butt end lubrication,
which is described above. The total of 10 specimens was tested. In addi-
tion to the specified tests, the specimens having a working part length
of 30 mm and a diameter of 6 mm (Fig. 2, d) were deformed under con-
ditions of joint tension and torsion. The specimens’ deformation was
carried out according to a given program on ZDMU-30 testing machine
by smoothly increasing the twist angles and axial elongations. In this
process, required elongations were controlled using a micrometer, and
the twist angle was controlled using a limb installed on the testing ma-
chine.

The deformation paths under tension with torsion were defined by
straight lines in A=ke, form. According to for these deformation
types, the test program was calculated using formula as follows:

2 -1
tgo = 2’1'5\/§J‘\/; %(Eln zj ~1dz, (2)
1 k" \ k
where z is the specimen dimensionless parameter:

1n2=1nli, 3)

0

where [ and [, are the specimen current and initial lengths, a is the
twist angle of the initial generator on the surface of the specimen
working part cylinder.

The rotation angle of one specimen end relative to the other is de-
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termined by formula as follows:
_ 2ltga 180
d s

For the deformation types, specimens for simultaneous tension and

[degrees]. 4)

2 e,
4
3 Xy
2.4
2.1
1.8
1.5
K =0.66
1.2
E=10 4
56
g7
—=2% 0.6
F
4 0.3
3
E,
7

n -0.8° 0.6 -0.4 -0:2° 0 02 04 0.6 ~ 0.8 - 1

Fig. 3. Results of specimen deformation via simple and complex deformation
paths with intermediate annealing: the deformation path for deposition with
lubrication of the specimen butt ends (4), the deformation path for deposition
without lubrication of the specimen butt ends (H), the deformation path for
the specimen torsion (B), the deformation path for the specimen torsion with
tension (K), the deformation path for of the specimen tensile deformation (F),
the deformation degree (e.), the stress state index (n), the plasticity diagram
of steel 08 in the initial state (D), the plasticity diagram of steel 08 after an-
nealing in intermediate heat treatment modes (C), the deformation degree at
the first stage prior to annealing (o), the deformation degree corresponding to
the specimen fracture after annealing and further deformation (x).
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torsion (Fig.3, where K=0.2, 0.5, 0.66, 1.0) were used, which had
working part length L =30 mm and diameter d=6 mm. A scratch was
made on the specimen working part parallel to the generator of the
working part cylinder. After fracture, the angle of this scratch incli-
nation relative to its initial position and the specimen elongation were
measured using an instrumental microscope. Test programs were cal-
culated for these specimens, which are presented in the form of dia-
grams in Fig. 3. The total of 37 specimens was tested.

To assess the plasticity resource used, one should have a plasticity
diagram. The plasticity diagram was constructed according to the re-
sults obtained using the following approximating expression proposed
by G. D. Del [6], which includes the values of limiting deformations in

torsion e and compression e ) as coefficients:

p(n=0 p(n=-1

e = €p(n=—1)€p(n-0) exp(-n) , 5)

P %
€pm=—y TN [epm:—l) —e ep(n:m]

where e” is the basis of the natural logarithm.

To these tests similarly, the tests were also conducted for annealed
material in the mode corresponding to an intermediate heat treatment.
Hence, two plasticity diagrams were obtained: a diagram for the mate-
rial in the initial condition and the same material, but annealed in the
modes corresponding to intermediate heat treatment modes.

3. RESULTS AND DISCUSSION
Obtained experimental results were processed according to the method

described in Ref.[6]. During specimen deposition, the deformation
degree was calculated using formula as follows:

e, =%1/ef +ee, +el, (6)

and the stress-state index was determined using relation as follows:

n=13 e, +e, )

b
2 2
Je: tee, +e;

where

z
e, =Iln—, eq}zlni,

2o Po

where zo and o are the distances between the markers in the original
specimen middle zone (Fig. 2, ¢) vertically and horizontally (20 =2 mm
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and @o=1mm, respectively); z and ¢, are the distances between the
deformed specimen same markers, vertically and horizontally, respec-
tively.

The deformation path calculated according to these relations is
shown in Fig. 3, where sign (o) indicates the annealing place and sign
(x) indicates the place of the specimen fracture. The deformation path
corresponding to line A was obtained during specimens’ deposition
with an intensive lubrication of the specimens’ butt ends. The defor-
mation path corresponding to line H was obtained, when the specimens
were deposited without lubrication of the specimens’ butt ends, which
is described as follows:

n=-1+1.2e,. 8)

The degree of the specimen deformation (Fig. 2, ) under torsion was
calculated under angle a of scratch inclination on the generating cy-
lindrical surface to its initial position, which is parallel to the speci-
men axis, as follows:

tga
€y = —— - 9)
(n=0) =" 3
The deformation path is shown in Fig. 3 (line B).
The deformation degree under tension was determined as follows:
d
€ty = 211130, (10)

where do, d are specimen diameters before and after deformation. This
deformation path is shown in Fig. 3 (line F).

For torsion with stretching, deformation paths were constructed
according to relation (1) for different values of K =0.2, 0.5, 0.66 and
1.0. In Figure 3, they are marked with letter K.

To assess the deformation history influence on the plasticity re-
source recovery during annealing, one should calculate the plasticity
resource used before and after annealing. For example, under torsion,
tension and deposition with butt end lubrication, the resource used
prior to annealing is Wi =e.1/¢,1 and also after annealing W2 =eu2/eps,
where ¢,; is the deformation degree corresponding to the fracture dur-
ing the specimen deformation in the initial state before annealing, e,
is the same but for the one annealed in the same conditions as during
intermediate annealing. If the specimens in the initial state have no
hardening, then, e, = eps.

When calculating ¥,, W2 for complex deformation (which are indi-
cated in Fig. 3 by letters H and K), these values were determined using
formula as follows [6]:
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dn

. d eO.2arctgdeu
¥ = j(l +0.2arctg — J u —de, . (11)
) eu % 1+0.23rctgde
[ep(eu )J u

In that process, the calculation was carried out similarly to the one
given for simple deformation types: ¥; was calculated in relation to the
plasticity diagram of the material in the initial state (curve D in
Fig. 3), and ¥; was calculated in relation to the plasticity diagram of
the annealed material (curve C in Fig. 4).

Obtained results were plotted on the graph of dependence of the
plasticity resource used before and after annealing V.= f(¥1) (Fig. 5).
Upon processing of the results, using the least squares method and
‘Trend Line’ function of MS Excel program, the following expression
was obtained, which approximates W:=f(¥:) dependence for simple
deformation types:

1.2
1l ea
R e °
0.8 oo ¢
.7 0.6 ks X
=2 "\\.\\
0.4 .
O\H
0.2
L ]
0
0 0.2 0.4 0.6 0.8 v, 1

Fig. 4. Graph of dependence ¥: = f(V'1) for simple deformation types. The fol-
lowing deformation types are simple: stretching where n=1=const, deposi-
tion where n =-1 = const, and torsion where n = 0 = const.

0 0.2 0.4 0.6 08 ¥, 1

Fig. 5. Graph of dependence ¥z = f(¥1) for complex deformation types (tension
with torsion and deposition without lubrication of butt ends, where n = f(e.)).
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¥, = 0.9858 — 0.1169¥, — 0.8366W . (12)

The reliability of obtained approximation is R%2=0.904.

The approximation of simple deformation types is shown in Fig. 4.

The results obtained for complex deformation types were plotted on
the graph of dependence of the plasticity resource used before and af-
ter annealing W, = f(¥1) (Fig. 5). Upon processing of the results, using
the least squares method and ‘Trend Line’ function of MS Excel pro-
gram, the following expression was obtained, which approximates
WV, = (V1) dependence for complex deformation types:

¥, =1.0886 — 0.4177%, — 0.5355%2. (13)

The reliability of obtained approximation is R2=0.9082.

To assess the deformation history influence on the process of plas-
ticity resource recovery by intermediate annealing, let us compare the
recovery results for complex and simple deformation types. To do so,
using obtained approximations (12) and (13), we calculated possible
plasticity resource at the second, post-annealing, deformation stage,
and compared the obtained results presented in Table 1.

As can be seen from the approximations obtained for simple and
complex deformation types, there are slight differences in the plastici-
ty resource recovery ¥z in the range of 0.7 <W; <0.95 within 6.64%. At
the same time, in the range of 0.2<%¥;<0.7, the results almost coin-
cide. Hence, it can be concluded that deformation history has no signif-
icant impact on the regularities of plasticity resource recovery during
deformation with intermediate annealing for simple and complex de-
formation types for low-carbon steel 08. Obtained results correlate
well with the results obtained in the study of deformation process with
intermediate annealing for high-carbon alloy steel P6M5 [6].

When designing the technological process for pressure treatment of
metal with intermediate heat treatment, one should know, at what de-
formation stage it is advisable to perform annealing in order to achieve
the desired deformation degree with no fracture. In this connection,

TABLE 1. Comparison of the results of calculation of used plasticity resource
Y. for simple (by approximation (12)) and complex (by approximation (13))
deformation types with intermediate annealing.

¥, | 01 ] 02 ]o03] 04 ] 05 ] 06 | 07 | 08 [0.9
¥,(12) 1.064 0.9929 0.913 0.8252 0.7288 0.6242 0.5112 0.3899 0.26
¥,(13) 1.0414 0.9836 0.915 0.8358 0.7458 0.6452 0.5338 0.411 0.27

Difference -0.022 -0.009 0.001 0.0106 0.017 0.0209 0.0225 0.021 0.01
%ofdeviation —2.2 —-0.9495/0.201 1.2705]2.2792 3.2517 4.2261 5.280 6.64
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the method for calculation of maximum permissible deformations dur-
ing deformation with intermediate heat treatment was proposed. It is
known that the deformation degree that corresponds to the work-piece
material fracture for different deformation types is different, while
the plasticity resource used at the time of fracture for any deformation
types will be the same: ¥ =1.

Proceeding from these ideas, it is possible to construct a new plastic-
ity diagram that takes into account the plasticity recovery depending
on the previous deformation and annealing. For a better idea of the
method for a new plasticity diagram construction, a three-dimensional
diagram was used, which is shown in Fig. 7, where pre-annealing de-
formation degree e, is plotted on Ox-axis; the deformation degree cor-
responding to the fracture during post-annealing deformation e, is
plotted on Oy-axis; the stress state indicator n being plotted on Oz-
axis. This diagram shows the experimental values obtained under ten-
sion, compression and torsion, through which their approximating
lines A, B, C are drawn. In plane (e.1, 1), diagram N of the initial mate-
rial plasticity in the initial state is drawn. In plane (e.2, 1), diagram M
of the initial annealed material plasticity is drawn under intermediate
annealing modes.

The method for construction of a new plasticity diagram will be ex-
plained by the following example.

To do this, we will use dependence diagrams ¥.=f(¥:) (Figs. 4, 5)
and their approximations (12) and (13), which are the most accurate
for simple and complex deformation types, respectively.

Knowing the plasticity resource used at the first stage, for example
V¥, =0.5, we can, for example, determine ¥, =0.75 from approximation
(13). The new coefficients of plasticity diagram (5) are determined
from the following equation:

E 3= ="Y1€p10n= + VY2p20n-13 (14)

for our example, the following values will be as follow:

€501y = 0.5-0.6+0.75-0.7 = 0.82,
€ 500y = 0.5-1+0.75-1.3 = 1.475, (15)
€50y =0.5-2+0.75-2.8 = 3.1.

The discrepancy between calculation results according to the meth-
odologies under consideration does not exceed 10%.

After the first deformation stage, the unaccounted part of used
plasticity resource will be as follows:

AV, =1-¥,=1-0.75=0.25. (16)
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During further deformation, calculation of used plasticity resource
must be performed according to new plasticity diagram, which reflects
the increase in plasticity as a result of annealing after cold defor-
mation, i.e., according to the diagram constructed according to coeffi-
cients (18). Let us assume that, at the second, post-annealing defor-
mation stage, used plasticity resource will be V| = 0.7, and, from ap-
proximation (13), we find ¥}, = 0.53. Then, the new coefficients of the
plasticity diagram will be determined from the following equations:

Cpaneiy = Cp2en-i V1 F Cpsneny Va3 (17)
€p4(n-1) =0.7-0.7+0.7-0.53 =0.861, (18)
€,4(nz0) = 1.3:0.7+1.3-0.53 =1.005, (19)
€1y = 2.8:0.7+2.8-0.58 =2.135. (20)

Hence, the algorithm for calculation of maximum allowable defor-
mation degree f for several runs with intermediate annealing consists
of the following stages.

1. Construction of plasticity diagrams for the work piece material in
the initial state and after its annealing under the temperature modes
of intermediate annealing using formula (5).

2. Construction of the deformation path for the work piece zones with
the greatest deformation degree.

3. Calculation of plasticity resource ¥; used at the first deformation
stage.

4. Determination of possible resource ¥; at the next deformation stage
by approximation (12) for simple deformation paths or by approxi-
mation (13) for complex deformation types.

5. If the sum is (1 —W¥;) <1, it is possible to continue deformation.

6. Calculation of the plasticity-diagram new coefficients using formu-
la (5), whose coefficients take into account plasticity recovery due to
annealing. Further, the calculation takes place in a similar sequence
according to paragraphs 1, 2, 3, 4.

7. If the sum is X(1 —W3)>1, it is impossible to continue deformation
without work piece material fracture.

This algorithm provides for the possibility of deformation in several
runs until the total used plasticity resource reaches 1 and exceeds this
value.

The distinctive feature of this method as compared to the method
presented in paper is that the calculation of used plasticity resource is
carried out taking into account the pre-annealing deformation history,
while the degree of recovery of the plasticity resource used in the
course of annealing is taken into account due to the rise in the plastici-
ty diagram under the calculation method proposed. At the same time,
the calculation of the plasticity resource used, as set forth in paper [4],
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is performed with no regard to pre-annealing deformation history,
because the deformation degree at each deformation stage is calculated
from zero to the value preceding the next annealing.

4. CONCLUSION

An experimental study of the recovery of the used plasticity resource
during annealing after cold plastic deformation of low-carbon steel 08
was conducted, and the results are in good agreement with the general-
ly accepted theory of deformation. Patterns of recovery of the used
plasticity resource during annealing for simple and complex defor-
mation types of low-carbon steel were established. It was found that
the type of deformation in the studied area does not significantly af-
fect the patterns of recovery of plasticity reserves during intermediate
annealing. A methodology for calculating the limiting degree of de-
formation in multipass deformation with intermediate annealing was
developed, allowing for the consideration of the deformation history
preceding each pass. It was demonstrated that the used plasticity re-
source, according to this methodology, was determined by considering
the limiting values of the plasticity of the deformed metal, which con-
tinuously change as a result of deformations and annealing, more fully
reflecting the essence of the investigated processes. The results of
these studies can be applied in the development of various technologi-
cal processes, such as wire production by drawing, extrusion of three-
and four-cornered cavities by radial compression, axial open and closed
extrusion, semi-closed extrusion, and other processes where defor-
mation does not allow achieving the required degree of deformation in
a single pass without destroying the work piece.
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MexaniuHa cTa0iJBHICTD i KDUXKiCTh MeTAJIB i CTOMIB.
Y. 4. MexaHi3M pyiHYBaJbHOI il KOHIIEHTPATOPiB HANIPY KEHb

0. {. Memikos, I'. I1. 3imina, K. ®. Copoka, T. B. MeabHUUEHKO

Inecmumym memanogisuru im. I'. B. Kypoiomosea HAH Ykpainu,
O0yave. Akademixa Bepnadcvrozo, 36,
03142 Ruis, Yrpaina

B mukai pobit «Mexaniura crabisbHiCTS i KpuxKicTh MeTasiB i cromis» (uac-
TuHU 1-3) IpeACcTaBIeHO CHCTEMATUUYHWU POSIJIAN IPOOJIeMU PyUHYBaHHSA
MeTaJIeBUX MAaTEPifAJIiB B yMOBaX OKPUXUYEHHA iX IIif Ai€r0 KOHIIEHTPATOPiB
sanpy:xeab (KH). B ocroBy Mozesnio pyliHyBaHHA 3aKJIaJ€HO YSABJIEHHSA IIPO
pyHHYBaHHS AK BTpaTy MexaHiunol crabimbaocTu (MC) TBepzmoro tina (TT),
110 3BHAXOAUTHCA i Mieio TPpUKJIaAeHnX cui. B 3akmouniit, 4-if YaCTUHI ITUK-
JIy BUKJIQJIEHO OCHOBU YABJIEHb IIPO OCOOJIMBOCTI MeXaHidMy PyHHYBaHHS Me-
TaJIEeBUX TiJI B yMOBaxX HEOJHOPIIHUX cuI0BUX nOJIiB y 30Hax nii KH a6o 3a Bu-
TMHY HaBaHTaXeHUX 3pasdKiB. Posriamaerscda opurinaibHU eHEProcuIOBUN
MOJeJb PYHHYBAaHHA METAJEBUX MATEPifAiB, V AKMX 3aBAAKU MJIACTUUYHOCTL
3’ABJIAETHCS 0C00IMBaA MEXaHIUHA BJIACTUBICTh — pPe3epB MeXaHiuHOI cTabiab-
"Hoctu (PMC) (abo «3mamocTitikicTb») Br. PylinmyBanbaa cuia KH mpoABisgeTh-
ca B torasbEOMY Buuepnanai PMC (B:) y 3oui nnactuuroctu KH, BinnosinaO
o BeanuyuHYU e(PeKTUBHOTO KoedillieHTa mepeHANPYKeHb Oef. KpuTHUYHA Be-
JUYUHA aﬁ BU3HAUYAEThHCA AK pylHyBasmbHa cuaa KH, 1o moBHicTIO BuuepIye
PMC merany Br. 328 KDpUTUYHOI TeMIepaTypu KPUXKOCTU Tc B MOMEHT PyUHY-
BaHHS HA MEXKi IIJIMHHOCTH METAJIy ONF. 34 BUSHAUEHHAM OLZ =Brepgna T=T..
B pob6ori HaBemeHO MPUKJIAAM 3aCTOCYBAHHS BKA3aHUX IIapaMeTPiB MOEJIO
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oci,\; i Br Ha eKCIePUMEHTAJbHUX JAHUX 3 OIyOJIiKOoBaHMX PoOiT, AKi obilfima-
IOTh IIIUPOKUN CHEKTEeP KOHCTPYKIIWHUX Kpuilb (co,2=140-2200 Mlla,
yx = 10-85%) i pisui Bugu KH (Tpimunaun, Kinbnesi Haapism).

KarouoBi ciioBa: merasieBi cTomm, pesepB MexaHiuHOI cTabiibHOCTH, 3JIaMO-
crifikicTe, edexTuBHiCTh pyiHyBasbHOI nii KH, HOpMaTuBHA OKpUXUYyBaJIbHA
cuJia KOHIIEHTPATOPiB HATIPYKEHb.

The series of works ‘Mechanical Stability and Brittleness of Metals and Al-
loys’ (parts 1-3) presents a systematic review of the problem of failure of
metal materials under conditions of their embrittlement due to the stress
raisers (SRs). The failure model is based on the concept of fracture as the me-
chanical instability of a solid due to applied forces. The final, 4-th, part out-
lines the fundamentals of ideas concerning the specific features of the failure
mechanism for metal solids under the non-uniform force fields inside the re-
gions of SR action or during bending of loaded specimens. An original ener-
gy—force model of failure of metal materials is considered, in which, due to
ductility, a special mechanical property manifests itself, namely, mechani-
cal-stability margin (MSM) (so called ‘break resistance’) B: The SR destruc-
tive force manifests itself in local ‘exhaustion’ of MSM (B:) within the SR
plasticity zone according to the value of the effective stress-raising coeffi-
cient oer. The critical value of o) is defined as the SR destructive force,
which completely ‘exhausts’ the MSM of metal, B, at the critical brittleness
temperature T. at the moment of fracture at the yield point of the metal co.2.
By definition, océ\; = Brc at T =T.. This work provides examples of application
of the specified model parameters, océ\; and B, to experimental evidence from
published works covering a wide range of structural steels (co.2 =140-2200
MIla, yx = 10—-85 %) and various types of CF (cracks, annular notches).

Key words: metal alloys, mechanical-stability margin, break resistance, de-
structive force of stress raiser, normative embrittlement force of stress raiser.

(Ompumano 21 ciuna 2025 p.; ocmamoun. eapianm — 7 keimna 2025 p.)

1. BCTYIL. IIOCTAHOBKA 3AJAYI

IIxigmuBa posib pidHOro pomy KoHIeHTpaTopiB mampy:keHb (KH), —
HaapisiB, TPiIMH TOIIO, — AJIS MIITHOCTH €JIeMEeHTiB KOHCTPYKIIiH i 1me-
TaJIiB MaIlIUH € 3araJbHOBiToMOI0. /i OMiHKY Mipu py#HYBaJbHOI il
KH y izeanbHO KpUXKUX MaTepisgigax (CKJIO, I'PAHIT TOINO) € UYMCJIeHHI
OOBiIHMKM CTOCOBHO KOe(iI[ieHTiB KOHIIEHTpAIlil HAIpPYyKeHb O, IJIA
KH pisnroi koH(piryparii Ta roctpotu [1, 2]. [ly1a MeTaseBuX MaTepiAIiB
3 ODPUTAMaHHOIO IM ILJIACTUYHICTIO Koe(diieHTH o, BTPAYaioTh CBOIO
OPpUAATHICTE  uUepes 3MiHY 4YHCTO IIPYKHBOTO  HAIIPYKEHO-
medopmoBanoro cramy (HIOC) marepiany ma amimanuwii TpyKHBO-
maactuuauii. Asne mig giero KH merasesi Bupo6u, 0cOOGJIMBO 3 BICOKO-
MiITHOT'O KJIACYy CTOIIiB, He JIUIIe BUABJAIOTH IIEBHI O3HAKY OKPUXUYEHHS
B MiCIIgX 3JIaMy 3pasKiB, aje HepiJiKo BTpavaoTh MiIlHIiCTh BUPOOY ONF
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IO PiBHS HMKUE MEXKi INIMHHOCTH (Co,2) METAY, 1110 CBiIYUTE IIPO Te, IO
npucytHicTs KH Moke mpusBecTr 10 KPUXKOCTU BUPOOY HaABiTH 3 HO-
CTATHBLO ILJIACTUYHOTO MEeTaJIeBOTO CTOIy. 3BificM BUHMKJA ITOTpeda BU-
3HaUYaTH KPUTUYHI ITapaMeTpHu B’ A3K0-KPUXKOTO IIEPEeX0ay B MeTaJIeBUX
CcTOIlaX NMIJIAXOM PYHHYBaHHS CHEIliAJbHUX 3Pa3KiB 3 Hagpisamu (Tuiy
KCV, KCU) B obacTi HUBBKUX TEMIIEPATYP, e BUBHAYAETLCA KPUTHY-
Ha TeMIlepaTypa B’ sI3KO-KPUXKOro mepexony 7. 3a yMOBHUM KpPUTeEpieM
KPUTUUYHOTO IIOKAa3HWKa poboTwm pyHHYBaHHsS 3paska — yAapHOi
B’siskoctu [3]. I[Tapamerep T. mocTaTHBO IPOCTHUH i 3PYyUHUI AJIA IpaK-
TUYHOTO iHKEeHEepPHOr'0 3aCTOCYBAHHS i TOMY BIPOMOB:K KiJBKOX Hecs-
THUJIITh YCIIIITHO BUKOPHUCTOBYETHCA B METOAMKAX aTecTallil MeTaJeBuX
CTOIIiB Ha KPUXKicTb. Ajie HamgaTu mapamMerpy 1. oOI'pyHTOBaHe (PisuuHe
TPaKTyBaHHA B MOJEJI0 MexaHismy pyuHyBasmbHol mii KH 3 Bimomum
haKTOpPOM O, Uepe3 3B’SI30K 3 MEXAHIiYHMMHU BJIACTUBOCTAMU METAJTY
(Go,2 — MimHICTB, Yx — MJIACTUYHICTB) € AOCTATHHO TPOOJIEMATUIHOIO
CIIPaBOIo.

B pob6orax [4—6] okpuxueHHS Ta KPUXKICTH METAJiB PO3TJIALAINC 3
MO3UIIIN KOHIIeIIil MexaHiuHoi cTabiIbHOCTH, B AKil AJIA aHAJII3W YMOB
PyHHYBaHHA BUKOPUCTOBYETHCA CHEIiANbHUN MapaMeTep MexXaHiuHUX
BJIACTUBOCTENl — IJIaCTUYHWI pesdepB MexaHiuHOI crabimsrocTH (PMC)
B, =Sk/060,2 (Sk — icTuHHe Hanpy:KeHHA PyHHYBaHHSA B IIINHII 3pasKa),
Ha3BaHUU aBTOpPaMU 3JIaMOCTiMKiCTIO.

3unamMocTifikicTs B, 00’emHye B c00i Iif0 YMHHWKIB INTACTUYHOCTH Ta
IedopMaltiiiHoro 3MiIHeHHs, TOOTO KOMILIEKCHO BiZoOpaskae poJib ILIac-
THUYHOCTH B IIPOIIECi pyHHYBaHHA METAJy, IPUYOMY He B (hopMaTi IToKas-
HUKiB mmacTuuHOCTH (W), a B hopMari mokasHUKiB MirtHOCTH — Sk i G0,2,
[0 YMOJKJIMBJIIOE PO3BHHYTH NPUHIIMIIOBO HOBHU MHiAXis H0 aHAJi3M
ABUINA PYUHYBAaHHA METAJIIB Y paMKax 3aCTOCYBaHHS HOBUX IIapaMeTpPiB
JOCJIi IsKeHH .

Tomy B 3aKJIIOUHiNT YacTHHI BKasaHOTro IUKJIY podiT [4—6] mocTasie-
HO 3aJlauy PO3TJIAHYTH MexXaHi3M pyHHYyBaJbHOI il KOHIleHTpaTopa Ha-
IPYKeHb YV KOHKPETHOMY 3B’A3KY 3 pyuHiBHo0 cuioo KH nis xpux-
KHX MaTepiaaiB o.. Caix BimMiTuTH, III0 TOCTaBJIEHY 3aady Oyne posr-
JSHYTO B paMKaXxX (peHOMEHOJIOTIYHOI'O IIiAX01y 3 BUKOPUCTAHHAM JINIIIEe
r100aJIbHUX MaKPOCKOTIUYHMX (IHXXEeHepHUX) MOKa3HUKIB MeXaHiuHUX
BJIACTUBOCTEH (Go,2, Sk, Onr), HE BIAIOUNCH IO aHAJII3Y JIOKAJLHUX ITOKAa-
suukiB HIIC B 30mi xii KH.

2. IAPAMETPH BUMIPY OKPUXYYBAJIHLHOI III
KOHIIEHTPATOPA HAIIPYKEHb

OxpuxueHHa metaay mig giero KH moasdrae B 3MeHIIIeHHI BUMipiOBaHoOl
miractTuyHOCTH 3paska 3 KH — yy y mopiBHAHHI 3 nmiaacTuuHicTIO Ty1a1-
KoTo 3paska Yk (puc. 1).

Kpuxxkicts ritagroro 3paska osuauae yx — 0, 1m1o 36iraerscesa 3i 36irom
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HAIPYyKeHHs PyHHYBaHHS Sk 3 IIOYATKOM ILIMHHOCTYA METAJY Co,2 34 Te-
muepatypu T, (puc. 1):

Gpp = Sk = Ry.5 1)

R, — KpUXKa MiITHiCTb MeTaIy 3a TeMIlepaTypu KPpUXKocTu 3a ymoBu (1).
30imbmienuaa Temoepatypu 1 IPUBOAUTL OO IIOSBU IILJIACTUUYHOCTH
Yk >0, 10 CyIpPOBOAKYETHCA PO3iJIEHHAM HAIPYsKEHb MEXKi IIMHHOC-
TH Go,2 1 pyHHYBaHHS Sk 3 MOSABOIO CTAa0iILHOrO ILJIACTUYHOTO AedopMa-
IiHOTO IIPOIleCy B MeTaJli 3 YTBOPEHHIM CHUJIOBOI'O iHTEpPBaJIy PO3MipoM
1100+

1000+
900
800
700
600
500
400

300 80

Hanpy:xenusa o, MIla

200 60

1004 40

0. 20

0
50 100 150 200 250 300
Temmepatypa T, K

-100

BinsocHe 3BymeHHA Y, %

Puc. 1. TemneparypHi 3anexHoCcTi MexaHiuHMX BiractuBocteln o-Fe gna raaz-
KUX 3pasKiB (Co,2 — MeKa IJIMHHOCTU, Sk — iCTUHHE HANIPY'KEeHHA PyUHYyBaH-
HfA, Yk — BiTHOCHe 3BY’KEHHS IIiJ] Yac PO3PUBY B IIIMIAIli) Ta 3pasKiB 3 Tpimu-
HOIO BTOMM IiJ] YaC TPUTOYKOBOI'O BUTUHY (Cco — CepefHE HOMiHaAJIbHE HAIIPY-
JKeHHSA PyHHYBaHHA, \yy — BiTHOCHE 3BY’KEeHHS B HETTO IIepepisi 3paska) [4].

Fig. 1. Temperature dependence of the mechanical properties of a-Fe for un-
notched specimens (co.2 is yield strength, Sk is true fracture stress, yx is re-
duction in area, when breaking) and specimens with a fatigue crack under
three-point loading (oco is the average nominal fracture stress of specimen, yx
is reduction in area of the specimen net cross-section) by [4].
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AS, aKUil MOKHa HAa3BaTU ILIACTUYHNM PEe3ePBOM MeXaHiuHOil cTabijab-
socTti (PMC):

AS = Sy — 0y 2)

To0To heHOMEHOJOTiUHO CYTHICTh PYHHYBAaHHSA 3a HATIPYKEeHH Sk MOJI-
rae B TOMY, ITI0 MeTaJIEBUM MaTepiAl Y IPUHITUIIL He Ma€ 3KOIHOI MOXKJIN-
BOCTH JiliTH IO CTaHy PYMHYBaHHS, IK He 37I0JIaTU iHTepPBaJI IJIaCTUYHO-
ro PMC AS xoua 6 y minimamrsaOMY po3mipi AS — 03a T = T, (puc. 1).

Y spaskax 3 KH y 30Hi JokaabHOI maacTuuHOCTH iHTepBag AS >> 0
IOJAETHCA 3a HOMiHAJIBHOTO (CepelHbOro) HAIPY:KEeHHS PYHHYBaHHS
ONF > Op,2 400 ONF < G0,2, IPUUOMY YMOBA

Onr = Oo,2 (3)

O3HAuUa€ KPUTUUYHUM CTaH KpuXKocTu 3paska 3 KH, anamoriumoi ymosi
(1); Tomy ii T03HAYAIOTE AK ONFe = Go,2. (PHC. 2).
B pob6orax [6—7] pesepB mexaniunoi crabinbHOCTH (2) BU3SHAYABCSI Y
BUTJIAAL 6e3poaMipHOro Koedimienra B;:
S
B = 2K (4)

Go,2

AKUH Bimobpakae Mipy 0co0JMBOI MeXaHiUYHOI BJIACTUBOCTH METAJy Ta
HasBaHU# y [4—6] 31amocTitikicTio metany B:.
Amajoriuno, gua spaska 3 KH maemo:

B, =2, (5)

Go,2

B,y — NOKa3HUK 3aJIUIIKOBOI 31aMocTilikocTu 3paska 3 KH".

BigszmaunMo KpuTUUYHI 3HaUEeHHA HapaMeTpiB 3aamoctifikoctu B: i
B,y mig yac B’A3K0-KPUXKOTO IMepexony B pyiHyBamHi 3paska 3 KH (3)
(T =T.; puc. 2) 114 rIaJKOT0 3pasKa

B, - Sk (6)
Go,2¢
i pnsa spaska 3 KH
B, = Nre _q, (7)
Go,2¢

CriBBimmomnrenns napamerpis B: i B, BimoOpaskae TeMIepaTypHy Bif-

*‘ITpumimia: B po6ori [6] n1a mapamMerpiB 31aMOCTIHKOCTA BUKOPUCTOBYBABCA
IOKAa3HUK b, Ha OZWHUII0 MeHIne: b = By — 1, mo BigoOpaskaB HOPMOBAHULL
pesepB mintHOCTHU br = AS/G0,32.
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Puc. 2. TemneparypHa 3a1eKHiCTh 6a30BIX MEeXaHIUHNX XapaKTEPUCTUK Go,2,
Sk i smamocTifikocTei Aasa raagKkux spaskis (Br) i 3paskis 3 KH (B:v) (cxema).

Fig. 2. Temperature dependence of basic mechanical characteristics co.2, Sk
and break resistances for smooth specimens (B:) and specimens with SR (B:w)
(scheme).

majdeHicTh 3paska 3 KH Big mepexony vy KpuxKuii cTaH 6e3mocepesHbo y
MOKa3HMKAaX MeXaHiuHOl BJIACTHMBOCTH 3JIAMOCTIMKOCTH, a BeqnunHa B,y
KinmbKicHO BimoOpasxae Mipy 3axucrty Bim Kpuxkoctu (B.y>1) abo, Ha-
BIIaKU, Mipy mepeokpuxueHud (B.y < 1) manoro merasy B ymoBax mii KH.

Hpyre BaxkjuBe criBBigHOmeHHS napameTrpiB B; (4) i Bw (5) Bigo-
Opaxxae edeKTHBHicTh pyiiHyBaabHOI mii KH o AK cmiBBigmHOIIeHHSA
HaIIpyKeHb PYHHYBaHHS rJIagKkoro spaska (Sk) i spaska 3 KH (onr):

B Sy

o, =B _ )
¢ By oxr

i, BignosigHo, KpuTHUHY (HOpMOBaHy) eeKTUBHICTL o) 3a T.:
B S
N _ re Ke  _
Otef—B————BrN’ (9)
rNc 60,20

ocKinbku Bn. 3a T. nopiBHuioe 1 3riguo 3 (7).

Came TaKi cHiBBiZHOINIEHHS 3aIIPOIIOHOBAHUX HapaMeTpiB Oyjo Bu-
KopucTaHo B poboTrax [6, 7] misa KinbKicHOI aHATiI3W OKPUXUYBAIBbHOL Ail
KH y XKOHCTPYKIIIHIX MeTaJeBUX CTOIIaxX.
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3. MEXAHI3M PYHHYBAJIbHOI 11 KOHIITEHTPATOPIB

B spaskax 3 KH saxucHuii Big pyliHyBaHHSA pe3epB MexXaHiuHOI cTabiib-
"HOcTU AS (ab0 30HA 3aamocTiiikocTu B:; puc. 1, 2) BUUEepOyeThC JIO-
KaJIbHO IMMOBHiCTIO 400 YacTKOBO B 30HI nmiactuuHocTu (311), 1o BunuKae
6inga sicTpa KH, B akiii popMyeThecd JoKaIbHE IEPEHATIPYKEHHS 3 IIeB-
HOIO BeJIMUMHOIO Koe(imieHTa nepeHanpykeuusa K:

K, = Do (10)

Xoua icTuHHE 3HAUeHHS BEJIMUYNHHU JOKAJILHOTO HAIIPYIKEHHS Olo 3a-
JUIAaEThCA HEBITOMUM, IIPOTE B MAKPOCKONIUHOMY BUMIpL AJIA Kpumu-
ynozo py¥inyBaHHd 3a T =T, 1OCTOBipHO BiloMO, ITI0 B MOMEHT PYHHY-
BaHHA 3a CEPeIHBOTO HATIPYKEHHA Onr. B 30HI fii KH npuramanawnit me-
raxy PMC (AS) 6yso Tak um iHaKIme Budeprano; Tomy y Bupasi (10) za-
MiCTb Gioc MOKHA BUKOPUCTATH BifoMy BeIuumnuy Sk, (puc. 2), a oTke, i
KPUTHUYHE 3HAUEHHSA 3J1aMOCTifiKoCTU By, 10 (6). ToOTO BUKJIIOUHO A5
pylimyBauHd 3a T. B ymoBax caiBBigHOIIeHHA (3) ONre = Go,2 PaKTUUHE
¢disuune cruiBBigHomenua aaa K, mo (8) Mmo:xkHa eKBiBaJIleHTHO Bimobpa-
3UTHU eBHUM e(peKTUBHUM IIapaMeTpoOM ocf:; AK e(heKTUBHUM Koedilrie-
HTOM JoKaabHOTO nepeHanpyskerasa (KJIII) B soui maractruunoctu KH.
OueBUAHO, IO

al =B,. (11)

JlokaysbpHe mepeHanpys:KeHHA K, Hagl Me)Xel ILJIACTUYHOCTHU Go,2 IIO
(10) mo:ke cKIamaTHCS 3 IBOX He3aJIeKHUX YNHHUKIB.

Ilepmiuit unHHUK nedopmallitinoro 3MillHeHHA — G./GCo,2, AKUI 3a
XonomonoM [8] BusHauaeTheA 14 medopmailrii e, aK

n

% | £ |, (12)

Go,2 €o,2

me eo2=0,002(0,2%) — ocraTrouna aedopMallia Ha YMOBHIN Mexi
IJIMHHOCTU Op,2, I — IIOKa3HUK AedopMartiiimoro amimaeHHsa (n << 1).
Beememo roeditienT degpopmauiiinozo mepeHATIPYKeHHA B.:

B, =2, (13)
So,2
3(12)i (13) maTumemo
B, =(500e)". (14)

Hpyruii YynHHUK NepeHanpy:Keuud B 30Hi Aii KH — npy:xue nepena-
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IPYKEeHHA HaJ MEXKeI0 IIJINHHOCTHU Go,2, 1[0 BUHNUKAE 3a PAXYHOK KOpC-
tkoctu HIIC B ymoBax TpuBicHOr0 poatary (o1 >062 > o3> 0, rizpocraru-
yHe posTArHenusd, ckaagaui Bug HIIC (CHC)). KoeditieHT mpy:XHBOTO
nmepeHanpy:Keuud j[9] —

j=, (15)

Go,2

B ymoBax Jiniiinoro postary (3 mpoctum tunom HIIC (ITHC)) j=1; B
ymoBax CHC j > 1. B 3oui nnactuunoctu KH Tunm HIIC smimioeTses Bin
KOHTYPY HAAPidy y IMuOMHY MeTaay TaK, II0 HAa KiHUMKY TPillUHN Mae
micre npaxkTuuso mpoctuit Tun HIIC (ITHC), ne j~ 1,15, axuii y TOHKOC-
TIHHUX IJACTHHAX 3aJUINAETLCA TaKUM JJIs BCiel 30HU IMJIACTUUYHOCTH.
B ToBcTHX TnacTuHax (0pycax) BHACIIOK e(heKTy CTUCHEHHSA IIJINHHOC-
TH B 30Hi IIJIACTUYHOCTH IIOCTYIOBO PopMyeThcA JokaabHa 30Ha CHC,
Ie KoeillieHT j cArae MaKCUMAaJIbHOI BeIMUNHY MOPAAKY 2,7—3,0 [9].

daxropu B, o (14) i j mo (15) miroThb cuHEPTiiHO, TiACUIIOIOYN OTUH
OIHOTO; TOMY aé\’f mo (11) BupakaeTbcsa fOOYTKOM

ol = jB,. (16)

dakTopu nepeaminHeHH j i B, 3MiHIOIOThCA 110 OO0 30HU TLJIaCTUY-
HOCTH HEBiZOMUM JJId HAIOI aHAJI3W YMHOM, ajie AKIIO YV IIeBHil TouIli
3II soKanbHE HAIPYKEHHS Gioc 10 (10) mocsarHe piBHSA eHepPreTUYHOI HE-
cTabiTbHOCTY TaHOoI AeTrPaJoBaHOl MIACTUYHICTIO CTPYKTYPU METAJIY, TO
3BiJicM IOYHETHLCS IIPOIEC ABTOKATAJiTHUYHOTO BU3BOJIEHHS IPYKHBOI
eneprii sa Ipiddirom [10], To6TO mpolec pyiiHyBaHHA TBEPLOTO Tijla
(TT) 3a HOMiHAJIBHOTO HAIPYKEHHA ONF << Gloc.

Ilonia pyinysanua T'T makpockomiuHo iKcyeTbes 3a Temneparypu 1 3
BigmoBizHOIO BesmumHOiO B, (B mo (11)), sxka Bigmobpaskae pyiHYyBaJIbHY
cuiry KH B Tepminax umcro degpopmauiiinozo noxkasuauka B, (16), Bimomoro
3 YMOB JIiHiTHOT'O PO3TATYBAaHHS 3pasKka MeTaIy SIK 3JIaMOCTilKicTh B (4).

Orm:xe, KoKHe pyiinyBaHHA 3paska 3 KH sHaxoquThed mif KOHTPOJIEM
TIOKAa3HUKIB Go,2 1 Sk (To6TO B; 10 (4)) Bix 6a3oBux (CTaHZAPTHUX) BU-
mpoO0yBaHb MEeXaHIUYHUX BJIACTUBOCTEI MeTaJy, 110, BjacHe, i CKJIagalio
OCHOBY 3aJaui Jamoi poboTH.

Hami Oyme mokasaHO IPUKJIAAM 3aCTOCYBAHHSA ITOKA3HUKIB 3JaMO-
cTifikocTu B, y IOCIHiI:KeHHAX 3aKOHOMipHOCTEH OKpMXYyBaJbHOI Ta
pyiryBasgbHOI mii pisaux Tunis KH i rumis HIIC.

4. OBTOBOPEHHS PE3YJIBTATIB AHAJIISU
EKCIIEPUMEHTAJBHUX TAHUX

Amnamizyemo BuuB tunmy HJIIC i roctporu KH Ha pyiinyBaabHY CHIY
KOHIIeHTpaTOpa HaIpy:KeHb. B omybaikoBanmx pamimie poborax [5—8,
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12] mapameTep 3aamocritikocTu B, 1o (4) 6y10 TpaKTUYHO 3aCTOCOBAHO
B aHAJIi3l eKCIIepMMeHTAIbHIX JaHUX 3 pyHHyBaHHA 3paskis iz KH ma
MIIPOKOMY HAOOPi KOHCTPYKIIIMHUX KPHUITH 3 MIITHiCTIO Go,2 = 140—-2200
MITa i nmactuunicTio Wi = 10—87%. HabyTux pesynbraTiB eKcliepruMeH-
Ty OJOCTAaTHBO AJIA idfocTpallii MmexaHismy pyiryBaabHoi il KH B mera-
JIax i cTomax, mpeacTaBJIeHOMY B PO3. 3.

B pobGori [4] BuUKOHYBaIMCA CUCTEeMAaTHYHI HOCIiI:KeHHA PYHHYBAHHA
3pas3KiB 3 HajJpisaMu pisHOI reoMeTpPUUYHOI KOH(Ir'ypailii, a Tako Tpi-
IIUHAMY BTOMHY Ha TOHKUX IacTuHax (B ymoBax ITHC B 30Hi miacTuyumo-
CTU) Ta 3pasKiB 3 KiTbIleBUMM Hampisamu pisHoi roctpoTu (B ymoBax CHC
B 30Hi mimactuunocTu KH), a Tako:x Ha 6pycKax TOBIIUHOIO y 18 MM 3 Ha-
BeJIeHOIO TPiNTUHO BTroMU. BusHavamca nOKa3HUKH Co,2, Sk, Yk Ha I'Ja-
IKUX 3pasKax i onr Ha 3paskax 3 KH mia 1Box MomeJbHUX MaTepisiIiB —
BHUCOKOILJIACTUYHOTO apMKo0-3aiida (a-Fe, co,2 = 140 MIIa, yx = 85%) (puc.
1) i EmBBKOIIacTYHOL Bignanenoi Kputli ¥8 (co,2 =340 Mlla, yx=13%),
a TaKOMK KPUIlh KiJbKOX KOHCTPYKIiAHMX MapoK. locaigKkeHHA TPOBO-
IUINCS B IIUPOKoMYy iHTepBaai Temmepatyp 300—77 K 3 Bu3HaAUEeHHAM
KPUTHUYHOI TeMIepaTypu T'. 3a YMOBOIO Onr = Go,2.

HasasHi ekcnepuMmenTasbHi faHi 3 podotu [4] fanm 3sMOry BUSHAUUTHA
moTpibHi s maHol aHANI3WM IIOKA3HUKHM 3JaMOCTifiKocTu B, (mas
T.=293 K) i B,. a4 BigmoBigumx Temmepatyp 1. 3 MeToO0 y3araJbHEHHS
pesyJbTaTiB ekcnepuMeHTy. Haragaemo, 1110 roJioBHA 3aj1aya HaIllol po-
00THu moJAraja B TOMY, IO0 IepeBecTH aHAJi3y e(peKTHBHOCTH PyHHY-
BasnbHOI fii KH 38 Temnepamypuozo Bigmiky uepes moxkasHuku 1. 10 Bix-
MOBiTHMX ITOKA3HUKIB MexaHiuHol gracmusocmu 3jamocTiikoctu (B,
B..), 1110 yoc00Jf0€ c000I0 aHTHOKPUXUYBAJILHY POJb ILIACTUYHOCTUA B
ymoBax mii KH y Buraazni koedittienra xonodocmiiikocmu K. (Taba. 1):

K, =2t (17

Ha migcymikoBomMy rpadiky puc. 3 mpeacTaBIeHO 3MiHY e(peKTHBHOTO
Koe(dillieHTa IIepeHanpyKeHHA aﬁ o (9) ana pisaux Tunis KH B ymo-
Bax ITHC (touki nimactunu) i CHC (6pyc ToBiuHOIO v 18 MM i Kinmbiesi
Haapisu pisHOI rocTpoTH; AWB. TabJ. 1) B 3aJIeXKHOCTI BiJ ITOUYaTKOBOI
s3aamocTitikoctu Mmetany B, ana T = 293 K sa gaaumu podotu [4], B AKii,
OKpiM BKasaHmX MoOJeJbHHX MarepiaxiB (o-Fe i kpumi ¥V8) mocmimxy-
BaJIUCA HM3KA PiBHOMaHITHUX KOHCTPYKIIMHNUX KPUIL i 3pa3sKu, BUPi-
3aHi 3i 3BapHUX IIBiB Ha TOBCTUX Opycax (18 MM) 3 HaBegeHOIO TPiIIu-
HOIO BroMu (TabJ. 2). JomaTkoBo B TabJ. 2 6yJI0 BUKOPUCTAHO eKCIePH-
MeHTAaJbHI TaHi JOBiAHUKOBOTO XapakTepy 3 podotu [13], B aKiii moci-
MKyBaaucA 3pasku 3 KinbieBumu Haapidamu (CHC) mepeBaskHO 3 KOHC-
TPYKI[IMHUX 3arapTOBaHO-BiAIIYINEHNX KPUILb.

Ha pucyury 3 miaronanbHa Jimia By = By( ocﬁ ) po3aijisie 1moJe PUCYH-
Ka Ha JBi IMOJIOBUHU, 3 AKUX HUKHSA yacTruHA (A) MiCTUTL TOUKH 34 yMO-
BOIO B: > B.., a BepxHs (B) — B, < B,.. To6T0 moJyie A o3uauae, 1110 pyHHY-
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TABJINIA 1. Bosus cunu KH (o6) i Tumry HIIC (ITHC, Torki naactunu, CHC,
KinbieBi Haapisy, TPIMUHEN) HA KPUTUYHI TOKA3HUKY PYyUHYBaHHA A T MO-
genbHUX cTOmiB o-Fe (co.2=140 MIla, B-=4,0) Ta eBTeKTOimHOI KpuUIli Y8
(co,2=340 MIla, B:=1,7) (K gna T =293 K); ac — HeiibepiB KoeditieHT KOH-
meHTparii Hanpysxess [12].

TABLE 1. The effect of SR type (c.s) and the type of SSS (biaxial thin plates, tri-
axial annular notches, cracks) at T. on the critical characteristics of fracture of
model a-Fe alloys (co.2=140 MPa, B.=4.0) and eutectoid steel U8 (co.2=340 MPa,
B:r=1.7) (K« for T=293 K); 0. is the Neiber’s stress-raising coefficient [12].

N | Kpuns (rfcgm) ar | yiiva | | 6| it | B Blf/cﬁn
Bugx HIIC: ITHC (ToHKi nmacTuHM)

1 a-Fe K3 2.8 140 83 100 500 1,9 2,63
2 V8 (0,25) ’ 350 13 200 500 2,0 1,35
3 a-Fe K4 5.3 140 83 100 445 2,2 2,27
4 y8 (0,05) ’ 350 13 240 440 2,2 1,23
5 a-Fe K1 10.1 140 83 130 350 2,7 1,85
6 V8 (Tpimuna) ’ 350 13 293 340 2,7 1,00
Bug HIC: CHC (m.m. 7-10 — xinsuesi mHagpisu, n.o. 11-12 — tpimuam BTroMM)
7 a-Fe K3 2.8 140 83 110 470 2,0 2,5
8 y8 (0,25) ’ 350 13 125 825 1,1 2,45
9 a-Fe K4 3.9 140 83 120 420 2,3 2,17
10 y8 (0,05) ’ 350 13 150 650 1,5 1,8
11  o-Fe K1 10,1 140 83 140 370 2,7 1,85

12 y8 (Tpimuna) 350 13 220 460 2,2 1,23

BaHHA 3a T, BimOyBaeThCA B YMOBaX HAAJIUIIKOBOL IIJTACTUYHOCTH (TOU-
Himme — 3jamocTiikocTu B;) i, oT:Ke, Ile — PyHHYBaHHSA B’ I3KOT0 TUIY,
ne KH He 3710/1aB omip OKpUXUEHHIO JAaHOTO CTOITY, a B IoJi B, HaBOmakm,
pyinyBanbHa niga KH (ozévf ) IIepeBUIINJIA OIip OKPUXUEHHIO B, i pyliHy-
BaHHA mixg miero KH Kpuxxe, OCKiJIbKY ONF < Go,2.

B rabauii 1 mpegcrasieHo AaHi JIHIE OJOS ABOX MOJIEJbHUX CTOIMIiB:
o-Fe (00,2=140 MIla, yx=83%, B:=5,0) i kpuni ¥8 (co,2=340 Mlla,
yx=13%, B, =2,7). Hocaimxysanuca spasku 3 KH y nmpocromy HIIC
(Touki mmactunu, t =1 mm — ITHC, mos. 1-6) i y CHC (xinbmesi mamgpi-
3u, mo3. 7—10, O6pyc, t =18 MM 3 TpimumHOIO BTOMU, [ =20 MM 3 pyiny-
BAHHAM 3a TPUTOUYKOBOMY BUTHUHIi, m03. 11-12). IlokasHUKMN KOHIIEHT-
pamii HamrpyKeHb O, BUSHAYAJINCS AJIA 3pas3KiB 3 HaapisaMu BiZoMoi ro-
crpotu (mo3. 1-4, 7-10) r=0,05 mm i r=0,25 MmM) 3rigHO 3 TOBIZHUKOM
[2]. Ins 3paskiB 3 TpimuHoO (1103. 5—6, 11-12) 0, He BUBHAYAETHCA.

3 mosuriiii 1-6 (IIHC, Ta6xa. 1) BugHo, 110 TOKa3HUK KPUTUUYHUX Te-
muepatyp 7. iCTOTHO 3aJIeXKUTh BiJl MJIACTUYHOCTU g CTOLIY, TOAI AK
KPUTUYHI 3HAUEHHS 3JIAMOCTiHKOCTH B;. 3pOCTAIOTH 3i 30iJIbIIIeHHIM
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Puc. 3. 3anexuicts ebexTuBHOrO KoedimieHTa IepeHANPYKeHb o) PisHUX
BuniB KH Bix pesepBy mexaniunoi crabinbrocTu B:r KpUnb (oY = Bre Aa TeM-
nepatrypu T.): A — ToHKOCTiHHI nnacturm 3 Haapizamu (ITHC) (Tabs. 1, mos.
1-4); m — roukocrinHi niaacturu 3 rpimuaamvu (ITHC) (Tabu. 1, mos. 5—6); o —
rpimmuuaa Bromu (CHC) (Tabi. 1, mos. 11-12); o — xkimsmuesi maapisu (CHC)
(tabm. 2, mos. 1-7, tadxa. 1, mos. 7—10); ¢ — 6pyc (18 Mmm) 3 TpiluHOI, BUTUH
(CHC) (Tabur. 2, mo3. 8—16); A — ot guia BinmoBinaux Kpuns 3a T < T.. Hudpn
0171 TOUYOK — KPUTUYHA MiITHICTh KPUILH Go,2c AasA T (Tabda. 1, 2).

Fig. 3. Dependence of the effective overstress coefficient o~ for different SR
types on the mechanical-stability margin B: of steels (oY =B:c at Tc): A are
thin-walled plates with notches (biaxial stress state) (Table 1, rows 1-4); m are
thin-walled plates with cracks (biaxial stress state) (Table 1, rows 5—6); o are
fatigue crack (triaxial stress state) (Table1, rows 11-12); o are annular
notches (triaxial stress state) (Table 2, rows 1-7, Table 1, rows 7—10); e is
beam (18 mm) with crack, bending (triaxial stress state) (Table 2, rows 8—16);
A—oet for the corresponding steels at T'<T.. Numbers near the points are
critical strength of steels, co,2c, at T (Tables 1, 2).

TOCTPOTH HAAPisy, ajie € OfHAKOBUMU A nanoro suny KH.

et pesynabTaT NPUBOAUTH A0 BaKJIUBOTO BHUCHOBKY, III0 UMHHUK
mracTuYHOCTH MeTany (Yx i B:) BOamBae Ha KPUTHUUYHY TeMIEPaTypy
Kpuxkoctu 1., aje He BILTUBa€ Ha pyinyBaabHy cury KH y Bumipi xpu-
TUYHOI 31amocTifikoctu B, (1103. 1-2, 3—4, 5—6), AKa 3aJ1eKUTH Bix ro-
CTPOTH HAApPi3y r, TOOTO Bix o,. Ile osHauae, mio pyiinyBanabHa cuia KH
Y BUTJISIZI HOPMOBAHOT'O e(heKTUBHOIO KoedimieHTa KOHIIeHTPAaIlil mepe-
HaIIPYKeHb ocz IS KPUTUYHOTO PYAHYBAHHS 34 ONr=Co,2 MA€ CBOE
craje, HOpMATHBHE 3HAUEHH, ajie pisHe maa KoxxkHoro suny KH B 3a-
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JIeKHOCTI Binml O, Ao 3pocTaiouu 3 T'OCTPOTOI0 Hampisy (mos.1-6, B
ymoBax ITHC).

Taxkuii paxT MOKHA TPAaKTyBaTH, AK JOKas TOro, 1o B ymoBax ITHC
(TOHKI mimacTuHM), Oe BiACyTHE CTHMCHEHHS j B 30HI maactuunoctu KH;
Bcd pyiinyBasnbHa cuia KH 3ocepemxena B paxkTopi gedopmalriiiHoro me-
peaminaenua B, o (13), TooTo K= B.. Binbmt Toro, € mieBHe 00MeKeHH ST
MOXKJIUBOI eheKTUBHOCTU aé\’f (B:.) nna koxxkuaoro KH mamoi cuim o Tak,
pnar=0,25 mm B,.= 2,0, naa r=0,05 mm B, = 2,2; gaa rpitmuan B,.= 2,7
He3aJIe)KHO Bif piBHA mimactmuHocTH MeTany (yYx=13—-83%). Ane mna
HaAMipHO BHUCOKUX 3JIaMOCTifiKocTell Mmeranay (HampukJjaanm, B,=5,0 y a-
Fe) pyiinyBajibHA cHJIa TPIIUHA aévf (B:rc) = 2,7 € HEIOCTATHBOIO IJIS JIO-
KaJIbHOTO BHUEPIIaHHA Bciel 3aaMocTifikocTu B, =5; ToMy HagIuIioxk B,
BiAIIpaIiboByeEThCA 3a PaXyHOK 3arajbHOI IIMHHOCTHU II0 BCifi HOBXKUHI
TOHKOI IIJTaCTUHMN.

B ymoBax CHC (mos. 7—12) y Beruuuny B;. T0IaeThCcsa (PaKkToOp IPYK-
HBOTO IIEpe3MillHeHHA j, AKWHU JOKaJbHO HiflHiMa€e piBeHb MeXKi IJINH-
HOCTHU, YUM JIOKAJBHO 3MEHIITYE Pecypc 3JaMOCTiiiKocTu B,, TOTPiOHMI
I YuCcTO medopMaltiiiHoro BUUepIlaHHsA pe3epBy MexaHiuHoi cTabiib-
HOCTH, B Pe3yJbTaTi YO0 IMOHMMKYETLCA M0JIS AedopMalliiiHOro mmepes-
MiIlHeHHA B aKTi pyiHyBaHHA, 1[0 BiJIdHAUAETHCA 3MEHIIIeHHAM KPUTH-
YHOT'O pes3epBy MilfHOCTH! By i, OTiKE, I TOHMKEHHAM 1. B MOPiBHAHHI 3
KH rakoi :x roctporu B ymoBax ITHC (1o mmos. 2,4, 53 103. 8, 10, 12 gna
Kpuri ¥8; Ttabdia. 1). Aje 1me MoKJIUBe JIUIIIE IJIS CTOIIB 3 TOPiBHSIHO He-
BHUCOKOIO IIJTACTUYHICTIO; AJIA BUCOKOILJIACTUYHOrO apMKo-3airiza (a-Fe)
(haKTOp JKOPCTKOCTHU j Uepes CBOIO oOMeKeHicTh BeamunHomw j< 3,0 [9]
He 3JaTHUHN OOMEeXHWTH HOBHOIIIHHMII HMPosAB PyHHYBaJIbHOI Aii medop-
MalliifiHoro nepeaminueHua B,, i Tomy HaBiTh B ymoBax CHC Taki cronu
30epiraloTh Taki K KPUTUYHI IMOKA3HUKU B, (aévf ), AKi BiacTuBi s
BigmoBigaoro KH B ymoBax ITHC (guB. mos. 1-7, 3-9, 5—-11).

B moxi B pucyHKy 3 3HaxomaThbCca (GirypaTuBHI TOUKM IJIA PYHHY-
BaHHA y nepeokpuxuenomy ctaHi aas T < T. (oxr < Go,2) 3paskiB 3 KH
ILJIsT mocJIigsKeHux B poboTi [4] kpuns mapok cT. 3cia, 1I0XCHI, AK-35
(Tabu. 2), 3BiAKM BUIHO, IO 3a HU3bKOTEMIIEPATYPHOTO PYHHYBaHHS
3paskiB 3 TpimumuamMu BroMu HasBHOTO piBHa PMC B, y cTomiB Heno-
CTaTHBO MIJIA ITIOBHOTO BUUepIaHHA pyinyBaabHoi cunu KH; Tomy meit
IedinmuT TOMOBHIOETHCA 3a PAaXYHOK MPYsKHBOI YacTHU 0a30BOI MiIl-
HOCTH MeTaJly HHKUe Co,2, BiJl YOr0 HAIIPYKeHHA PyHWHYBaHHS Tija 3
KH onr KaTacTpodiuno cnagae: onr << Gp,2, IO CBiAUYNUTL IPO KOHCTPY-
KIifHy HeHamilfiHicTh a00 HeIPUAATHICTL CTONY [AJIS 3aCTOCYBAHHA 34
T <T.. Buooni B pucyaky 3 epextuBHa pyiiHyBanbHa cuaa KH o, me-
PeBUINly€ KPUTUYHUY HOPMATUBHUM IIOKA3HUK O, BiJIIOBIIHO 0 BeJIu-
YUHHU ONF < 00,2.

Ha pucynky 3 BimoOpakeHO TaKOMK OaHi JOCHig:KeHHS PYHHYBaHHS
KpHUIlb B iHTepBaJIi TeMmOepaTyp Ha 3pasKax 3 KiJabIleBUMHU HaApisaMu
(CHC), 06pob6eHi mamu 3 pedyabraTiB pobotu [13] (Tabdi. 2).
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TABJIAIIA 2. Kputnuni napaMeTpu KpUXKOCTU KpuIlh Bre i Ko g KH pisso-
ro tumy: rpyna 1 — "azapis (D=8 mm) [13], rpyna 2 — rpimuua Bromu [4] B
3aJIeXKHOCTI Big 6a30B01 31aMOCTiIKOCTH B

TABLE 2. Critical parameters of brittleness of steels B:. and K.. for SR of dif-

ferent types (group 1 is notch D=8 mm [13], group 2 is fatigue crack [4]) de-
pending on the basic break resistance B:.

Ne| Kpuna, oopodimerna  |[Tum KHco.2, MIlaco.2c, MIIa| B: (sx ) Ko
ef

1 Cr.30 o 350 800 |2,97| 1,31 [2,27

2 | 30XICA (3.8, 200°C) |2 % =| 1400 | 1600 [1,58 1,5 [1,05

8 | 80XI'CA (isor.3., 300°C) |3 & 5| 1500 | 1600 [ 1,8 | 1,45 [1,24

4 [30XT'CHA (isor.s., 200°C) _: § E 1450 | 1700 |1,77| 1,57 [1,13

5 |30XT'CHA (isor.3.,300°C) & & &| 1170 | 1400 [ 2,1 | 1,36 [1,54

6 10X2CBA z £ & 1600 | 1700 [1,83] 1,59 [1,15

7 V8 (3.a., 400°C) ~ 1180 | 1300 |1,58| 1,54 [1,03

8 o-Fe 140 350 | 5,0 2,77 [1,85

9 V8 (simar) 340 450 | 2,8 2,15 (1,30

10 cr. 3cm 160 400 | 3,1| 2 [1,55

11 10XCHII =2 | 310 420 |29 2,5 [1,16

12 AK35 B | 1027 | 1100 [2,3] 2 [1,15
3111 12XH2MID S H

13| rerys. Bopom, B-0.0) | & | 640 700 [1,97| 1,81 |1,09
3III 12XH2MI D @ .

14 (B =0,001) § E 640 820 | 1,8 1,46 |1,23
3III 12XH2MID =

15 (B = 0,0023) 640 977 | 20| 1,5 |1,33
3III 12XH2MID

16 (B=0,004) 650 968 |2,17| 1,67 [1,30

3 maHMWX Ha PUCYHKY 3 BUILJIMBAE 3araJibHUIN BHCHOBOK IIPO Te, IO
Oynb-AKe pyiiHmyBaHHS B ymMoBax aii KH moxe OyTu ogHO3HAYHO OIIHICA-
HO B paMKaxX ABOX MOKa3HUWKIB 3JaMOCTiiKOCTU — II0YaTKOBOTO B
(AKui BigmoBizae 3a pecypc OIMOPY OKPUXUEHHIO BJaCHE MeTaay) i Kpu-
TuuHOTO B, (1110 XapaKTepusye oKkpuxuyBaiabHy cuiay KH — edekTus-
HU# Koe(illieHT KOHIIeHTpAaIlil ITepeHanpyKeHb Y MPYKHbO-TLJIaCTUYHIf
obmacti HJIIC oceli ). YmoBa B,=B,. € KPUTUYHOIO AJId IepexXoay Bin
B’SIBKOr0 0 KpuxKoro pyunyBanHsa 3a T =T, (oxr = Go,2), 1110 BixmoBimae
YMOBi, KOJIU IIig yac pyfiHyBaHHA BeCh HAABHUU pe3epB MintHocTu B, 6e3
3aJUINKY IIOBHICTIO BUUEPIYETLCS B JOKAIbHiM 30HI maactuunoct KH.
Tomy edeKTUBHUM ITOKA3HUK ocﬁ nna B, = B,. MO)XHa Ha3BaTHU HOpMa-
TUBHUM aﬁ nasa namoro suny KH, axuii Bigmmiuae HOpMY pesepBy Mill-
HOCcTH B,, HE0OXimHYy ¥ mocTaTHio Ajs manoro KH, 1mo6 mepeBecTi BUJ
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PYHHYBaAHHSA Biil HAAKPUTUYHOTO (B’ A3KOT0, ONF > Go,2) 10 CYOKPUTHUUHO-
ro (KPUXKOTO0, ONF < G0,2).

HopmaTusauii aévf Bifirpae A pylHYBaHHA IIJIaCTUYHMX MaTepi-
anis mig giero KH poas, moxiony mo HeiitbepoBoro KoedillieHTa KOHITEH-
Tparii o y izeanbuo KpuxKux TT, OCKiJIBKY BiTUyTHO 3MiHIOETHLCS Bif
KoH(iryparii Hagpisy (ZoBKuUHMN Tpimuuyu [) i MaJIoUyTIUBUH O BEJIH-
ynHU B, y HagKpuTHUuHil (B’ a3Kiit) o0aacTi pyiinyBaunua A (puc. 3).

PyiinyBanua y B’a3Kilt 30HiI A o3Hauae, 1[0 HOPMATHBHOI pyiHyBa-
apHOoi #ii cumu KH aé\’f , 3a0e3meueHor0 1BoMa (haKTopaMu IIepe3MillHeH-
HA ji B., mo (16) HegocTaTHBLO AJIA TOBHOT'O BUUEPIAHHS BCHOTO PE3EPBY
MimHOCTH MeTany B; B JoKanbHiM 30HI maactuunoctu KH, i nna pyiiny-
BaHHA IIOTPiOHe momaTKoBe medopMalliiine 3MiIlHEeHHS BiJ sarajabHOI
IJIMHHOCTH 3pasKa, IM0 € 03HAKOI0 I'apaHTOBAHOI KOHCTPYKIIifHOI Ha-
mifiHOCTH MeTaJy AJia gaumoro suny KH, Tomy 1110 onF > Go,2.

B soni B HopMmaTuBHuMit mokasuuk KH mepeBuirye ooMerkeHi 3axucHi
MOKJIMBOCTI IIJIACTUYHOCTU Uepe3 MaJjy BeJIUUYnHy B (aévf > B;); ToMy
JOKaJIbHA HecTaua IPY:KHLOTO UMHHINKA B 30HI aii KH KomMmeHcyeThCs
3a paxyHOK 0a30BOi HNPY;KHOCTH MeTaJIy HUMKUE Coz B Pe3yJbTaTi cy0-
KPUTHYHOTO DPYHHYBaHHA 3a& Onr<GCo2 AJXA T <T. , Koau B:.< aévf
(puc. 1).

BiuacuHe B 11boMy moJisAirae cueniugivHUM MexaHi3sM pyHHYBaJabHOL Ail
KH y nnacTuuyHMX MeTajJieBUX CTOHAX Ha BiAMiHy Bim pyliHyBaHHS KPU-
xkux TT, ne B 3onax mii KH emeprernuna necrabinpricTs HIC moBHic-
TIO 3a0€3IeUy€eThCA JIOKAJILHOIO KOHIIEHTPAI[i€I0 HAIPYKeHb O [1, 2].

B minmomy, ekcrepuMenTaIbHI JaHi Ha puc. 3 IPUBOLATL M0 IIPUHIIK-
IIOBO BaKJIMBOTO (hyHIAMEHTAJIHLHOTO BUCHOBKY PO Te, IO B KPUTUY-
HUX yMoBax naasd T. B’A3KO-KPHUXKOTO Iepexony Kpullb mim aiero KH
JIUIIe HASBHUI 3alac MJIACTUYHOCTU KPUIlh (BUpPaKeHUi uepes IMOKas-
auk PMC B,.), He3aJeKHO BiJ MapKM, BUAY Ta MiITHOCTHU (GCo,2) KPHUIIi,
peryJiroe KpuTUYHUMN mmapamMmeTrep nepexony Br. V BiIIIOBiAHOCTI 3 CUJIOIO
pyunryBansuoi mii KH, sakiameHoro B reoMeTpuuHuX mapamerpax KH
yepes3 O i IIPOABJIEHOI0 Y BIAIIOBIAHIN BeJIMUYMHI aé\’f . To6To rosOBHY
(mpoBimHY) poab v pyiiHyBaHHiI MeTasieBoro Tija 3 KH Bimirpae pecypc
mractTuyHocTu Martepiany (uepes PMC B,.) y cuiBcTaBieHHi 3 JIOKaJb-
aumu napamerpamu HI[C (K, mo (10), j mo (15)), 1m0 ¢hopMyoTh eheKTH-
BHUU KoedimieHT mepenanpy:xenb KH aé\; mo (16). Or:xe, cuyoBa Ha-
mitiHicTh BUPOOiB i merasiB mamuu 3 KH 3abesmeuyerhea JocTaTHiM pe-
3epBOM MexaHiuHoi crabiibHOCTH cTOTTY B: > aévf .

5. 3AKITHYEHHSA

BiacTuBicTh IJ1aCTUYHOCTHY HAJla€e MeTaJlaM i cTolaM 3aTHICTh YNHUTHU
CUJIOBUM OIIip INMBUAKOMY PYHHYBaHHIO, AKOTO HEMAa€ y IIPUPOAHBO
KPUXKHUX MaTepisaiaiB (CKJ0, r'paHiT ToI1rmo). CUI0BUH OHip IIJIaCTUYHOC-
™ (OPMY€EThCA B pe3yabTaTi eheKTy AedopMallifHOro 3SMilTHEHHA Me-
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Tany, Aakui 3a XogomoHoM [9] mae Bumip y KoedimienTi saminmaenasa B,
(14). Tum caMuM BJIACTUBICTh IIJIACTUYHOCTY 3aKJIAIA€ B METaJIi pe3epB
MexaHiuHOI miaactTuaHocTu B; (4), 110 3a0e3neuye oMy 3J1aMOCTiHKiCTh
— BJIACTUBICTB, IO € MipOIO0 CUJIN OIIOPY PYHMHYBaHHIO, TOOTO 3aXUCHU I
pecypc ILTaCTUYHOCTH.

TakuMm uymHOM, (DEHOMEHOJIOTIiYHO MOJeJbh PYHHYBAaHHA METaJay €
OPUMITUBHO IIPOCTUM — HaIpPYKeHHA HaBaHTakeHHA TT o Mae
000B’A3K0BO JOCATHYTH PiBHA MeKi IIJIMHHOCTH Cp,2, 4 34 IOTPeOH — B
Tifi un iHITi#T Mipi mepeBUIITUTH Oo,2, 11100 3m0s1aTu Bech PMC (B;).

Mexanism pyiiryBanHda Tiza 3 KH € Touno Takum ke, ajie 3 €IUHOIO
ocob0auBicTIO, 110 AedopMalliiine npoxomxenusas PMC B, BizOoyBaeThcs
JIOKaJbHO B 30HI maactuuHocTy KH 3a Hominambaoro Hanpy:keuud B T'T
ONF > 00,2 a60 onr < Go,2.

Ocob6yimBe 3HAUEHHA IJIA XapaKTepUCTUKU PYyHHyBaabHOI cuau KH
Mae TeMmIiepaTypa BUIpobyBaHHs T, 3a AKOI Onr = Co,2, € IPOABIAETHCS
pytnryBanbua cuyia KH y uncromy Bumipi By., 6€3 10ZAaTKOBOTO BHECKY
daxTopa 3arajJbHOl IIJacTUYHOI Aedopmailrii Tijsia um (paKTopa BTpaATHU
yacTHUHI 0230801 MiITHOCTH METAaJIY Go,2.

Kpurnuna smamocriiikicTs By a9 T =T, € HOpMATUBHUM IIOKA3HU-
KOM IJIsI BUMipy edeKTuBHOCTH pyiinyBaabHOI Aii KH mia miacTuuamx
MaTepisariB y BUIIIAAL e()eKTUBHOTO KoedillieHTa KOHIIeHTpAaIil mepe-
HaIIpPyKeHHA ocﬁ = By, IIT0 € aHAJIOTOM iJleaJIbHOr0 Koe(ilieHTa KOHIIE-
HTpAaIil HAIIPYsKeHb O IJIS iTeaJlbHO KPUXKHUX TiJ, ajie iCTOTHO MeH-
IIIIM 32 CBOEIO BEJTMUMHOIO: 0L < Olo.

Bxaszane cuiBBigHOIIIEHHS (ocﬁ < Olg) BUSBJISAE TMIPUYUHU, YOMY ILIaC-
TUYHI MeTajJeBi MaTepiAaIn 3HaUHO MeHIITe Uy TJINBI 10 PyHHYBaJIbHOI Ail
KH, rpimun i B3araai g0 6yab-akux geeKTiB y CTPYKTYPi MaTepisamy
Y1 B TEXHIiYHOMY BUPOOi B MMOPiBHAHHI 3 IPUPOAHL0 KPUXKUMU MaTepi-
AJaMU.

ABTOpU BUHOCATH IMUpPy mogaxky uwi.-kop. HAH Ykpainu C. Korpeu-
Ky 3a IUTigHI A1ucKycii i 3ayBakeHHsI CTOCOBHO MaTepifaIiB JaHoi poOoTH.

Pobory Buromano 3a ¢gimancosoi miaTpumku HAH Vkpainu (peecrt-
paniiinmit Homep Temu 0121U107569).
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An analysis of literature data for oxidative refining of cadmium is presented.
A thermodynamic analysis of the oxidation reactions of Cd and the impuri-
ties Zn, Pb, Fe, Cu, TIl, Ni, Sn, As, Sh, etc. present in it during melting under
standard conditions, as well as during distillation of cadmium in vacuum, is
performed. The strength of oxide compounds of impurities in cadmium is
evaluated by the absolute value of the change in Gibbs free energy in the con-
densed (liquid) state and in the vapour (vacuum) phase. A comprehensive
method for Cd purification, including oxidizing refining and subsequent
removal of non-volatile and volatile impurities in a single refining cycle is
investigated.

Key words: cadmium, oxides of cadmium and impurities, Gibbs energy, oxi-
dizing refining, filtration, distillation.

IIpencraBieno aHaIisy JiTepaTypHUX JaHUX CTOCOBHO OKMCHOTO pad)iHyBaHHA
kaamio. Bukonano TepMmoamHaMiuHy aHanisy peakitiit okucHenus Cd Ta mpu-
CyTHiX y HBOMY mowmimiok Zn, Pb, Fe, Cu, Tl, Ni, Sn, As, Sb Ta i". 3a poaromn-
JIEHHA y CTaHJAPTHUX YMOBaX, a TAKOX 3a AMCTUIAII] KaaMiio y BaxkyyMi.
MimHicTh OKMCHUX CIIOJTYK HOMIIIOK Y KaaMii oIiHOBau 3a abCOJIOTHOIO Be-
amauHoo 3Minu I'166¢oBoi BiIbHOI eHeprii y KoHgeHCOBaHOMY (PiZKOMY) cTaHi
Ta maposiii (y Bakyywmi) dasi. Jocuaigxeno Kommaekcuuii meton ourctku Cd 3
OKUCHUM padiHyBaHHAM i HACTYIHUM BUJAJEHHAM TIXKKO- Ta JIETKOJETKUX
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IOMIIIIOK B OMHOMY ITUKJIi pad)iHyBaHHS.

Kmrouori cirosa: Kaamiii, okcuau Kanviro i nomimox, I'i66cosa eHepris, okuc-
He padinyBanHsa, GiabTpaIlia, INCTUIAIIA.
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1. INTRODUCTION

High-purity cadmium (> 99.999 wt.%) is used in microelectronics, op-
toelectronics, and other fields of electronic engineering as a constitu-
ent component for the synthesis and growth of semiconductor com-
pounds CdsAss, CdAsz, CdSb, CdTe. For that, various equipment and
devices are manufactured [1]. The purity of the source elements de-
termines the quality and reliability of such products.

Grown crystals of Cd chalcogenides are successfully used for the
production of windows and lenses of continuous CO; lasers with a pow-
er up to 5 kW at the power density up to 100 kW /ecm?; various optical
elements of devices within the visible and IR ranges (CdSe, CdS, CdTe);
IR radiation polarisers (CdSe); oriented crystalline substrates for the
creation of epitaxial structures (CdSe, CdTe) [2].

The important task is development of efficient and reliable solid-
state semiconductor detectors for dosimetry of ionizing o- and y-
radiation in nuclear and future thermonuclear power. Semiconductor
compounds CdTe and Cd;—.Zn,Te (CZT) with a molar fraction x=0.1—-
0.4 have advantages when used as the materials for the efficient ioniz-
ing radiation detectors owing to their unique combination of a number
of electrophysical parameters.

Solid semiconductor solutions Cd.Hg:-.Te (CHT) having a molar
fraction of x=0.2—0.3 are principal materials for manufacturing pho-
todetectors in the IR range (8—12 um) [4]. As the requirements to epi-
taxial CHT structures increase, so do the demands to the purity of the
source components, including gas impurities [4].

The synthesis of semiconductor compounds for microelectronics
requires source elements having the purity > 5N, where the content of
the electrically active majority impurities should be at <1-107° wt.%
[6—T7]. Achieving this cadmium quality is not a trivial task and requires
the development of special refining technological processes. Various
aspects of this problem permanently attract the attention of research-
ers.

The developed Cd refining technologies are multistage and use a
complex of methods [1, 8—15]. One of the radical means to increase the
efficiency of metal purification is to successive use a number of refin-
ing methods that have different mechanisms for separating impuri-
ties. In this case, more efficient separation of impurities is expected
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than with repeated use of the single method, even a very effective that.

The increasing needs for high-purity cadmium and higher require-
ments for its purity determine the importance and relevance of curry-
ing out research to establish the regularities of behaviour of impurity
elements in various refining methods and to develop effective process-
es for obtaining high-purity Cd. This is the subject of the research in
the present work.

1.1. Relevance of the Problem and Formulation of the Task

From experiments on the melting of cadmium both under an inert gas
atmosphere and in a vacuum, it is known that oxide films form on the
surface of the molten metal. These films are formed as a result of
chemical reactions of residual oxygen in the surrounding atmosphere
with both the atoms of the base metal and the atoms of impurity ele-
ments.

To make useful application of the presence of oxide films on the sur-
face of molten metal refined and to use the effect of their formation,
the authors of a number of papers have described a technique such as
filtration of liquid metal to remove oxide films. This approach can be
conventionally classified as a method of oxidizing refining of metals.
Oxidizing refining of metals is based on the difference in oxygen affin-
ity between the base metal and impurities. If the impurity oxide is not
soluble in the base metal, it floats to the surface and is removed from
the crucible.

One of the options for oxidizing refining of cadmium is distillation
in a stream of overheated water vapour [16]. The interaction of cadmi-
um with water vapour can be called hydrothermal oxidation. Authors
determined the coefficient of cadmium purification of zinc during its
distillation with water vapour. During the distillation of cadmium, the
temperature in the evaporation zone was maintained at about 920 K,
and in the condensation zone at =590 K. The total vapour pressure of
cadmium and water was equal to atmospheric that.

The purification coefficient was calculated using the approximate
formula: o = x/y, where x and y are the impurity contents in the origi-
nal and purified distillate, respectively. The results of experiments to
determine the separation coefficient of zinc a during the distillation of
cadmium with hydrothermal oxidation showed that the value of alpha
in this case is equal to 235. Thus, during distilling cadmium with hy-
drothermal oxidation, it is possible to increase the efficiency of cadmi-
um purification of zinc.

The issue of the effect of the presence of cadmium oxide on the de-
gree of cadmium purification of impurities during the distillation pro-
cess was considered in Ref. [14]. The study of the cadmium distillation
process was carried out using quartz crucible of the horizontal type
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under the conditions of static and dynamic vacuum. The temperature
of the evaporation zone was 820—-870 K, the condensation temperature
was 600-620 K. In all experiments, a loading with a mass of Go=1 kg
was used.

The content of impurities in cadmium at different stages of purifi-
cation was monitored by the spectral method. The purification degree
(Na) was determined at the fraction of cadmium distillation ¢=0.94—
0.96. Nq=Cy/Cq is the ratio of the impurity content in the initial sam-
ple and the distillate. It was established that the presence of cadmium
oxide, which is a collector of impurities, leads to an increase in the pu-
rification degree. This conclusion is confirmed by model experiments
at the addition of cadmium oxide in the amount of 0.10-0.12% of the
initial substance loading Go. At the same time, the degree of purifica-
tion achieved is lower than the values corresponding to the ideal sepa-
ration coefficients. This fact can be explained by the influence of non-
equilibrium processes, where non-volatile impurities are captured by
the steam flow of the base metal, and by their concentration in the
near-surface layer.

The results presented in Ref. [14] indicate the moderate efficiency
of the cadmium distillation purification of impurities in the presence
of Cd oxide, which can be considered as one of the stages of a complex
technological scheme for obtaining high-purity cadmium.

In the paper [17], the thermodynamic equilibrium of cadmium in the
condensed and vapour phase and impurities is considered: each in a
binary alloy with cadmium, each of the impurities in the vapour phase
above a binary alloy with cadmium. When plotting partial pressure
diagrams, the following assumptions were made: the activities of cad-
mium and impurities in the resulting condensed phases are equal to
unity; impurities in cadmium do not interact with each other and their
activities in the polymetallic alloy are equal to those in binary solu-
tions based on cadmium. Due to the fact that cadmium distillation pro-
cesses are carried out at 673-873 K (400-600°C), the temperature
range for the study was chosen within 400-900 K.

The metal may interact with residual gases at high temperatures
during refining cadmium by vacuum distillation. The gas phase may
contain significant amounts of the main components of the atmosphere
(nitrogen and oxygen), as well as water vapour and carbon dioxide.
Cadmium is passive towards normal nitrogen N3, but reacts with active
nitrogen N. Cadmium nitride CdsN: is unstable and decomposes by ox-
ygen at standard temperature.

The following results emerge from the studies performed in Ref.
[17] on the interaction of cadmium and its impurities with gas phase
components under the distillation process conditions. Cd and impuri-
ties T1, Zn, Pb, Cu, Ni, Ag and As, dissolved in cadmium and in the va-
pour phase above cadmium, under cadmium distillation conditions at
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700-900 K, are not oxidized by water vapour and COs. Such an interac-
tion is possible only at pressure greater than atmospheric.

Under distillation refining conditions, cadmium interacts with re-
sidual oxygen to form a volatile oxide; refractory impurities nickel,
copper, and silver, dissolved in cadmium, do not interact with oxygen
under distillation conditions. Nickel in the vapour phase reacts with
residual oxygen to form a lower oxide, and copper does to do a higher
oxide. Silver remains in elemental form under these conditions.

Fusible impurities of lead and thallium in cadmium interact with
residual oxygen and in the vacuum form oxides including higher those.
Moreover, if lead oxides are non-volatile and do not affect the quality
of refined cadmium, then univalent thallium oxide has a vapour pres-
sure comparable to that of cadmium, that is, its transition to the va-
pour phase and into the refined metal is possible, which can cause a
deterioration in metal quality. Volatile impurities (zinc and arsenic)
form oxides: in the first case, non-volatile one, that does not affect the
refining process, in the second case, very volatile that, which turns
into the vapour phase.

In the presented article, a thermodynamic analysis of the oxidation
reactions of impurities in the cadmium melt and the surrounding at-
mosphere was performed, the relationship between the affinity and
redox processes of impurity oxides and cadmium oxide was revealed,
oxidizing refining of cadmium was applied, etc.

The purpose of this paper was to calculate the oxygen potentials of
impurity oxidation reactions during melting of cadmium in an atmos-
phere of inert argon gas with oxygen present in it and during distilla-
tion in vacuum, as well as to study the complex process of cadmium
purification using oxidizing refining.

2. THEORETICAL AND EXPERIMENTAL RESEARCH

2.1. Thermodynamic Analysis of Impurity Oxidation Reactions during
Cadmium Melting and Distillation

The removal of impurities can be carried out by the method of oxidiz-
ing fusion of cadmium which, in turn, forms with oxygen a stable ox-
ide CdO. The efficiency of metal impurity removal from cadmium in
the form of oxides can be assessed by the strength value of the oxide
compounds in certain ranges of change in temperature and ambient
pressure. The strength of an oxidizing compound is characterized by
the value of the oxygen potential or the absolute value of the change
(decrease) in the Gibbs free energy [AGaco|.

A simple model described in Ref. [18] was used to calculate the de-
pendences of the change in Gibbs free energy AG on temperature dur-
ing the formation of impurity oxides in the liquid and vapour phases of
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Fig. 1. Change in Gibbs potential at the formation of oxides of impurities Zn,
Sn, Fe, Mo, Si, Ta, B, Ta, Ge in the liquid phase of cadmium during melting in
an argon atmosphere.

cadmium. Figure 1 shows the temperature dependences of the oxygen
potentials of the majority impurities in the liquid phase of cadmium
during its melting in an argon atmosphere.

Analysis of the obtained dependences shows that impurities Zn, Sn,
Fe, which the change in the Gibbs potential of oxide formation in abso-
lute value is high, will form oxides, releasing Cd and the elements Mo,
Si, Ta, B, Ta, Ge from their less stable oxides. All oxides are removed
by filtering the molten cadmium, and impurities introduced into the
melt during deoxidation are removed during the distillation process.

Figure 2 shows the dependences of the oxygen potentials of the ma-
jority impurities in cadmium within the studied temperature range
and under the gas pressure of 0.5 Pa. The indicated curves in Fig. 2
were drawn by extrapolating the AG dependences obtained at the for-
mation of oxides in the vapour phase of the high-temperature region to
the studied temperature range of 600—-900 K. It was assumed that all
the considered impurities can transfer into the vapour phase due to the
entrainment of these impurities by volatile cadmium atoms, which
evaporate intensively.

In the vapour phase, the impurities such as Sn, Zn, Sb, As, and Cu
form oxides that are more stable than CdO and have low vapour pres-
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Fig. 2. Change in Gibbs potential during the formation of oxides of impurities
Zn, Pb, Fe, Cu, Tl, Ni, As, Sn, Sb in the vapour phase of cadmium in the vacu-
um of 0.5 Pa.

sure. They remain as a residue in the crucible during the distillation
process. Volatile arsenic oxide transfers into condensate, which can
restrict the quality of the final product.

For impurities Pb, Fe, Ni, TI, the Gibbs potential during the for-
mation of their oxides is, in absolute value, less than the free energy of
formation of cadmium oxide and metal oxides shown on the graph. The
elements Pb, Fe, Ni, Tl will remain in the cadmium melt, releasing ox-
ygen to form non-volatile oxides of cadmium and impurity attending
in it. Volatile thallium oxides will enter the cadmium condensate, mak-
ing fine cleaning of thallium difficult. One way to additionally remove
volatile As20s; and T10 may be using a hot condenser during the Cd dis-
tillation process, which was applied in this work.

To remove oxides formed in the cadmium condensate during its pu-
rification, the resulting distillate was melted and filtered in an envi-
ronment of inert argon gas, which increases the purity of the final
product.

2.2. Cadmium Purification Process Using a Complex Method

Analysis of literature data [13, 14, 19] shows that a simple scheme of
single or multiple distillation gives a small yield (< 60%) of a suitable
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product, without providing high degrees of purification (> 5N). Higher
purity materials are obtained by improving distillation processes, for
example, the application of getter filters [4], the use of gettering im-
purity [14], preliminary filtration of the melt and distillation of vola-
tile impurities [15, 20], the use of a barrier oxide layer [19], heating
the surface of the condenser [21].

Crystallization refining methods (oriented crystallization, growth
crystals from a melt, zone melting) are used mainly at the final stage of
purification when removing small amounts of impurities from the
melt. These methods can produce metals with a purity up to 99.99998
wt.% [10, 13, 21], but they can be combined with other refining meth-
ods in most cases.

In this work, the complex distillation process is investigated, in-
cluding such stages as melting of the original metal and filtration in an
environment of inert argon gas (a component of oxidizing refining)
followed by distillation of cadmium in a vacuum from a crucible to a
hot condenser (purification of non-volatile and volatile impurities).

The availability of volatile and non-volatile impurities in cadmium
was determined by calculating the values of ideal impurity separation
coefficients o; during molecular evaporation [23] according to the for-

mula
0
M
. = pCd B (1)

b pg'\/MCd ,

where p,, pg —vapour pressures of cadmium and impurity B; Mca,
Mpgz—molecular weights of cadmium and impurity B, respectively.

Table 1 shows the calculated values of the ideal impurity separation
coefficients o during molecular evaporation of cadmium in vacuum.
The vapour pressures of the elements at specified temperatures were
taken from Ref. [24]. The impurities in Table 1 above the row with Cd
are classified as volatile, and below as non-volatile. Therefore, simple
distillation does not provide optimal conditions for cadmium refining
due to the transition of highly volatile impurities into condensate. In
this regard, the processes of removing volatile impurities and purifica-
tion of non-volatile impurities must be separated and carried out in a
single refining cycle.

When refined cadmium is melted, surface contaminants accumulate
on the surface of the melt mirror in the form of oxides, suboxides, and
metal compounds, based both on Cd and impurity elements, the volatil-
ity may differ from that of pure components. The presence of surface
contaminants leads to the transfer of volatile components of the oxide
film into the distillate and to significant reduction in the productivity
of the refining process. That is exactly why the removal of oxide film
and slag from the surface of the melt during cadmium distillation is an
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TABLE 1. Calculated values of ideal impurity separation coefficients ou dur-
ing molecular evaporation of cadmium in vacuum.

Impurit Temperature, K

purty 600 | 700 800 900
He 5.1-10°7 - - -

P 7.9-10 2.910°3 - -

s 1.1-10 2.2:10°3 - -

Cs 4.210° 7.6-10°2 1.510"! 2.8-10"!
K 1.6-10°2 2.1-10" 3.2:10" 3.3-10"
Se 2.510°2 1.8-10"! 1.9-10"! 2.5-10"!
As 1.8-10" 5.3-10"" 2.9-10"! -
cd 1 1 1 1

Zn 2.7 7.6 6.9 5.2
Te 2.2:10" 3.2:10" 1.8-10" 1.4-10"
Na 2.3-10" 8.2-10! 4.710! 3.3-10"
Mg 7.2:102 1.6-102 6.4-10! 3.2:10"
Li 1.3-10° 6.5-10° 7.3-102 3.2:10°
Sr 5.6-10° 7.8-10° 2.3-10° 9.1-10?
Ca 4.0-10* 3.9-10! 9.310° 6.1-10°
Sb 4.010° 2.2:10° 3.1-10° 7.5:102
Bi 1.0-10° 7.9-10° 4.710° 1.7-10"
Ba 1.4-10° 1.6-10° 3.9-10! 1.3-10°
Tl 1.3-10° 1.4-10° 3.0-10° 1.0-10*
Pb 7.6-10° 4.510° 7.3-10° 1.8-10°
Mn - - 4.310° 2.2-10°

important point in increasing the efficiency of deep cleaning.

One of the technological methods to remove oxide contaminants is
filtration of liquid metal [13, 15, 18, 20]. In this regard, the task was
set to study the complex process of Cd distillation, which includes the
step-by-step cadmium purification of impurity oxides by filtration
(component of oxidizing refining) followed by purification of non-
volatile and volatile impurities by distillation of the majority element
on a hot condenser.

To implement the process of stepwise purification of Cd, a distilla-
tion device is proposed, the design is schematically shown in Fig. 3.

The distillation device is made of high-purity dense graphite, which
is characterized by heat resistance, minimum impurity content and
chemical inertness to cadmium. The concentration of impurities in it,
such as Si, Fe, Al, Mg, B, Cu, Mn, is of 1.0-0.1 ppm. The quasi-closed
type distillation device consists of two identical components: the lower
part serves as a crucible (2), and the upper that (1) is a collector (D) for
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Fig. 3. Scheme of the device for cadmium distillation: a—filtration stage and
partial removal of volatile impurities; b—stage of purification of non-volatile
and volatile impurities by distillation of the metal onto a heated condenser.
1—condenser; 2—crucible; 3—heater; 4—outlet hole. A—source metal; B—
filtered metal; C—a thin layer of condensate with volatile impurities; D—
distillate; F—residue with non-volatile impurities in the crucible.

the Cd condensation. The volume of the crucible makes it possible load-
ing from 1.8 to 2.3 kg of initial cadmium.

The purification process was carried out in two stages. At the first
stage, the initial metal was melted in an environment of technical puri-
ty inert gas argon with a volume fraction of oxygen in it 0.002% under
the pressure in the installation chamber of about 1 atm. The melted
cadmium flowed down through a hole in the plate into the crucible (fil-
tration process). At the same time, surface oxides and slags of the melt
remained on the inclined surface of the plate, and volatile impurities
(Na, K, S, P, Cl, Se, etc.) partially evaporated from the melt onto the
inner surface of the condenser (C) (Fig. 3, a).

At the second stage, the removal of non-volatile impurities (Cu, Fe,
Si, Ni, Co, V, Cr, Au, Ag, Al, TIl, Sb, Bi, Li, Sn, Mn, etc.) was carried
out by distilling filtered metal, poured into the crucible, onto a heated
condenser. During the evaporation process, the cadmium condensate is
purified of non-volatile impurities that remain in the residue F at the
bottom of the crucible (Fig. 3, b). In this case, volatile impurities are
removed through the outlet because the condenser temperature is too
high for volatile impurities to condense.

The temperature of the distillation process is higher than the melt-
ing point of Cd (594 K), and the condensation temperature is lower
than that.

This combination of purification stages significantly increases the
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TABLE 2. Content of majority impurities in initial cadmium, after filtration
and vacuum distillation (distillate).

Impurity Initial Cd | Cd after filtration Distilled Cd
Impurity, x10° wt.%

Zn 20 6 3

Pb 440 110 4

Fe 20 4 3

Cu 420 80 5

Tl 180 45 12

Ni 200 60 9

As 60 20 5

Sn 120 40 3

Sb 100 20 4
Cd, wt.% 99.98 99.992 99.9995

purification efficiency, process productivity, and the yield of a suita-
ble product, which is at least 95% of the initial mass.

3. RESULTS AND DISCUSSION

Table 2 presents the results of the analysis of the impurity content in
cadmium: initial, after filtration and vacuum distillation. The analysis
was performed by high-resolution laser mass spectrometry. The ran-
dom error of the analysis results is characterized by a relative standard
deviation of 0.15-0.30.

The content of other impurities not listed in Table 2 is below the de-
tection limit of the analysis technique—(3—6)-1075—-(2—4)-10"" wt.%.

After filtration (oxidizing refining), the purity of cadmium increas-
es by almost one order of magnitude (from the initial 99.98 wt.% to
99.992 wt.%). The efficiency of this purification method is 3—5 times
for all impurities listed in Table 2.

As can be seen from the data presented in Table 2, the comprehen-
sive method of cadmium refining is effective for the entire range of
impurity elements.

The concentration of most impurities is reduced by one or two orders
of magnitude. For example, the concentration of lead and nickel is re-
duced by 100 times and copper by 84 times.

Analysis of the results shows that the comprehensive process of
cadmium purification with oxidizing refining and single distillation in
vacuum with simultaneous distillation of non-volatile and volatile im-
purities provides almost 100-fold purification of Cd in terms of the
total content of impurities.
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4. CONCLUSIONS

The literature review carried out shows that oxidizing refining for
cadmium has been investigated to some extent, but further study of
this process is required.

Stable and unstable impurity oxides in relation to the main cadmium
oxide were determined. It has been shown that, during the distillation
process, the impurities form both non-volatile and volatile oxides; the
removal requires the use of special techniques. To remove non-volatile
oxides, it is proposed to filter the cadmium melt in the argon atmos-
phere with oxygen present in it. Moreover, to remove volatile arsenic
and thallium oxides in the vapour phase, cadmium should be condensed
on a hot condenser.

The results of experimental studies of the comprehensive process of
distillation refining of cadmium, which includes such stages as oxidiz-
ing refining and cadmium purification of non-volatile and volatile im-
purities by distillation of cadmium in a vacuum from a crucible on a
hot condenser, are presented. Studies have shown that the efficiency of
such a process is almost two orders of magnitude (from the initial
99.98 wt.% t0 99.9995 wt.%).
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